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Ester Bartolomé, Mercedes Valera, Jesús Fernández and Silvia Teresa Rodrı́guez-Ramilo

Effects of Selection on Breed Contribution in the Caballo de Deporte Español
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Preface

In the complex and ever-evolving domain of equine genetics and breeding, the combination

of scientific research and practical application reveals a rich tapestry of ’Novel Insights in Horse

Breeding and Genetics’, the focus of this Special Issue. Featuring 12 distinguished manuscripts

of high scientific caliber and diverse perspectives, this collection explores various facets of equine

genetics and genomics, providing valuable insights for scientific researchers, breeders, and equine

enthusiasts alike.

Horses, individuals of unparalleled adaptability and morpho-functional performance in

multiple domains (meat production, sportive, leisure. . . ), are the focus of this collection of articles.

From genomic selection strategies to innovations in traditional selection procedures, this Special Issue

addresses the vast landscape of horse breeding, with papers of great interest to scientific readers,

breeders and owners. These studies aim to elucidate the intricacies of genetic diversity, conservation,

and the genetic basis of performance and welfare traits.

We can also divide the contributions into three different groups.

The first group, the most numerous and innovative, is related to the genes and genomics

of horses; in this, we highlight works related to the SNP-based heritability of the pathology

osteochondrosis dissecans in Hannoverian Horses (Zimmermann and Distl, 2023); a paper addressing

the reconstruction of the major maternal and paternal lineages in feral New Zealand Kaimanawa

Horses (Sharif et al., 2022); an analysis of the effects of selection on breed contributions in the

crossbred Caballo de Deporte Español (Bartolomé et al., 2022); two publications related to copy

number variations in different horse populations (Kim et al., 2022 and Laseca et al., 2022); a study that

employs Y chromosome haplotypes to analyze the influence of origin and breeding on African Barb

horses (Radovic et al., 2022); and an analysis of the genes related to white spotting (Rosa et al., 2022).

An analysis of the effect of mitochondrial DNA variations on the ability of horses to perform

dressage and show jumping in the Holstein Horse Breed (Engel et al., 2022) acts as a link with

the second group of contributions, which are related to performance and selection in horses using

traditional procedures in different populations. This includes studies focusing on quarter horses,

selected for their racing abilities (Faria et al., 2023); morphofunctional traits and their association

with coat color in Pura Raza Menorquina horses (Perdomo-González et al., 2022); and shape space

in Franches Montagnes horses (Gmel et al., 2022). The last group of studies includes an analysis of

stress and welfare in Pura Raza Menorquina horses, which participate in traditional equestrian events

(Olvera-Maneu et al., 2023).

The expertise shared by our contributors, coupled with the meticulous evaluations of our

esteemed reviewers, forms the backbone of this compendium of publications with important and

economic implications for equine management and selection; these insights can be applied to

the specific population but also to the equine sector, contributing to adequate development and

improvement.

We would like to extend our gratitude to the authors for their high-quality contributions and to

the reviewers for their insightful assistance in reviewing and enhancing the publications. We also

extend our gratitude to the assistants of the journal for their aid in the editorial work.
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This collection of publications delves deep into the genetic landscape of equines, and advances

our knowledge of horse breeding and genetics. We thus encourage all horse lovers to read and

enjoy them.

Isabel Cervantes and Maria Dolores Gómez Ortiz

Editors
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Article

SNP-Based Heritability of Osteochondrosis Dissecans in
Hanoverian Warmblood Horses

Elisa Zimmermann and Ottmar Distl *

Institute for Animal Breeding and Genetics, University of Veterinary Medicine Hannover (Foundation),
30559 Hannover, Germany
* Correspondence: ottmar.distl@tiho-hannover.de

Simple Summary: The heritability of a trait is the proportion of phenotypic variance explained via
genetic variance. Prior to the advent of genomics, heritability was estimated using extensive pedigree
analyses. With the availability of genome-wide genotyping arrays, an alternative method became
available to estimate heritability using genomic relationship matrices derived from genotype data.
We used approaches that consider patterns of linkage disequilibrium and relatedness to estimate
heritability of osteochondrosis dissecans in Hanoverian Warmblood horses based on genotype data
from SNP arrays and imputed genotype data. Taking into account linkage disequilibrium patterns
and relatedness in the data, heritability estimates on the linear scale for fetlock-, hock- and stifle-OCD
were 0.41–0.43, 0.62–0.63, and 0.23–0.25, respectively, with standard errors of 0.11–0.14. In summary,
SNP-based approaches are able to capture a greater proportion of additive genetic variance than
previous estimates based on pedigree data.

Abstract: Before the genomics era, heritability estimates were performed using pedigree data. Data
collection for pedigree analysis is time consuming and holds the risk of incorrect or incomplete data.
With the availability of SNP-based arrays, heritability can now be estimated based on genotyping
data. We used SNP array and 1.6 million imputed genotype data with different minor allele frequency
restrictions to estimate heritabilities for osteochondrosis dissecans in the fetlock, hock and stifle joints
of 446 Hanoverian warmblood horses. SNP-based heritabilities were estimated using a genomic
restricted maximum likelihood (GREML) method and accounting for patterns of regional linkage
disequilibrium in the equine genome. In addition, we employed GREML for family data to account
for different degrees of relatedness in the study population. Our results indicate that we were able
to capture a larger proportion of additive genetic variance compared to pedigree-based estimates
in the same population of Hanoverian horses. Heritability estimates on the linear scale for fetlock-,
hock- and stifle-osteochondrosis dissecans were 0.41–0.43, 0.62–0.63, and 0.23–0.25, respectively, with
standard errors of 0.11–0.14. Accounting for linkage disequilibrium patterns had an upward effect on
the imputed data and a downward impact on the SNP array genotype data. GREML for family data
resulted in higher heritability estimates for fetlock-osteochondrosis dissecans and slightly higher
estimates for hock-osteochondrosis dissecans, but had no effect on stifle-osteochondrosis dissecans.
The largest and most consistent heritability estimates were obtained when we employed GREML
for family data with genomic relationship matrices weighted through patterns of regional linkage
disequilibrium. Estimation of SNP-based heritability should be recommended for traits that can only
be phenotyped in smaller samples or are cost-effective.

Keywords: equid; osteochondrosis; genetic parameters; genomic relationship matrices; SNP-based
heritability; linkage disequilibrium

1. Introduction

Osteochondrosis (OC) is one of the most important orthopaedic diseases of the juvenile
horse [1]. Due to disturbances in enchondral ossification, damage to the subchondral bone

Animals 2023, 13, 1462. https://doi.org/10.3390/ani13091462 https://www.mdpi.com/journal/animals1
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is the reason for the formation of intraarticular osteochondral fragments and subchondral
bone cysts. If osteochondral fragments occur, the disease is referred to as osteochondrosis
dissecans (OCD). Osteochondrosis occurs at certain predilection sites. Joints frequently
affected are the metacarpophalangeal/metatarsophalangeal (fetlock), tarsocrural (hock)
and femoropatellar joints (stifle) [2]. Therefore, it is of utmost interest to evaluate genetic
parameters for OCD as precisely as possible in order to take breeding measures.

The aetiology of OCD appears to be multifactorial with a relevant genetic contribu-
tion [3,4]. There have been estimations regarding the heritability of OCD based on pedi-
gree [5–21] and genotyping data [22,23]. Those estimates are shown in a previous review [1]
and supplemented with results of more recent studies shown in Supplementary Table S1.

Before the genomics era, estimates of heritability were based on pedigree data. The
introduction of SNP arrays enabled the estimation of heritability based on genotyping
data. Genome-based heritability estimates offer many advantages through eliminating the
need to collect extensive pedigree data. Apart from the time-consuming data collection,
analysis of pedigree data poses the risk of biased results due to incorrect, incomplete, or
varying depth of pedigrees. Heritability estimates between populations may vary because
of population history, gene frequency, or environmental exposures [23].

There are various approaches to estimating heritability based on genotyping data.
The fraction of phenotypic variance that can be explained using variants that have been
identified as causal variants through genome-wide association studies (GWAS) is named
h2

GWAS. h2
GWAS is limited because, for most complex diseases, only a small proportion of

variants has already been identified [24]. h2
SNP is the proportion of phenotypic variance

explained using all SNPs on a genotyping platform. h2
SNP is the upper limit for h2

GWAS and
can be a measurement of the proportion of already identified causal variants in the actual
genetic variance of a trait [24]. The difference between h2

GWAS and h2
SNP is often referred

to as missing heritability [25,26]. We want to estimate h2
SNP and assess different methods

using genomic REML algorithms (GREML). Heritability estimation methods based on
genotyping data require certain assumptions regarding the population structure of the
underlying population, indirect genetic effects, the presence of artificial or natural selection
within the population, and linkage disequilibrium. These assumptions are specific for each
population and trait and can severely bias the heritability estimates [27]. Different methods
require certain assumptions [28]. The aim of heritability estimation using SNP array or
Beadchip data is to approach h2, which is the actual narrow sense heritability of a trait [29].

We estimated h2
SNP using GCTA GREML [30], which is a single-component model

to estimate heritability based on a genomic relationship matrix (GRM) and unrelated
individuals [31]. As this approach is very sensitive to patterns of linkage disequilibrium
(LD) [32], we used a similar single-component approach that is implemented in the software
LDAK and weights SNP effect sizes according to regional LD patterns to construct the
GRM [32]. LD describes the non-random association of alleles at two or more loci. LD
varies because of factors such as population history, natural or artificial selection, mutation,
and other forces that cause changes in allele frequency [33]. It can cause upwards biased
estimates of heritability due to repeated tagging of SNPs [34].

As Beadchip arrays are usually based on common SNPs, we want to use imputed
SNPs for heritability estimation to capture the effects of more causal variants [27,35–37].
However, it is recommendable to prune for minor allele frequency (MAF) because rare
variants are imputed less accurately [36,38].

In a previous study on osteochondrosis in horses, SNP-based heritability for osteo-
chondrosis in the hock was estimated in a population of 479 North American Standardbred.
Horses using REML analysis in GCTA and LDAK with the weighted GRM in an imputed
data set with ~1.25 million SNPs. The OCD frequency in this study population was 0.27.
The analyses were repeated using a smaller study population, with individuals pruned
for relatedness at 0.25. SNP-based estimates seemed to be biased upwards via LD, which
implies the need to account for LD in heritability estimations in horse populations [20].
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Zaitlen et al. [24] proposed a method to estimate heritability based on a population
with different degrees of kinship that avoids the need to remove closely related individuals
from the study population. This method is implemented in GCTA and is known as
GREML analysis for family data. It provides estimations of SNP-based heritability in
family data as well as narrow sense heritability h2

f , which enables the quantification of
genetic effects resulting from kinship and, thus, enables the detection of higher amounts of
heritability [24]. This method has not yet been used in horse populations with very specific
relatedness structures.

The aim of this work is to estimate the heritability of the trait OCD in the fetlock, hock,
and stifle joints based on SNP data. We conducted a GREML analysis, an LDAK analysis
using an LD-weighted GRM based on unrelated individuals, and a GREML analysis for
family data using two simultaneously constructed GRMs for individuals with different
relatedness structures. Beside the effects of the different GRMs, we will observe the effects
of imputation and the different MAF restrictions, comparing the heritability estimates with
previous pedigree-based analyses using a similar study sample [5].

2. Materials and Methods

2.1. Animals

The horses included in this study were a subset of the study population previously
analyzed by Hilla et al. [5]. For the present study, 446 four-year-old Hanoverian warmblood
horses were included. The inclusion criteria were as follows: only one horse per sire
and maternal sire was allowed, either as a control or a case. The controls and cases were
randomly distributed among the sires and maternal sires. The control horses had to be
free of all diseases found during the veterinary health examination for pre-selection at
auctions, at licensing, or during the purchase examination. The cases were horses with
OCD only and free of any other disease recorded in the veterinary health check. The
veterinary health check included clinical and radiographic examination of all four limbs.
Only osteochondral fragments at the specific predilection sites of the fetlock, hock, and
stifle joints were classified as OCD [5,39]. Osteochondral fragments plantar in the fetlock
joints and at the insertion sites of the short sesamoid ligaments at the proximal phalanx
of the hindlimbs were classified as plantar and dorsodistal fragments of the fetlock joints;
thus, there were not considered OCD. Distal and proximal interphalangeal joints, fetlock
joints, hock joints, and stifle joints were evaluated for contour changes stemmed from
periarticular osteophytes or exostoses and for a narrow or absent joint space. These changes
were classified as osteoarthroses. Radiographic changes in the shape, symmetry, contour,
and structure of the navicular bone and the shape, size, number, and location of the canales
sesamoidales were scored on a scale of 1–4 [40]. Only horses with a score of 1 were
considered free of radiographic changes to the navicular bone. Horses with the presence
of a sidebone were also scored as not being free of radiographic changes. After removing
all horses affected by diseases other than OCD, the data set was filtered for cases and
controls. The strict inclusion criteria resulted in the final data set comprising 446 horses.
Traits were encoded as 0/1 variates for each joint. We did not consider an overall score for
OCD because genetic correlations of OCD between the different joints were moderately
negative (fetlock-OCD with hock- and stifle-OCD: −0.12 and −0.18) or moderately positive
(hock-OCD with stifle-OCD: 0.17) [5].

The phenotypic and genotype data were provided by the Association of Hanoverian
Warmblood breeders (Hannoveraner Verband e.V., Verden, Germany). The frequencies
of OCD were 0.2489 (n = 111), 0.3139 (n = 140), and 0.0291 (n = 13) in the fetlock, hock,
and stifle joints, respectively. Relationships expressed through the contingency coefficient
between the frequencies of fetlock, hock, and stifle OCD were close to zero because 96, 125,
and 11 horses represented the sole cases of fetlock, hock, and stifle joint OCD, respectively.

3



Animals 2023, 13, 1462

2.2. Methods

Genome-wide genotyping data was obtained using the GGP Equine (71 589 SNPs)
genotyping array. Descriptive statistics of the population were calculated with SAS, version
9.4 (Statistical Analysis System, Cary, NC, USA, 2023). The SNP data have been imputed to
1,617,270 SNPs with an information score of 0.95 using BEAGLE 5.4 [41] and publicly avail-
able whole genome sequencing data for horses (Supplementary Table S2). Subsequently,
the imputed and non-imputed data sets were pruned at MAFs of 0.01, 0.025, or 0.05 using
PLINK 1.9 [42,43], resulting in six different data sets. Using all six data sets, heritabilities
for OCD of the fetlock, hock, and stifle joints were estimated using the GREML analysis
implemented in GCTA (genome-wide complex trait analysis) 1.94.1 [30] with one GRM [44],
resulting in SNP-based heritability (h2

SNP). Subsequent estimations were performed using
the LD-weighted genomic relatedness matrix as implemented in LDAK 5.2 [45] and the
integrated REML analysis [32], resulting in estimations of h2

SNPw. Using the GREML analy-
sis for family data with two GRMs simultaneously, based on all pairs of individuals and
related individuals [24] implemented in GCTA 1.94.1 [30], we estimated h2

f . The GRM based
on all pairs of individuals captured information on the sharing of causal variants tagged
using SNPs. The second GRM considered only individuals who were identical-by-state
above a certain threshold (0.05) and, consequently, only related individuals. Hence, it
captured information on shared causal variants that could not be tagged using SNPs [24,29].
Both GRMs fitted into a mixed linear model and were supposed to provide estimates of
h2

SNP−all−pairs from the first GRM and the missing heritability h2
SNP−related from the second

GRM. Those values were summed up to h2
f [24].

We obtained heritability estimates (h2
fw and h2

SNP−all−pairs−w) by implementing the
LD-weighted genomic relationship matrix estimated with LDAK [32] in the GREML anal-
ysis for family data [24]. Sex was included in all analyses as a covariate. As we used
0/1-data, all heritability estimates were transformed onto the liability scale using the
prevalence option of GCTA. The study design for heritability estimations is illustrated in
Supplementary Figure S1.

3. Results

The results of our heritability estimates for osteochondrosis in the fetlock joint are
given in Table 1. Additionally, estimates for h2

SNP−all−pairs and h2
SNP−all−pairs−w are given

in Supplementary Table S3. The SNP-based heritabilities estimated with GREML revealed
that the heritability estimates decreased in the imputed data set compared with the original
data set. The SNP-based heritabilities estimated with GREML and LDAK for fetlock-OCD
differed in several aspects. Accounting for regional LD patterns increased heritability
estimates for the imputed genotype data but slightly decreased heritability estimates for
the original data sets. Heritability estimates using GREML analysis for family data resulted
in higher estimates for both data sets, the original and imputed genotype data, as well
as when regional LD patterns were considered. The effects of using different MAFs had
only small effects when we used LD-weighted genomic relatedness matrices with LDAK.
Standard errors for heritability estimates using GREML analysis for family data slightly
increased from 0.11–0.12 to 0.13–0.14 on the linear scale.

After transformation onto the liability scale, we obtained fairly high estimates for
heritability and their standard errors.

When comparing the GREML analysis for the original and imputed data sets, the same
trends were observed for the heritability estimates for hock- and fetlock-OCD (Table 2,
Supplementary Table S4). However, the increase in heritability estimates was much smaller
when GREML analysis was applied to family data than to fetlock-OCD. The consistency
and magnitude of the heritability estimates were highest when we used GREML analysis
for family data with LDAK.

The most consistent heritability estimates were obtained for stifle-OCD for the analysis
accounting for family data and LD patterns for both data sets (the original and imputed
genotype data) (Table 3, Supplementary Table S5). The effect of family structure on her-
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itability estimates was small, while LD patterns had slightly larger effects. In general,
differences between the different approaches were relatively small. Transformation onto
the liability scale gave meaningless estimates >1 due to the low frequency of cases.

Table 1. Heritability estimates with their standard errors (h2 ± SE) for OCD in fetlock joint estimated
with GCTA GREML, LDAK, and GCTA GREML for family data and GCTA GREML for family data
and a LD-weighted genomic relationship matrix; the original and imputed SNP data and, at minor
allele frequencies (MAF) of 0.01, 0.025 and 0.05, is included with transformation to the liability scale
(Obs = observed scale, Liab = liability scale).

Approach Data Set MAF 0.01 MAF 0.025 MAF 0.05

Obs Liab Obs Liab Obs Liab

GREML
(h2

SNP ± SE)
Original 0.34 ± 0.12 0.64 ± 0.22 0.33 ± 0.12 0.61 ± 0.22 0.32 ± 0.12 0.60 ± 0.22
Imputed 0.31 ± 0.11 0.58 ± 0.21 0.30 ± 0.11 0.56 ± 0.20 0.28 ± 0.11 0.53 ± 0.20

LDAK
(h2

SNPw ± SE)
Original 0.33 ± 0.12 0.61 ± 0.22 0.33 ± 0.12 0.61 ± 0.22 0.32 ± 0.12 0.60 ± 0.22
Imputed 0.34 ± 0.12 0.64 ± 0.23 0.34 ± 0.12 0.63 ± 0.22 0.33 ± 0.12 0.62 ± 0.22

GREML fam
(h2

f ± SE)
Original 0.43 ± 0.14 0.80 ± 0.26 0.42 ± 0.14 0.78 ± 0.26 0.44 ± 0.14 0.81 ± 0.26
Imputed 0.41 ± 0.13 0.76 ± 0.24 0.40 ± 0.13 0.74 ± 0.24 0.38 ± 0.13 0.71 ± 0.23

GREML fam LD-weighted
(h2

fw ± SE)
Original 0.41 ± 0.14 0.76 ± 0.26 0.41 ± 0.14 0.77 ± 0.26 0.41 ± 0.14 0.76 ± 0.26
Imputed 0.43 ± 0.14 0.79 ± 0.26 0.42 ± 0.14 0.79 ± 0.26 0.43 ± 0.14 0.81 ± 0.26

Table 2. Heritability estimates with their standard errors (h2 ± SE) for osteochondrosis dissecans
in hock joint estimated with GCTA GREML, LDAK, and GCTA GREML for family data and GCTA
GREML for family data; a LD-weighted genomic relationship matrix, with the original and imputed
SNP data and at minor allele frequencies (MAF) of 0.01, 0.025 and 0.05, is also included with
transformation to the liability scale (Obs = observed scale, Liab = liability scale).

Approach Data Set MAF 0.01 MAF 0.025 MAF 0.05

Obs Liab Obs Liab Obs Liab

GREML
( h2

SNP ± SE)
Original 0.60 ± 0.11 1.02 ± 0.19 0.60 ± 0.11 1.01 ± 0.18 0.57 ± 0.11 0.98 ± 0.18
Imputed 0.54 ± 0.10 0.93 ± 0.18 0.52 ± 0.10 0.90 ± 0.18 0.50 ± 0.10 0.85 ± 0.17

LDAK
(h2

SNPw ± SE)
Original 0.59 ± 0.11 1.01 ± 0.19 0.59 ± 0.11 1.00 ± 0.19 0.58 ± 0.11 1.00 ± 0.19
Imputed 0.62 ± 0.11 1.06 ± 0.19 0.61 ± 0.11 1.05 ± 0.19 0.60 ± 0.11 1.03 ± 0.19

GREML fam
(h2

f ± SE)
Original 0.62 ± 0.12 1.07 ± 0.21 0.63 ± 0.12 1.09 ± 0.21 0.63 ± 0.12 1.09 ± 0.21
Imputed 0.57 ± 0.12 0.97 ± 0.21 0.56 ± 0.12 0.95 ± 0.21 0.53 ± 0.12 0.91 ± 0.20

GREML fam LD-weighted
( h2

fw ± SE)
Original 0.63 ± 0.12 1.08 ± 0.21 0.63 ± 0.12 1.08 ± 0.21 0.62 ± 0.12 1.07 ± 0.21
Imputed 0.63 ± 0.12 1.09 ± 0.21 0.62 ± 0.12 1.07 ± 0.21 0.63 ± 0.12 1.07 ± 0.21

Table 3. Heritability estimates with their standard errors (h2 ± SE) for osteochondrosis dissecans
in stifle joint estimated with GCTA GREML, LDAK, AND GCTA GREML for family data and
GCTA GREML for family data; a LD-weighted genomic relationship matrix, with the original and
imputed SNP data and at minor allele frequencies (MAF) of 0.01, 0.025 and 0.05, is also included with
transformation to the liability scale (Obs = observed scale, Liab = liability scale).

Approach Data Set MAF 0.01 MAF 0.025 MAF 0.05

Obs Liab Obs Liab Obs Liab

GREML
( h2

SNP ± SE)
Original 0.25 ± 0.11 1.60 ± 0.69 0.24 ± 0.11 1.55 ± 0.68 0.23 ± 0.11 1.47 ± 0.68
Imputed 0.19 ± 0.10 1.25 ± 0.64 0.17 ± 0.10 1.11 ± 0.62 0.16 ± 0.10 1.04 ± 0.61

LDAK
(h2

SNPw ± SE)
Original 0.23 ± 0.11 1.50 ± 0.69 0.23 ± 0.11 1.49 ± 0.68 0.23 ± 0.11 1.47 ± 0.68
Imputed 0.21 ± 0.11 1.37 ± 0.68 0.20 ± 0.11 1.29 ± 0.67 0.20 ± 0.10 1.27 ± 0.67

GREML fam
(h2

f ± SE)
Original 0.26 ± 0.12 1.66 ± 0.75 0.24 ± 0.12 1.55 ± 0.75 0.23 ± 0.12 1.49 ± 0.74
Imputed 0.24 ± 0.11 1.53 ± 0.70 0.22 ± 0.11 1.40 ± 0.70 0.23 ± 0.11 1.45 ± 0.70

GREML fam LD-weighted
( h2

fw ± SE)
Original 0.25 ± 0.12 1.63 ± 0.75 0.25 ± 0.12 1.63 ± 0.75 0.25 ± 0.12 1.60 ± 0.75
Imputed 0.23 ± 0.12 1.48 ± 0.74 0.23 ± 0.11 1.48 ± 0.73 0.23 ± 0.11 1.45 ± 0.73
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4. Discussion

According to the findings of previous studies, it seems to be recommendable to account
for linkage disequilibrium when estimating heritability based on SNP data [20,29,31,32,34,46].
Horses have long-range linkage disequilibria, which is why SNPs can show effects of a
risk variant as far away as 1 Mb [47]. Additionally, LD is higher within breeds than across
breeds [48], which is important since population data are usually used for heritability
estimations. In general, REML-based estimates, such as those obtained from GREML
analysis in GCTA, are sensitive to patterns of LD [32]. The linkage disequilibrium between
SNPs is used to create the GRM and the LD between SNPs; causal variants can cause
bias in heritability estimation [32,36]. As the intensity of linkage disequilibrium varies
regionally along the genome, LDAK weights the SNPs according to local patterns of LD [32].
While we cannot observe a large impact of LD using our original data set, we see slight
differences between GREML analysis and LDAK analysis in the imputed data set. The
difference between heritability estimates increases with increasing MAF restrictions, which
is attributable to the fact that less genetic variation is captured with SNPs when lower
frequencies are recorded. Additionally, allele frequency and linkage disequilibrium are
dependent on each other [49], which explains why the estimations conducted with LDAK
are able to compensate changes in MAF. We assume that linkage disequilibrium does not
play a major role in our study population. One possible explanation could be that we
included many individuals with diverse LD structures, meaning that they outweighed each
other in our analysis.

One cause of undetected heritability could be that rare variants, and eventually even
variants with large effects, may not be mapped on the available genotyping arrays that
mainly include common SNPs [36]. Therefore, it is recommended to perform heritability
estimations on imputed data sets [29]. To capture as much variation as possible, we imputed
our Beadchip data to 1,617,270 SNPs, which corresponds to the recommendations given by
Evans et al. [29] for heritability estimations. When comparing the results of the original and
imputed data sets, we observe for all traits analyzed the most consistent estimates when
family data and LD patterns are accounted for. Even the differences between the original
and imputed data shrink or are no longer present. In the present data set, imputation had
no or very little effect on SNP-based heritabilities; thus, we were unable to detect variation
due to rare alleles.

The single-component analyses in GCTA and LDAK calculated GRM based on the
available SNP data to subsequently estimate heritability. For those analyses, it was recom-
mended to prune for relatedness to eradicate bias caused by common environmental or
other non-additive genetic effects [29]. The resulting unrelated individuals are by definition
distantly related individuals because they share distant ancestors [50]; however, they are
assumed to provide random genetic variance [28]. The need for pruning for relatedness
arises from the model assumption in the GREML analysis that all measured genetic ef-
fects are direct effects. If related individuals were included, the indirect genetic effects
between those individuals would be counted as direct effects and, thus, inflate heritability
estimates [28]. Indirect genetic effects may result from genetic maternal effects [28]. The
idea of the GREML analysis for family data was to find a way to circumvent pruning for
relatedness in a study population and, thus, ensure a larger study population, which in
turn should lead to lower standard errors. Additionally, the GREML analysis for family
data estimates h2

f and, thus, is able to capture higher heritability [24]. While h2
f provides an

unbiased estimate of the heritability of the trait, the proportions of the single components
do not always seem to be assessed correctly [24,29]. We only observed this phenomenon in
the imputed data set for stifle-OCD when we employed GREML for family data without an
LD-weighted genomic relationship matrix. In all other analyses, we could not observe im-
balanced contributions to the heritability estimates resulting from the two different GRMs.
The most likely reason for this issue is the very low frequency of cases for stifle-OCD.

In our analyses for fetlock-OCD, we can confirm that we detected higher estimates of
heritability with GREML for family data than with the single-component REML algorithms,
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whereas for hock- and stifle-OCD the increase in heritability estimates was rather small.
We assume that in our population a significant amount of heritability for fetlock-OCD may
be due to indirect genetic effects that are captured examining the genetic effects between
individuals with varying degrees of relatedness. This is the first analysis with GREML for
family data that has been performed in a horse population. The most consistent heritability
estimates were obtained using GREML for family data and an LD-weighted genomic
relationship matrix for the original and imputed genotype data. With frequencies of cases
closer to 0.5 in the population under study, differences between the original and imputed
data sets diminished. However, we have to note that GREML for family data is designed
for human populations with their specific relatedness structure and significantly larger
available data sets [24,31]. While in a human population, full siblings are common, in horse
population, full-siblings are uncommon.

Since OCD is defined as a binary trait, all results of the REML analyses have been
transformed onto the liability scale as recommended [30,51–53]. In agreement with previous
studies, upward bias may occur, particularly when estimates on the linear scale are high
and more frequencies deviate from 0.5 [11,12].

The present study used data from Hilla et al. [5]. We selected horses as representatively
as possible and avoided including closely related animals, such as paternal half-siblings and
maternal sire half-siblings. The results obtained from the present study allow us to assume
that analyses using GREML for family data and an LD-weighted genomic relationship
matrix result in higher heritability estimates compared to estimates based on pedigree data
(h2

ped) in a Hanoverian Warmblood horse population. However, larger genotype data sets
should be available to reach lower standard errors. Nevertheless, heritability estimations
based on SNP-based methods may give reliable results even in much smaller data sets
compared to pedigree-based estimates.

Similar results were reported for hock-OCD in a population of North American
Standardbred horses [20]. Compared to our results, this previous study showed larger
increases in heritability estimates when taking into account LD patterns compared to the
standard GRM. Thus, we assume stratification based on families and breed history may
have contributed to this result. In addition, the LDAK version used by McCoy et al. [20,32]
was a less improved version of the software, which could have had an effect on the results.
Heritability estimates are specific for populations because of different familial structures
and selective signatures in the genome [1,33], which may also contribute to the difference
in our results. In the present study, standard errors on the linear scale were at 0.11–0.14,
resulting in 95% confidence intervals from ±0.22 to ±0.27, while standard errors on the
linear scale were at 0.12 and 0.16 in the previous study on US Standardbreds.

In summary, we recommend the use of GREML for family data with an LD-weighted
genomic relatedness matrix to estimate heritabilities, particularly for traits which are
difficult or very costly to record. Due to restrictions in sampling and varyingly strong LD
patterns in populations, the approach as provided by LDAK should be implemented in
the estimation procedure. The pursuit of more precise heritability estimates is worthwhile
means of achieving estimated breeding values with higher reliabilities and a higher selection
response in health traits.

5. Conclusions

Estimation of heritabilities based on SNP arrays is recommended because reasonably
high accuracy of estimates can be achieved in smaller samples compared to pedigree-based
studies with similar sample sizes. The use of genomic REML analysis for family data with
LD-weighted genomic relationship matrices allows the capture of most of the additive
genetic variance and provides the most consistent estimates at different MAFs. The present
study yielded higher heritability estimates with reasonable standard errors than a previous
study for the same population. Further studies with larger data sets should be performed
to validate these results.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ani13091462/s1, Figure S1. Survey on the study design to estimate
heritabilities using different approaches and genotype data. Table S1. Estimates for heritability for
equine osteochondrosis in previous studies. Table S2. Publicly available whole genome sequencing
data of horses. Table S3. Estimates for h2

SNP−all−pairs and h2
SNP−all−pairs−w with their standard errors

for osteochondrosis dissecans in fetlock joint estimated with GCTA GREML for family data and
GCTA GREML for family data with a LD-weighted genomic relationship matrix with original and
imputed SNP data and at minor allele frequencies of 0.01, 0.025, and 0.05, including transformation
to liability scale (obs = observed scale, liab = liability scale). Table S4. Estimates for h2

SNP−all−pairs

and h2
SNP−all−pairs−w with their standard errors for osteochondrosis dissecans in hock joint estimated

with GCTA GREML for family data and GCTA GREML for family data with a LD-weighted genomic
relationship matrix with the original and imputed SNP data and at minor allele frequencies of
0.01, 0.025 and 0.05, including transformation to liability scale (obs = observed scale, liab = liability
scale). Table S5. Estimates for h2

SNP−all−pairs and h2
SNP−all−pairs−w with their standard errors for

osteochondrosis dissecans in stifle joint estimated with GCTA GREML for family data and GCTA
GREML for family data with a LD-weighted genomic relationship matrix with original and imputed
SNP data and at minor allele frequencies of 0.01, 0.025, and 0.05, including transformation to liability
scale (obs = observed scale, liab = liability scale).

Author Contributions: Conceptualization, O.D. and E.Z.; methodology, O.D. and E.Z.; software,
O.D.; validation, O.D. and E.Z.; formal analysis, O.D.; investigation, E.Z. and O.D.; resources, O.D.;
data curation, O.D.; writing—original draft preparation, E.Z.; writing—review and editing, O.D.;
visualization, O.D. and E.Z.; supervision, O.D.; project administration, O.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This Open Access publication was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—491094227 “Open Access Publication Funding” and the University
of Veterinary Medicine Hannover, Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Restrictions apply to the availability of these data. Data and genotypes
were provided by the Association of Hanoverian Warmblood breeders (Hannoveraner Verband e.V.,
Verden, Germany) and are available on reasonable request from the authors with the permission of
the Association of Hanoverian Warmblood breeders.

Acknowledgments: We would like to thank the Association of Hanoverian Warmblood breeders
(Hannoveraner Verband e.V., Verden, Germany) for support in data collection and the involved
veterinarians for providing radiographic examinations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Distl, O. The genetics of equine osteochondrosis. Vet. J. 2013, 197, 13–18. [CrossRef]
2. van Weeren, R. Fifty years of osteochondrosis. Equine Vet. J. 2018, 50, 554–555. [CrossRef] [PubMed]
3. Naccache, F.; Metzger, J.; Distl, O. Genetic risk factors for osteochondrosis in various horse breeds. Equine Vet. J. 2018, 50, 556–563.

[CrossRef] [PubMed]
4. Ahmadi, F.; Mirshahi, A.; Mohri, M.; Sardari, K.; Sharifi, K. Osteochondrosis dissecans (OCD) in horses: Hormonal and

biochemical study (19 cases). Vet. Res. Forum. 2021, 12, 325–331. [CrossRef]
5. Hilla, D.; Distl, O. Heritabilities and genetic correlations between fetlock, hock and stifle osteochondrosis and fetlock osteochondral

fragments in Hanoverian Warmblood horses. J. Anim. Breed. Genet. 2013, 131, 71–81. [CrossRef] [PubMed]
6. Schougaard, H.; Ronne, J.F.; Phillipson, J. A radiographic survey of tibiotarsal osteochondrosis in a selected population of trotting

horses in Denmark and its possible genetic significance. Equine Vet. J. 1990, 22, 288–289. [CrossRef]
7. Grøndahl, A.M.; Engeland, A. Influence of radiographically detectable orthopedic changes on racing performance in standardbred

trotters. J. Am. Vet. Med. Assoc. 1995, 206, 1013–1017.
8. Philipsson, J.; Andréasson, E.; Sandgren, B.; Dalin, G.; Carlsten, J. Osteochondrosis in the tarsocrural joint and osteochondral

fragments in the fetlock joints in Standardbred trotters. II. Heritability. Equine Vet. J. 1993, 25, 38–41. [CrossRef]
9. Teyssèdre, S.; Dupuis, M.C.; Guérin, G.; Schibler, L.; Denoix, J.M.; Elsen, J.M.; Ricard, A. Genome-wide association studies for

osteochondrosis in French Trotter horses1. J. Anim. Sci. 2012, 90, 45–53. [CrossRef]

8



Animals 2023, 13, 1462

10. Pieramati, C.; Pepe, M.; Silvestrelli, M.; Bolla, A. Heritability estimation of osteochondrosis dissecans in Maremmano horses.
Livest. Prod. Sci. 2003, 79, 249–255. [CrossRef]

11. Stock, K.F.; Hamann, H.; Distl, O. Estimation of genetic parameters for the prevalence of osseous fragments in limb joints of
Hanoverian Warmblood horses. J. Anim. Breed. Genet. 2005, 122, 271–280. [CrossRef]

12. Stock, K.F.; Distl, O. Genetic correlations between osseous fragments in fetlock and hock joints, deforming arthropathy in hock
joints and pathologic changes in the navicular bones of Warmblood riding horses. Livest. Sci. 2006, 105, 35–43. [CrossRef]

13. Winter, D.B.E.; Glodek, P.; Hertsch, B. Genetic disposition of bone diseases in sport horses. Züchtungskunde 1996, 68, 92–108.
14. Willms, F.; Röhe, R.; Kalm, E. Genetic analysis of different traits in horse breeding by considering radiographic findings - 1st

communication: Importance of radiographic findings in breeding sport horses. Züchtungskunde 1999, 71, 330–345.
15. Schober, M. Schätzung von Genetischen Effekten Beim Auftreten von Osteochondrosis Dissecans Beim Warmblutpferd; Georg-August-

Universität Göttingen: Göttingen, Germany, 2003.
16. van Grevenhof, E.M.; Schurink, A.; Ducro, B.J.; van Weeren, P.R.; van Tartwijk, J.M.; Bijma, P.; van Arendonk, J.A. Genetic

variables of various manifestations of osteochondrosis and their correlations between and within joints in Dutch warmblood
horses. J. Anim. Sci. 2009, 87, 1906–1912. [CrossRef]

17. Jönsson, L.; Dalin, G.; Egenvall, A.; Näsholm, A.; Roepstorff, L.; Philipsson, J. Equine hospital data as a source for study of
prevalence and heritability of osteochondrosis and palmar/plantar osseous fragments of Swedish Warmblood horses. Equine Vet.
J. 2011, 43, 695–700. [CrossRef]

18. Wittwer, C.; Hamann, H.; Rosenberger, E.; Distl, O. Genetic parameters for the prevalence of osteochondrosis in the limb joints of
South German Coldblood horses. J. Anim. Breed. Genet. 2007, 124, 302–307. [CrossRef]

19. Russell, J.; Matika, O.; Russell, T.; Reardon, R.J. Heritability and prevalence of selected osteochondrosis lesions in yearling
Thoroughbred horses. Equine Vet. J. 2017, 49, 282–287. [CrossRef] [PubMed]

20. McCoy, A.M.; Norton, E.M.; Kemper, A.M.; Beeson, S.K.; Mickelson, J.R.; McCue, M.E. SNP-based heritability and genetic
architecture of tarsal osteochondrosis in North American Standardbred horses. Anim. Genet. 2019, 50, 78–81. [CrossRef]

21. Wypchło, M.; Korwin-Kossakowska, A.; Bereznowski, A.; Hecold, M.; Lewczuk, D. Polymorphisms in selected genes and analysis
of their relationship with osteochondrosis in Polish sport horse breeds. Anim. Genet. 2018, 49, 623–627. [CrossRef]
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Simple Summary: New Zealand has the fourth largest feral horse population (Kaimanawa and
Far North horses) in the world. The Kaimanawas (KHs) are feral horses descended from various
domestic horse breeds released into the Kaimanawa ranges in the 19th and 20th centuries. Over
time, the population size has fluctuated dramatically due to hunting, large-scale farming and forestry.
Currently, the herd is managed by an annual round-up, limiting the number to 300 horses to protect
the rare and unique native flora in this region. Here, we examined 96 KHs to investigate their genetic
similarity with respect to other domestic horse breeds, using uniparental markers (mitochondrial
DNA, Y-chromosome). Our results indicate that although six maternal and six paternal lineages
contributed to the KH gene pool, the current population is dominated by few ancestral lineages, and
possibly represents two KH sub-populations. We show that three horse breeds, namely Welsh ponies,
Thoroughbred and Arabian horses had a major influence in the genetic-makeup of the extant KH
population. Moreover, our results suggest that mitochondrial genetic diversity in KHs is closer to
the Sable Island horses, and less than other feral horse populations around the world. Our current
findings, combined with ongoing research will provide insight into the KH population-specific
genetic variations and level of inbreeding. This will advance equine genomic research and improve
the management strategies to conserve these treasured New Zealand horses.

Abstract: New Zealand has the fourth largest feral horse population in the world. The Kaimanawas
(KHs) are feral horses descended from various domestic horse breeds released into the Kaimanawa
ranges in the 19th and 20th centuries. Over time, the population size has fluctuated dramatically due
to hunting, large-scale farming and forestry. Currently, the herd is managed by an annual round-up,
limiting the number to 300 individuals to protect the native ecosystem. Here, we genotyped 96 KHs
for uniparental markers (mitochondrial DNA, Y-chromosome) and assessed their genetic similarity
with respect to other domestic horses. We show that at least six maternal and six paternal lineages
contributed unequally to the KH gene pool, and today’s KH population possibly represents two
sub-populations. Our results indicate that three horse breeds, namely Welsh ponies, Thoroughbreds
and Arabian horses had a major influence in the genetic-makeup of the extant KH population. We
show that mitochondrial genetic diversity in KHs (π = 0.00687 ± 0.00355) is closer to that of the
Sable Island horses (π = 0.0034 ± 0.00301), and less than other feral horse populations around the
world. Our current findings, combined with ongoing genomic research, will provide insight into
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the population-specific genetic variation and inbreeding among KHs. This will largely advance
equine research and improve the management of future breeding programs of these treasured New
Zealand horse.

Keywords: feral horses; SNP genotyping; mitochondrial DNA; Y-chromosome; Kaimanawa; New
Zealand; genomic resources; conservation value

1. Introduction

Feral horse populations are found throughout the world [1]. They exist in a natural
state and differ from their domesticated counterparts as they reproduce independently
of human interventions. Feral horses represent valuable genomic resources that may be
important for the future of horse breeding. Maintaining feral genetic diversity is especially
important at this time when the genetic diversity of domestic horses (Equus caballus) is
dramatically eroding and no truly wild horses exist in the world [2,3]. Although feral horse
populations have been studied in their social organization, behavior and demography (re-
viewed in [4]), there is a lack of comprehensive and comparative genomic analysis on most
feral horses. There are only three exceptional cases, in which comparative genome-wide
SNP genotyping analyses were performed on feral Andean horses, American Mustangs [5],
and the Canadian Sable Island and Alberta Foothills horses [6,7]. In these studies, the results
were contrasted with various domestic breeds to understand genetic adaptation to high
altitude [5], genetic diversity, phylogenetic relationships [6], and genomic consequences of
inbreeding [7]. Except the studies mentioned above, most genetic studies on feral horses
have been restricted to only a few populations from North America and often employ a
limited number of specific genetic markers such as microsatellites and mitochondrial DNA
(mtDNA) to investigate their genetic diversity and phylogenetic relationships to domestic
horse breeds (e.g., [8–12]).

Currently, with an estimated number of 2,500 horses across the country, New Zealand’s
feral horse population (Kaimanawa horses (KHs) and Far North horses) is the fourth largest
in the world, after Australia (Brumbies; ~1 million), United States of America (Mustangs;
~120,000) and Canada (e.g., Sable Island and the Alberta Foothills; ~3500) [13]. Historically,
domestic horses were first introduced to New Zealand in 1814 from New South Wales
(AU) by Reverend Samuel Marsden [14]. Subsequently, more horses arrived with European
travelers, settlers, explorers, and cavalry as well as those which were owned and traded
by the Māori people (indigenous Polynesian people of mainland New Zealand) [14]. KHs
were first seen and reported in the Kaimanawa mountain ranges located in central North
Island of New Zealand in 1876 [14,15]. These feral horses descended from various domestic
horse breeds released into this region in the 19th and 20th centuries (Figure 1A). Over the
last 150 years, KHs have lived freely at altitudes up to 1,500 m above sea level in a unique
ecological region devoid of predators and competitors. Over time, the population size
fluctuated dramatically due to hunting, large-scale farming and forestry. By 1979, only 174
horses remained [16]. After this dramatic decline, the New Zealand Wildlife Act (1953)
was amended to give KHs legal protection within a limited geographic region [14]. This
protection resulted in a rapid population growth (10-fold in ~14 years) of horses in poor
health conditions. The high stocking density consequently led to threatening the rare and
unique native flora by trampling and overgrazing [17]. Since 1993, KH numbers have been
controlled through systematic mustering (i.e., round-up) programs that keep the population
size congruent with its botanical environment. The mustered horses were sent to slaughter
or sold at auction. Today’s management strategies have been humanely improved and
have been decided by the Kaimanawa Wild Horse Advisory Group. The herd continues to
be managed by the New Zealand Department of Conservation, restricting the population
census size to 300 individuals via annual helicopter mustering (Figure 1B,C).
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Figure 1. Geographical location and mustering process in Kaimanawa horses (KHs). (A) The location
of the Kaimanawa mountain ranges, the habitat of feral KHs. (B) Annual mustering with helicopter,
by which the horses are taken away from their natural habitat. (C) Mustering yard where animals are
collected and examined by a veterinarian for their health and suitability for re-homing. Image credit:
Jan Maree Vodanovich.

The majority of mustered horses are offered to the public for rehoming, depending on
their good health, suitability of the new home, and a taming plan having been put in place.
To avoid further breeding in the domestic setting, and to facilitate the taming process, all
young stallions and colts get castrated. Recently (May 2022), and after decades of research,
immune-contraception was applied to 150 female mustered horses as an alternative and
complementary option to rehoming for controlling the population growth [18]. This
change has been marked as the start of a new era in the management of KHs, allowing the
vaccinated mares, foals, and stallions to return to their home territories and re-form their
family bands, rather than being broken apart and rehomed.

The KH’s uncertain origin beyond the historical reports raises questions regarding
their phylogenetic relationship with other horse breeds, genetic diversity, long-term genetic
health and viability. The first and only genetic study on KHs was conducted in the 1990s [19]
and focused on comparing KH’s allele frequencies across 16 red blood cell and plasma
protein markers with those in more populous equine breeds in New Zealand, i.e., pure-
bred hot blood (Thoroughbreds, Arabians) and warm blood (Standardbreds, Station Hacks
“work horses with no particular breed”), as well as a representative of a heavy cold blooded
horse line (Shire Horse) as a more distant breed. The main conclusion was that KHs are
not genetically homogenous. They more closely resembled to Thoroughbred and Station
Hack horses that made up most of the military and farm horses of the early 20th century in
New Zealand, than Shire Horses. Although this study was the first one to shed light on
the genetic relationship of KHs to other domestic horse breeds, it lacks resolution in the
phylogenetic tree due to the few numbers of markers. In addition, at the time of this study,
KHs have been present in New Zealand for only ~10 generations, which is not an adequate
amount of time for evolutionary forces to accumulate markedly different genetic variation
between KHs and the breeds from which they developed.

Since the late 1990′s, no significant genetic studies have been conducted in KHs. Here,
we infer for the first time the current maternal and paternal genetic diversity of KHs, by
means of uniparental markers (mtDNA and Y-chromosome (Y-chr)). Previous studies on
domestic horses have shown high levels of genetic diversity and lack of phylogeographic
structure in mtDNA [3,20,21]. Although mtDNA is a powerful marker to study the contri-
bution of various ancestral maternal lineages into a horse population, it is limited in terms
of making a correspondence between mtDNA haplotypes (HTs), breeds and geography.
In contrast, the paternally inherited Y-chr is an informative genetic marker for investigat-
ing the origin and influence of very recent paternal lineages. Here, for the first time, we
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use a combination of mtDNA and Y-chr markers to, (i) examine the number of mtDNA
haplogroups/types (HGs/Ts) in KHs as an indirect indication of the population’s current
genetic diversity, and (ii) determine Y-chr HG/T and compare them to the other domestic
breeds to understand the origin and influence of different patrilines in the KH gene pool.

In addition, pictorial records obtained from the largest archival photos of the Kaimanawa
horses, suggest the existence of two KH herds within the muster area [13]. The grey horses
are exclusively documented in the southern zones, whereas liver chestnut horses are found
more in northern zones [13]. Although, we have no geographic information from the
mustered KHs (southern vs. northern zones), the coat color information was provided
by KH owners. Here, we attempt to genetically investigate whether there is population
structure within the documented area, using a combination of uniparental genetic markers
and coat color information.

2. Materials and Methods

2.1. Sample Collection

We collected hair follicles from a total of 96 KHs (53 female, 43 males), mustered during
the period of 1993–2019 from different zones in the Kaimanawa ranges and rehomed by
private owners or sampled for research purposes (Table S1). Among which, there is one
sample from a male animal mounted on display at the Auckland War Memorial Museum.
To avoid any stress and discomfort to animals during sampling, the owners followed
two main strategies: firstly, sampling was performed over the summer period when hair
follicles are most relaxed, and secondly, only a few hairs were pulled out at any attempt,
with several repeats to complete the sampling.

2.2. DNA Extraction and SNP Genotyping

Genomic DNA was extracted from hair follicles of 96 KHs, following a magnetic
bead-based DNA extraction protocol by the technical personnel at Neogen. The individuals
were genotyped with the Neogen GeneSeek Genomic Profiler (GGP) Equine v4. array
(75K), following the manufacturer’s instruction. This array contains ~71K SNP markers
evenly distributed throughout the equine genome (autosomal and X-chr: ~70,231, mtDNA:
1187 and Y-chr: 170). The raw data files from Illumina’s GenomeStudio Final Report
were converted to plink input files (lgen, fam and map), using a custom python script.
Following [22], genotypes with bad quality calls (GenCall score < 0.15) were marked as
missing data.

2.3. Relatedness Calculation

Prior to relatedness estimation, the following SNPs and individuals were excluded
using PLINK v1.90 [23]: (i) SNPs that were missing in >5% of individuals; (ii) SNPs
with minor allele frequency < 5%; (iii) SNPs with Hardy–Weinberg equilibrium deviation
(–hwe) with p-value < 1 × 10−5 (as recommend in [24,25]); (iv) SNPs that were in linkage
disequilibrium (–indep-pairwise 50 5 0.5; randomly one SNP from each pair was removed);
and (v) individuals with >5% missing data.

As pedigree information (first-degree relatives) was only available for a few samples,
we performed the identity-by-descent (IBD) analysis to evaluate the relatedness of the
individuals. We calculated the genome sharing value (pi-hat) based on autosomal SNPs,
using PLINK v1.90 (–genome; [23]). The filtered dataset included 91 individuals and a total
of 24,943 autosomal SNPs. Individuals with pi-hat ≥ 0.25 (second-degree relatives and
closer) were further marked as related (Table S2).

2.4. Mitochondrial DNA Analysis

To evaluate mtDNA genetic diversity, we extracted 1187 mt-variants from the KH
genotype data. The distribution of these SNP markers along the entire length of equine
mtDNA is shown in Figure S1. To filter the mtDNA-variants dataset, we used PLINK
v1.90 [23] to exclude: (i) individuals with missing data > 5%; and (ii) SNPs with missing
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data in more than one individual. We further excluded: (iii) maternally related individuals
(pi-hat ≥ 0.25 & same mtDNA HT) (Table S2). Our final mtDNA dataset consisted of
1081 SNPs genotyped in 71 KHs (Table S3). Moreover, we constructed a comparative
dataset from published complete mtDNA sequences (79 domestic and two Przewalski’s
horses, NCBI accessions: JN398377-457) reported in [20] as well as from Donkey mtDNA
(Equus asinus: NC_001788.1) (Table S3), by extracting the overlapping SNPs positions as
explained in Supplementary Text.

The genetic diversity indices including the total number of haplotypes (h), total
number of polymorphic (segregating) sites (S), average number of nucleotide differences
(k), haplotype diversity (Hd), nucleotide diversity (π) and theta estimator based on the
segregating sites (θW) were calculated by DnaSP v6.12.03 [26] (Table 1). In addition, to
understand whether the nucleotide diversity estimation is biased in the presence of the
missing data (e.g., SNP genotyping), we calculated this value based on the complete mtDNA
sequences, as well as 1,081 extracted positions in the global modern horse dataset [20], and
compared the values (Table 1, Figure S2).

Table 1. Mitochondrial DNA (mtDNA) genetic diversity indices calculated for the KHs and the global
modern horse dataset [20] based on the 1081 SNPs and complete mtDNA sequences (16,600 bp). The
standard deviation values are shown in italics.

Genetic Diversity Indices
Kaimanawa Horse Global Modern Horse [20]

1081 SNPs 1081 SNPs Complete mtDNA

Number of samples (N) 71 81 81
Number of polymorphic (segregating) sites (S) 126 334 659
Number of haplotypes (h) 6 66 79
Average number of nucleotide differences (k) 27.3 45 83
Haplotype diversity (Hd) 0.518 (0.043) 0.994 (0.003) 0.999 (0.002)
Nucleotide diversity (π) 0.025 (0.002) 0.042 (0.001) 0.0049 (0.0002)
Theta estimator based on the segregating sites (θW) 0.024 (0.006) 0.062 (0.016) 0.008 (0.002)

To determine the maternal phylogenetic relationship between KHs and other domestic
horse breeds, we constructed a maximum likelihood (ML) tree using MEGA v.10.2.5 [27]
with the TN93 (Tamura-Nei) as the best fit substitution model based on the Bayesian Infor-
mation Criterion (BIC) (Figure S3). In addition, to investigate the genetic similarity between
KHs and other domestic horses, a median-joining (MJ) network [28] was constructed, using
NETWORK v10.2.0.0 software (https://www.fluxus-engineering.com, accessed on 6 Octo-
ber 2022), by applying uniform substitution weights and without activating the external
rooting option (Figure 2). The use of MJ network in inferring evolutionary relationships
has been criticized by [29], due to two major shortcomings. Firstly, it is a distance-based
approach based on the overall similarity between two sequences without taking the evolu-
tionary model of DNA sequences into consideration, and secondly, it lacks the evolutionary
direction (no rooting). Therefore, in this study we only used this approach to show the
uniparental haplotype distributional in KHs, when compared to already established phy-
logenetic tree in the global modern horse dataset. The mtDNA HG nomenclature was
adopted from [20], and the frequencies of HTs were calculated by direct counting (Figure 2).

To compare the genetic diversity in KHs with the other feral horse populations, we
calculated the diversity indices (Table S5) and constructed a MJ network (Figure S4),
using available sequences from partial mtDNA D-loop (255-bp, containing 28 SNPs). The
comparative dataset included seven feral horse populations namely Assateague (NCBI
accessions: GU014400-02), Fluoride Cracker (NCBI accessions: AY997150-51, AY997192),
Grand Turk (NCBI accessions: HQ593024-34), Mustang (NCBI accessions: AJ413746-822),
Sable Island (NCBI accessions: HQ592901-13, HQ592951-56, HQ593035, HQ593063), Saint-
Pierre et Miquleon (NCBI accessions: HQ592920-29, HQ593044) and Theodore National
Park (NCBI accessions: MG761995-97) [10,12,30–32] (Figure S4).
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Figure 2. Median Joining network depicting mitochondrial DNA (mtDNA) haplogroup (HG) distri-
bution (A–R) in KHs in relation to the global modern horses [20], based on 1081 SNPs. Haplotypes
(HT) are indicated as circles, with size proportional to their frequency. The exact number of KHs are
shown inside the circles. The colors indicate the geographical origin of the samples. The number of
nucleotide differences between different haplotypes are shown on each branch. Donkey (E. assinus:
NC_001788.1) mitogenome was used as an outgroup. The MJ network [28] was constructed using
NETWORK v10.2.0.0 software (https://www.fluxus-engineering.com, accessed on 6 October 2022),
by applying uniform substitution weights and without activating the external rooting option.

2.5. Y-Chromosome Analysis

To investigate the paternal ancestry and evaluate the Y-chr HT diversity in the KH
population, 170 genetic variants, which were previously described as “male-specific Y-
chr (MSY) variants” by [33], were genotyped on the GGP Equine array, and analyzed in
male KHs (n = 43). Out of 170 variants, 121 determine the HTs in the so-called “crown”
group (detected in the majority of modern domestic breeds), while 49 define non-crown
HTs (detected in Asian and some northern European breeds) [33,34]. Five additional
variants (rAF, rDT, qCU, qCR and qW), which are not included in the current version
(v4) of the Illumina GGP Equine array and provide resolution within the clade A of the
crown group, were inferred by determining the allelic states with LGC KASP assays [35]
(Tables S8 and S9), as described in [33]. The positions of all Y-chr variants in the GGP
Equine array (v4) are according to the LipY764 (GCA_002166905.2) Y-chr assembly [33].
Information about MSY markers, variant type, indicative haplogroups, and ancestral and
derived alleles is presented in Table S6.

To filter the KH GGP array Y-chr SNPs dataset, we used PLINK v1.90 [23] to exclude:
(i) individuals with missing data > 10%; (ii) variants with heterozygous calls in males;
and (iii) variants with missing data > 5%. The remaining missing calls were imputed by
introducing the allelic states observed in the samples belonging to the same HG, following
the method described in [36] (Table S6). We further excluded: (iv) paternally related
individuals (pi-hat ≥ 0.25 & same Y-chr HT) (Table S2). Our final Y-chr dataset consists of
157 SNPs genotyped in 37 male KHs.
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To investigate the phylogenetic relationship between KHs and other domestic horse
breeds, a similar dataset of overlapping 157 SNPs was constructed from published Y-chr
sequences (156 domestic, and one Przewalski’s horse, NCBI BioProjects accessions PR-
JNA430351 and PRJNA787432) reported in [34] (Table S6). A ML phylogenetic tree was
generated using MEGA v.10.2.5 [27] with the K2 (Kimura-2) as the best fit substitution
model based on the Bayesian Information Criterion (BIC) (Figure S5). Following the max-
imum parsimony trees constructed in [33,34], the topology and the number of horses
exhibiting each Y-chr HT were visualized as a MJ network [28] generated with NETWORK
v10.2.0.0 software (https://www.fluxus-engineering.com, accessed on 6 October 2022),
using uniform substitution weights and without activating the external rooting option
(Figure 3). As mentioned in Section 2.4, MJ network is only used to investigate the paternal
haplotype distribution, and similarity between KHs and modern horse breeds without
inferring phylogenetic relationships. The HG nomenclature was adopted from [34] and the
frequencies of each HT were calculated by direct counting.

 

Figure 3. Median Joining network depicting Y-chromosome (Y-chr) haplogroup distribution in
KHs in relation to the global modern horse breeds [34] based on 157 Y-chr SNPs. Haplotypes are
indicated as circles and the numbers inside represent the number of individuals. The name of
the variants observed in each haplotype are shown in red. The variants genotyped using KASP
are distinguished by underline. The MJ network [28] was constructed using NETWORK v10.2.0.0
software (https://www.fluxus-engineering.com, accessed on 6 October 2022), by applying uniform
substitution weights and without activating the external rooting option.

2.6. Population Structure and Genetic Distance within the KH Population

To evaluate the possibility of population structure within the sampled KHs, we per-
formed nuclear (157 Y variants) FST (Fixation Index) [37] pairwise comparison, using
ARLEQUIN v3.5.2.2 [38] with 1000 permutations. Since there is a lack of geographic in-
formation for the sampled KHs, we defined two sub-populations based on the observed
dominant maternal HGs (G and P) (see results Section 3.2). In group-1, we included 27 male
samples with maternal HG G, exhibiting paternal HGs Ad-b, Tb-oB3b1, Am, Ao-aD2 and
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Td-dm. In group-2, we included 13 male samples with maternal HG P, exhibiting paternal
HGs Ao-aD2, Ad-b and Tb-oB3b1 (Table S10). We further cross checked our genetic data
with phenotypic information (coat color) provided by KH owners (Table S10).

3. Results

3.1. Relatedness in KH population

Based on the IBD evaluation using autosomal SNPs, we show that ~53% of the individ-
uals in the KH population have one or more second degree or closer relatives (pi-hat ≥ 0.25)
in the sampled population. We excluded 22 maternally and 6 paternally related individuals
from the mtDNA and Y-chr analysis, respectively (Table S2).

3.2. Mitochondrial DNA Genetic Diversity and Haplogroup Distribution

In this study, we successfully genotyped 1,081 mtDNA SNPs in 71 unrelated KHs
(Table S3). We constructed a haplotype network to determine the genetic similarity between
the KHs and the global mtDNA dataset representing 27 horse breeds across Asia, Europe,
Middle East and the Americas [20]. KHs are clustered within six previously defined mtDNA
HGs (A, B, G, L, N and P) (Figure 2, Table S4), with nucleotide diversity (π) = 0.025 ± 0.002,
and haplotype diversity (Hd) = 0.518 ± 0.043 (Table 1). The HGs G and P are the most
frequent ones (G: 62%; P: 32%), while A, B, L and N were each represented by only single
individuals (Figure 2, Table S4).

Furthermore, using the global modern horse dataset, our comparison between nu-
cleotide diversity estimates using genotypic data (π = 0.042 ± 0.001) versus complete
mtDNA sequences (π = 0.0049 ± 0.0002) indicate that in the face of missing data, the
nucleotide diversity can be an overestimation of the true value as invariant sites are missing
in SNPs genotype data and hence omitted from the calculations (Table 1, Figure S2).

In addition, we calculated the genetic diversity in KHs based on 28 SNPs retrieved from
the partial mtDNA D-loop region (225-bp) and compared the value with the overlapping
data from seven feral horse populations (Table S5). The mtDNA D-loop haplotype diversity
in KHs (Hd = 0.11 ± 0.051) was comparable with the estimates obtained for the Sable Island
(Hd = 0.095 ± 0.084) and Grand Turk (Hd = 0.182 ± 0.144) feral horse populations, while lower
than other feral horse populations such as Assateague, Fluoride Cracker, Mustangs, Saint-Pierre
et Miquleon and Theodore National Park. Moreover, our data show that even though the
value of nucleotide diversity in KHs (π = 0.00687 ± 0.00355) is lower than any other feral horse
populations, it is still closer to the Sable Island (π = 0.0034 ± 0.00301) population (Table S5).
Among the feral horse populations, Saint-Pierre et Miquleon show the highest haplotype
diversity (Hd = 0.782 ± 0.093) and nucleotide diversity (π = 0.12597 ± 0.01716) based on D-loop
analysis. In addition, we observed slightly lower haplotype diversity and nucleotide diversity
in a combined feral horse dataset (Hd = 0.714 ± 0.017; π = 0.0636 ± 0.002), compared to the
domestic ones (Hd = 0.89 ± 0.02; π = 0.08166 ± 0.00586) (Table S5).

3.3. Y-Chromosome Genetic Diversity and Haplogroup Distribution

Our analysis on a combined dataset (157 SNPs) of male KHs (n = 37), and published
Y-chr dataset (156 domestic horses and a single przewalski horse) retrieved from [34]
(Table S6), indicate that KHs haplotypes are clustered within six previously defined MSY
crown HTs (Ad-b, Am, Ao-aD2, Tb-dM, Tb-dW and Tb-oB3b1) (Figure 3, Table S7). All HTs
detected in KHs have been previously reported in British ponies, Arabian and Thorough-
bred horses.

The HT Ad-b is represented by more than half of our samples (Ad-b: 20/37), and it
has been reported in breeds other than Arabians and Thoroughbreds, such as Connemara
pony (Ireland) and Kladruber (Baroque type breed from Czech Republic). The HT Am
is represented by only one KH sample (Am: 1/37), and it has been previously detected
in Barb (North Africa) and Marchador (Brazil) horses. Among the three typical Arabian
HTs (i.e., Ao-aA, Ta and Ao-aD2) commonly observed in occidental and local (Iran, Syria)
Arabian lines, we only observed the Ao-aD2 in our KH samples (Ao-aD2: 6/37) (Figure 3).
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Within the clade T, we have detected genetic signatures of two of the three influential
Thoroughbred foundation sire lines in KHs, namely the Darley Arabian (HG Tb-d), and the
Godolphin Barb (sub-HG Tb-oB3b1) [33]. Within the Darley Arabian line in KHs (2/37), the
HT Tb-dW (Thoroughbreds) is represented by one KH, and another KH does not cluster
with any HT defined by the samples reported in [34]. This sample contains the basal variant
rG and have the reference allele for variants fZZ and fVQ (which are diagnostic to the HT
Tb-dM), hence shown as HT Tb-dm here (Figure 3).

While the Darley Arabian line was represented by only two KHs, the Godolphin Barb
line is more common (HT Tb-oB3b1: 8/37). We have not detected any signature of the sire
line lineage related to Byerley Turk (sub-HG Tb-oB1), which has previously been reported
in Thoroughbreds, Akhal Teke/Turkomans, and in a small set of Arabian horses with
unknown ancestry [34].

3.4. Population Structure and Genetic Distance within the KH Population

We observed that among male horses with maternal HG G, the majority have British
and Thoroughbred paternal ancestry (Ad-b: 18/27; Tb-oB3b1: 6/27), while the majority
of KHs with maternal HG P have Arabian paternal ancestry (Ao-aD2: 7/13) (Table S10).
FST pairwise genetic distance based on the Y-variants in KHs, indicate a significant (0.128,
p-value < 0.05) and moderate structure within the male KH population harboring ancestral
maternal G and P lineages. In addition, our results indicate that all grey KHs sampled
in the Kaimanawa range (7/7) harbor maternal HG P, while chestnut horses (22/30) are
predominantly found in horses with maternal HG G (Table S11).

4. Discussion

4.1. Genetic Diversity of Maternal Lineages in KHs

Although we observed the contribution of at least six ancestral maternal lineages in the
KH gene pool, the majority of samples contributed to only two major HGs (G and P). These
HGs are frequently observed in the Middle East and European horse breeds (Figure 2).
The HG P has been previously found exclusively in samples from Middle East such as an
unspecified Iranian breed, Caspian pony and Arabian horses, while HG G was found in
central Asia (Akhal-Teke, Naqu), the Middle East (unspecified Iranian and Syrian horse,
Arabian) and southern Europe (Giara horse, unspecific Italian breed) [20]. The unequal
contribution of maternal lineages in today’s KHs can be explained by the expected effect of
genetic drift in such a small, isolated population.

Mitochondrial haplotype and nucleotide diversity in KHs (Hd = 0.518 ± 0.043;
π = 0.025 ± 0.002) is lower than the corresponding values obtained for the global modern
horse dataset (Hd = 0.994 ± 0.003; π = 0.042 ± 0.001). This can, in principle, be explained
by a smaller proportion of ancestral mitochondrial diversity in KH population, or by an
effect of genetic drift in a small, isolated population. In addition, SNPs genotype data
have ascertainment bias towards known variants in certain horse breeds. Therefore, any
rare variants private to the KHs remain undetected. Although these unrepresented SNPs
are more likely to be rare, they can be common in such a small, isolated population. In
the absence of the complete mtDNA data, that bias leads to underestimating the diversity
indices within the small, isolated KH population.

Furthermore, this genotyping bias limits the power of traditional statistical framework
for neutrality test (e.g., Tajima’s D [39], and Fu and Li’s F [40]) to accurately evaluate
the genomic signature of past evolutionary processes such as selection, demographic
expansion or contraction. Therefore, we highlight the importance of performing whole
genome sequencing in KHs and other feral horse populations to accurately infer the effect
of past demographic events on the current genetic diversity of feral horses around the
world, with greater application in management strategies.

Moreover, we attempted to compare the mitochondrial genetic diversity in KHs
with other feral horses based on the overlapping partial D-loop region. However, it is
worth noting that even though high levels of genetic diversity in horse mtDNA D-loop
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region (~350–650 bp) have been previously detected [21,32,41–43], recurrent mutations,
tend to blur the structure of the phylogenetic tree as examined in [20] (Figure S4). As
shown in [20] and confirmed by our mt-variants dataset, these few polymorphic positions
(28 SNPs) retrieved from D-loop region are not informative enough to reconstruct the
mtDNA haplotypes network (Figure S4), nevertheless they indicate the incorporation of a
wide range of matrilineal lineages into the feral horses around the world.

4.2. Genetic Diversity of Paternal Lineages in KHs

We have observed an unequal contribution of at least six ancestral paternal lineages
in the KH gene pool, dominated by three HTs (Ad-b, Ao-aD and Tb-oB3b1) (Figure 3).
Regardless of this unequal paternal ancestry, all detected HTs belong to the crown group,
which is a recently expanded horse MSY HG, predominant in modern domestic breeds. This
confirms the historical reports indicating that the KH population was recently established
from various modern domestic breeds imported to New Zealand, such as British ponies,
Arabian horses and Thoroughbreds. Thus, beside the Thoroughbred ancestry shown in [19],
our data add and confirm the historical contribution of imported horses with British and
Arabian genetic influences in today’s extant KHs.

Based on written reports by James Boyd in the mid 1990’s [15], one of the main
founders of the KH population were the Exmoor ponies which were imported to the
Hawkes Bay area in New Zealand by Major George Gwavas Carlyon in the middle 19th
century. These ponies were crossed with local horses resulting in the Carlyon Pony breed.
The Carlyon ponies were later crossed with two Welsh pony stallions, which were imported
by Sir Donald McLean, and a breed known as the Comet was produced. Apparently in
the 1870s, McLean released a Comet stallion and several mares into the Kaingaroa Plains
where KHs were roaming [15,19]. As Ad-b has been reported in Welsh ponies [44], our data
support the major historical influence of these two Welsh ponies into KH male gene pool.

Considering all British and Irish pony breeds share a very similar breeding and lineage
history—originated from Celtic ponies and were refined with oriental, Iberian and English
Thoroughbred stallions [45]—we suggest that Exmoor ponies might exhibit the Ad-b, alike
other British pony breeds. However, with no available information on the MSY variations
in Exmoor ponies, their influence in KHs remains unresolved.

Among the three typical Arabians HGs/Ts (Ao-aA, Ta and Ao-aD2) reported in [34],
we observed the HT Ao-aD2 in our KHs (Figure 3). When it comes to the origin of the
Arabian line in KHs, it is documented that it was not until the l920’s that Arabian horses
were first introduced into New Zealand, from India [46]. In addition, it has also been
reported [15] that Nicholas Koreneff released an Arabian stallion into the Argo Valley
region during the 1960’s, when he was forced to sell his farm. Since there is no information
on whether this stallion was the only Arabian horse released in the Argo area, we cannot
conclude that Ao-aD2 comes from this stallion. Nevertheless, our data for the first time
demonstrate the influence of Arabian horses into the KH gene pool.

In addition to the Arabian and British pony breeds stated above, KHs show footprints
of two of the three influential Thoroughbred foundation sires, namely the Darley Arabian
(HG Tb-d) and the Godolphin Barb (sub-HG Tb-oB3b1) [33]. This major influx of Thor-
oughbreds or Thoroughbred descent horses into the KH population could be explained
by a historical strangles epidemic which threatened the horses at the Waiouru Mounted
Cavalry Stables in 1941 [14]. Some of these military horses died of the infection, whilst
others survived and joined the feral KH herd.

These diverse and unequal contributions of different paternal lines in KHs can be
the result of founder events, selection and genetic drift in a small, isolated population.
Moreover, it can be explained by the natural social structure in horses, which is remarkably
uniform in feral horses around the world [4,47,48]. There are stable breeding groups called
“bands”, each containing a single stallion with one or more mares and their offspring.
Mares and stallions within bands are unlikely to be closely related as both male and female
offspring disperse from their natal band [4,47,48]. Other stallions live as bachelors alone or
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in groups with no breeding mares or juvenile females in mixed sex peer groups [4,47,48].
Therefore, the mating success of the ancestral foundation stallions would determine the
proportion of the HGs observed in today’s KH population. Lastly, a consequence of this
behavioral limitation is the further reduction of genetic variation that exacerbates the small
effective population size that uniparental markers have. Consequently, if the effective
population size is strongly reduced there is also a limit to the time in the past about which
these markers have phylogeographic information (e.g., [49,50]). However, while these
uniparental markers are relevant to establish sex biased evolutionary processes, exploiting
the wealth of genealogical history in the nuclear DNA (e.g., via SNP arrays, ddRAD or
whole genome sequencing) should be the next step to clearly understand the evolutionary
origin of the KH.

4.3. Loss of Maternal and Paternal Lineages in the KH Population

We predict that the rare mtDNA HGs in KHs, such as A and B, will be lost in a few
generations as they are observed only in one 14-year- and 20-year-old female, respectively
(Table S10). In addition, we have only detected HGs L and N in two advanced age male
individuals (18- and 16-year-old) (Table S10). Therefore, we conclude that either the
maternal HG L and N has been already lost in the population, or they are in a very low
frequency, and hence more susceptible to being lost in future as a result of genetic drift.

It is worth noting that maternal HG L, and paternal Tb-dw—which are common
worldwide—were both observed only once and as a combination in one 18-year-old male
individual with tan coat color. Tan coat color is very rare in the KH population and has been
observed only in this sample in our collection. To reduce the sampling bias, we have almost
sampled 32% of the KH population mustered during the period of 1993–2019 from different
zones in the Kaimanawa ranges. Considering the small census size (~300 individuals) of
the population and high level of relatedness (~50%), we can assume that our data exhibit a
realistic picture of the maternal and paternal haplotype contributions in the KH population.
Nevertheless, we cannot fully rule out the possibility of existing very rare and hence
undetected haplotypes in the KH population.

4.4. Population Structure within KH Population: Parallel Contribution of European and Middle
Eastern Parental Ancestry

We observed that among male horses with maternal HG G, the majority have British
and Thoroughbred paternal ancestry, while the majority of KHs with maternal HG P have
Arabian paternal ancestry (Table S10). This co-occurrence suggests a parallel contribution
of these combinations of parental lineages, which can be explained by the effect of sampling
from particular regions in the Kaimanawa ranges where initially different escaped and/or
imported horses with European (G; Ad-b and Tb-oB3b1) and Middle Eastern (P; Ao-aD2)
origins were settled. Although we have no geographical information from the sampled
KHs (northern vs. southern), we further evaluated these results by adding phenotypic
information (coat color) provided by KH owners. In agreement with pictorial evidence, our
combined genetic and phenotypic data suggest the existence of two genetically isolated sub-
populations in the Kaimanawa mountain ranges. There is one in the southern zones, where
grey horses are exclusively found, and one in the northern area, where the population is
dominated by bay and chestnut horses.

Whether this ancestral parental combination is only a reflection of the past founder
groups, or today’s KH population splits into two genetically isolated sub-populations,
would have a major impact on effective population size and genetic viability of the pop-
ulation. In the case of the later, it would not be a one herd of 300 horses, but rather an
equal split of each approximately 150, which has to be carefully considered in management
strategies to control the population size. Obtaining whole genomic data, and geographic
information of sampled KHs would be the crucial future step to accurately evaluate the
population structure of today’s KHs and to conduct informed management decisions.

21



Animals 2022, 12, 3508

5. Conclusions

In summary, our data indicate that although a diverse genetic ancestry contributed
to the KH gene pool, today’s population is dominated by few maternal and paternal
lineages. Therefore, to ensure the long-term viability of a genetically healthy population,
minimizing the loss of the current genetic diversity in KHs must be a priority. This
has already been initiated by returning the KHs with more rare and interesting colors
(e.g., palomino, grey, tan) into the range, and excluding such mares from the immune-
contraception intervention [9]. In addition, our genetic data in combination with phenotypic
information provide support for the possibility of the existence of two genetically isolated
sub-populations (northern vs. southern) of feral horses in the Kaimanawa mountain range.

Whether KHs harbor rare and population-specific (private) functional variations as
a result of adaptation to their natural environment, can only be confirmed or rejected
with more comprehensive genome-wide data. As previously shown [51], whole genome
sequencing holds great potential to detect a large number of novel variants, many of which
might be specific to the population under study. Ongoing genomic research on KHs would
shed light on their genomic variation enabling them to adapt to their unique and harsh
environment, and investigate the genomic footprints of past demographic events and future
conservation strategies in this population.
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Simple Summary: The Caballo de Deporte Español (CDE) is a sport horse breed, which originated
from crosses between different sport horse breeds in the search for a good sport aptitude for Dressage,
Eventing and Show Jumping disciplines. The main aim of this study was to determine the effects of
15 years of selection on this breed and find out whether it has been effective and adequate regarding
the CDE main breeding objectives. The whole known pedigree was used, comprising 47,884 animals
(18,799 males and 29,085 females). Pedigree analyses were performed in order to check the population
structure, origins and evolution over the years. For the analyses, animals were divided into fourteen
breed groups. Performance data used in the analyses were the estimated breeding values (EBV) of
the Show Jumping, Dressage and Eventing sport disciplines from the routine genetic evaluations of
the CDE breeding programme. Results showed some degree of subdivision within the population
and, therefore, inbred matings. Regarding the evolution of breeding values, we found that EBVs
of offspring were higher than the EBVs of parents showing that genetic gain has actually occurred.
Moreover, selection decisions seem to be taken by breeders based, to certain extent, on the genetic
evaluations.

Abstract: The equine breeding industry for sport’s performance has evolved into a fairly profitable
economic activity. In particular, the Caballo de Deporte Español (CDE) is bred for different disciplines
with a special focus on Show Jumping. The main aim of this study was to determine the effects
of 15 years of selection and to find out whether it has been effective and adequate regarding the
CDE main breeding objectives. The whole pedigree of 19,045 horses registered as CDE was used,
comprising 47,884 animals (18,799 males and 29,085 females). An analysis performed to check for
the pedigree completeness level yielded a number of equivalent complete generations (t) equal to
1.95, an average generation interval (GI) of 10.87 years, mean inbreeding coefficient (F) of 0.32%,
an average relatedness coefficient (AR) of 0.09% and an effective population size (Ne) of 204. For
the analyses, animals were divided into fourteen breed groups. Additionally, in order to study the
evolution of these breeds over time and their influence on CDE pedigree, five different periods were
considered according to the year of birth of the animals. Performance data used in the analyses were
the estimated breeding values (EBV) of the Show Jumping sport discipline of 12,197 horses in the
CDE pedigree, available from the 2020 routine genetic evaluations of the CDE breeding program
(starting in 2004). Dressage and Eventing EBV values were also assessed. Results showed values
of F higher than expected under random mating; this pointed to some degree of inbred matings.
With regard to the evolution of breeding values, we found that, in general, EBVs of offspring were
higher than the EBVs of parents. Notwithstanding, there is still a need for improvement in population
management and the coordination of the breeders to get higher responses but controlling the loss of
genetic diversity in the CDE breed.
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1. Introduction

The equine breeding industry for sports performance has evolved in recent years
into a fairly profitable economic activity. Thus, horse breeds have been selected to find
the animal that is best suited for the equestrian discipline they participate in. This is true
for pure breeds as well as for mixed breeds. In fact, different horse breeds, such as the
Irish Sport Horse, Brazilian Sport Horse, Polish Sport Horse or, more recently, the Caballo
de Deporte Español, were created as composite breeds, with the horses’ capacity for a
certain sports performance as the objective or selection criterion [1]. In particular, the
Caballo de Deporte Español (Spanish Sport Horse; CDE) is bred for Dressage, Eventing and
Endurance disciplines with a special focus on Show Jumping discipline, taking advantage
of the probable heterosis effect that results from this multiple breed combination [2,3]. The
breed is managed by the Caballo de Deporte Español Breeders Association (ANCADES,
www.ancades.com (accessed on 25 February 2022)), and its breeding program was officially
approved in 2004 and updated in 2020 [4]. Its main goal is to select a horse with a suitable
functional conformation, temperament and health, able to attain a high performance at
either national or international sports events in which it participates. When the CDE Official
Stud Book was created, an animal could be registered in the Foundational Registry (and
thus be identified as a CDE animal) up until 2004 if it came from any of the “permitted”
cross-breeds (established by Spanish laws APA/3318/2002 and APA/1646/2004) and was
born between 1992 and 1998. Since the Foundational Registry was closed in 2004, an animal
is considered to be a CDE either when both parents are registered as CDE, when only one of
them is a CDE with the other parent from any of the “permitted” breeds included in these
laws, or when both parents belong to any of these “permitted” breeds (even when both
parents are from foreign breeds, their offspring could be inscribed as CDE at the owner’s
request if they are not inscribed in any other official Stud Book). Although CDE is an open
breed that allows animals of different breeds on its Stud Book [1], since the establishment
of its breeding program, breeders are being encouraged to use animals already registered
as CDE as reproducers. Notwithstanding, although heterosis falls in the F2 generation if
purebred animals are no longer incorporated, an advantage in the phenotype of animals
with a more “mixed” genetic background can still be manifested, with crosses being
directed to obtain CDE horses showing a lot of heterosis [5]. However, no studies have been
developed before about CDE breeders’ real preferences when selecting horses to create
the next generation, i.e., whether they choose animals with the best estimated breeding
values (EBV) for sport performance or just animals from the geographically nearest studs.
Different criteria may have different repercussions on the outcome of the CDE breeding
program. The selection process and mating are a consequence of a conscious decision,
usually intended only for short-term achievements in intensively managed domesticated
species [6]. In a crossbreed like the CDE horse, decisions are also influenced by breed
preferences when choosing the individuals selected for breeding and, consequently, the
evolution of performance and of the genetic parameters across time could also show this
effect. The main aim of this study was to determine/characterize the effects of 15 years of
selection on this breed and find out whether it has been effective and adequate regarding
the main CDE breeding objectives.

2. Materials and Methods

2.1. Population Description

Since the creation of the CDE Official Stud Book (in 2002) until 2004, an animal could
have been inscribed in the Foundational Registry (and thus be identified as a CDE animal) if
it fulfilled two requirements: (i) coming from any of the admitted horse breeds (established
by Spanish laws APA/3318/2002 and APA/1646/2004); and (ii) being born between 1992
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and 1998. Since the closing of the Foundational Registry in 2004, not only animals with
both parents registered as CDE can be included in the CDE Official Stud Book, but horses
with only one or neither parent registered as CDE can also be included and considered
CDE. In the latter cases, the “external” parents (i.e., non-CDE horses) should belong to any
of the admitted breeds established in the CDE Stud Book. Obviously, their offspring can be
inscribed in the CDE Stud Book if they are not already registered in any other official Stud
Book. Furthermore, the non-CDE parents can be inscribed in the Auxiliary Registry of the
CDE Stud Book as Foreign CDE (CDEx), and from that point, their descendants would be
registered as CDE directly in the Principal Registry of the CDE Stud Book.

The pedigree information used in this study was gathered from the Caballo de Deporte
Español official Stud Book, provided by ANCADES. For analysis purposes, no differences
between CDE registrations were considered, thus counting 21,163 CDE horses for this study
(19,045 registered as CDE in the Principal Registry and 2118 registered as Foreign CDE in
the Auxiliary Registry of the Stud Book), representing 44.7% males and 55.3% females. The
whole pedigree included 47,884 animals (18,799 males and 29,085 females).

According to the composite nature of this breed, different horse breeds were included
in the CDE Stud Book via the relatives of the CDE animals (55.8% of the whole pedigree).
These breeds were considered independently according to their representation in the CDE
pedigree. Breeds with fewer than 500 animals (less than 1.5%) in the pedigree were grouped
together in an “Other Horse Breeds” group (OHB). A total of 14 breed groups were assessed,
12 of them corresponding to majority horse breeds (>500 animals) present in the CDE Stud
Book, together with the OHB and the CDE horses groups: Belgian Warmblood breed (BWP;
624 animals), Oldenburger breed (OLDBG; 642 animals), Westphalian breed (WESTF; 653
animals), Lusitano breed (LUS; 875 animals), Holsteiner breed (HOLST; 1269 animals),
Anglo-Arab Horse breed (AAH; 1561 animals), Hanoverian breed (HANN; 1742 animals),
Arab Horse breed (AH; 1835 animals), Dutch Warmblood (KWPN; 2120 animals), Selle
Français (SF; 2311 animals), Thoroughbred (TH; 2924 animals), Other Horse Breeds group
(OHB; 4731 animals), Pura Raza Española (PRE; 5434 animals) and the Caballo de Deporte
Español breed group (CDE; 21163).

In order to study the evolution of these breeds over time (in terms of the proportion of
individuals belonging to each breed) and their influence on CDE pedigree, five different
periods were considered according to the year of birth of the animals. The first period
(P0), including animals born before 2000, was settled before the Foundational Registry
of the CDE Stud Book was created in 2002. Consequently, P0 only has animals from the
Foundational Registry, and thus, no CDE animals were found in this period. Then, the
second period (P1) included animals born between 2000 and 2004, the third period (P2),
between 2005 and 2009, the fourth period (P3) involved individuals born between 2010
and 2014, and finally, the fifth and last period (P4), between 2015 and 2021. Figure 1 shows
the distribution across these periods of the breed groups considered, showing different
size and color of the circles according to the number of animals represented in each period.
Furthermore, in order to confirm that all breeds considered for this study were genetically
different between them, a principal component analysis was developed, using a matrix
with the proportion of the individual genome coming from each original founder’s breed,
calculated from the pedigree-derived relationship matrix (Figure A1).
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Figure 1. Distribution of horse breeds from the Caballo de Deporte Español Official Stud Book
according to the period considered. Different sizes and colors of the circles indicate the number of
animals of a certain breed within periods. Where AAH is Anglo-Arab Horse, AH is Arab Horse, BWP
is Belgian Warmblood, CDE is Caballo de Deporte Español, HANN is Hanoverian Horse, HOLST is
Holsteiner Horse, KWPN is KWPN Horse, LUS is Lusitano Purebred, OLDBG is Oldenburg Horse,
OHB is Other Horse Breeds, PRE is Pura Raza Española, TH is Thoroughbred, SF is Selle Français,
WESTF is Westphalian Horse; P0 is the period with animals born before 2000, P1 between 2000 and
2004, P2 between 2005 and 2009, P3 between 2010 and 2014, and P4 after 2015.

2.2. Pedigree Analyses

Pedigree analyses were computed using the program ENDOG (v.4.8, [7]). In order to
ascertain the circumstances affecting the genetic history of the CDE horse breed population,
some parameters were calculated to determine the amount of available information, the
pedigree completeness level, the number of complete generations (t) and the generation
interval (GI) as a measure of the speed of genetic transmission due to the physiology of
the species and the particular management performed. The first one was assessed as the
proportion of ancestors known per generation for each offspring [8]. The t value was
computed as the sum of (1/2)n, where n is the number of generations separating the
individual from each known ancestor [9]. The GI was calculated as the average age of
parents at the birth of their offspring kept for reproduction [10]. The three parameters were
computed for the whole population and for a reference population, including only animals
born in the last 10 years (between 2011 and 2021), which mostly corresponds to animals
from the last generation. These will also be referred to as “active animals”.

In order to monitor the animal genetic resources for this breed, the effective population
size (Ne) was also computed. PopRep 1.0. software’s (PopRep.tzv.fal.de (accessed on 15
June 2022)) [11] decision tree was used for picking the best method to calculate Ne for
our data. After the analyses, the Ne calculated by individual increase in inbreeding,
following Ref [12], appeared as the method that best fitted our data. Ne was calculated
as Ne = 1

2∗ΔF , where ΔF = Ft−Ft−1
1−Ft − 1 , where Ft is the inbreeding coefficient of the offspring,

and Ft−1 is the inbreeding coefficient of the parents.

2.3. Performance Data

The EBV of 12,197 horses for Show Jumping, 5253 horses for Eventing and 7790 horses
for Dressage disciplines, from the CDE pedigree, were available for this study, including
the performance data of animals from 2004 to 2020 [13].
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Genetic parameters for the Show Jumping, Eventing and Dressage sport disciplines
used in this study were obtained from the 2020 routine genetic evaluation information of
the CDE breeding program. Genetic evaluation implies a multivariate BLUP analysis using
the following genetic model:

y = Xb + Za + Wp + Qr + e,

where y was the vector of observations for the analyzed traits of each discipline; b was
the vector of fixed effects; a was the vector of additive genetic effects; p the vector of rider-
horse interaction effect (for Show Jumping discipline) or the rider effect (for Eventing and
Dressage disciplines); r the vector of permanent environmental effects (for Show Jumping
and Dressage disciplines); and e the vector of random residual terms, X, Z, W and Q were
the incidence matrices assigning observations to the fixed, animal, rider-horse interaction
or rider and permanent environmental effects, respectively.

In respect of the Show Jumping discipline, the analyzed traits were (i) penalty score
transformed to a positive scale (ranging from 50 to 100, with 100 representing the highest
punctuation in the competition “0 penalties” and 50 the lowest “maximum penalties”) and
(ii) weighted total ranking (calculated on a positive points scale by assigning a value of 100
to the first classified animal (within the same event, penalty scale and competition level)
and a value of 0 to the last) for Show Jumping. The fixed effects considered were: age,
breed, gender, event, height of fences and category type of test interaction. The general
index for this discipline combined both variables considered with a weight of 50% each.

For the Endurance discipline, the analyzed traits were (i) penalty score transformed
to a positive scale of the Show Jumping exercise, (ii) final points obtained in the Dressage
exercise and (iii) penalty score transformed to a positive scale of the Cross exercise. The
fixed effects considered in this genetic model were: age, breed, gender, event, level of the
event and owner, whereas the general index combined with a weight of 25% for (i), 35% for
(ii) and 40% for (iii).

Finally, in the Dressage discipline, the analyzed traits were (i) points obtained at the
dressage reprise, (ii) points for walk, (iii) points for trot, (iv) points for gallop, (v) points for
submission and vi) points for general impression. This model considered the following
fixed effects: age, breed, gender, event, level of the event and stud. Additionally, all traits
were combined in the following general index: 70% for (i), 10% for (ii) and 10% for (iii), 5%
for (iv), 2.5% for (v) and 2.5% for (vi).

It must be highlighted that, in all genetic evaluations, EBVs were standardized for
an interval of 80–120 with a population average of 100. All BLUP genetic evaluations
were carried out with the VCE software—version 6.0.2 (Nashville Video Production Com-
pany/Podcast Studio, Nashville, TN, USA) [14]. In addition, for the official genetic eval-
uations of the three disciplines considered, the accuracy of EBVs (r), was calculated as
r =

√
1 – PEV

δ2
a

, where PEV is the prediction error variance and δ2
a was the additive genetic

variance.

2.4. Effect of Genetic Selection on Inbreeding and Average Relatedness Coefficient of the Caballo de
Deporte Español Population

The level of genetic variability in the whole CDE population and within each breed
group defined was assessed considering the following parameters:

Mean inbreeding coefficient (F), defined as the probability that an individual has two
identical alleles by descent in any locus [15].

Average relatedness coefficient (AR) of each individual, interpreted as the representa-
tion of the animal in the whole pedigree, or the amount of the animal genetic information
it shares. Thus, it is equivalent to the average relationship of an individual with the rest
of the population, i.e., the marginal of the relationship matrix divided by the number of
individuals. Furthermore, the average of all AR values is also equivalent to twice 1—the
expected heterozygosity, which is a common measure of genetic diversity [16,17]. When
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AR is calculated for a founder, it expresses the proportion of the genetic information arising
from it, and thus, its relevance in the development of the pedigree. In order to check the
effect that breeders’ decisions have had when selecting the breeding stock on the genetic
merit of the CDE population, the genetic variability was assessed for the whole population
and also according to a hypothetical breeding scenario, where only CDE horses with CDE
breed parents were allowed to register as CDE in the CDE official Stud Book.

Furthermore, using results from the Pedigree analyses developed before with the
program ENDOG (v.4.8, [7]), the evolution across time of F and AR values for animals with
best EBVs for the performance ability for Show Jumping, was also evaluated. The EBVs
values used were described previously in Section 2.3.

2.5. Probability of Gene Origin of the CDE Horse Breed

Ancestors with both unknown parents in the available database were considered
founders, as it is a common practice (unless molecular information exists for those animals).

In order to check the genetic representation of the founder individuals in the CDE
population and in all the breed groups considered, the genetic contribution of founders
to the descendant gene pool of the population [18] was assessed, classified by breed of
origin and per period. This way the evolution of the relative influence of each breed
in the composition of the CDE population could be studied. Additionally, for the 10
most contributing founders on each period (P0 to P4) their mean EBV for Show Jumping
performance and that of their descendants on each period was computed to determine the
genetic trend with time.

3. Results

3.1. Population Description

Breed groups’ distribution appearing in Figure 1 showed PRE and OHB as majority
horse breeds in P0, with 4387 (19.2%) and 4076 (17.8%) animals born in this period (percent-
age within period), respectively. Afterwards, from P1 to P4, CDE was the majority horse
breed, showing an increasing tendency from 79.4% (8804) animals in P1 to 98.2% (3986)
in P4. On the other hand, PRE, OHB, KWPN, HANN, AH and SF breeds showed higher
representation after CDE in P1, with 5.4% (596), 4.0% (442), 2.5% (276), 1.5% (169), 1.3%
(144) and 1.1% (123) animals, respectively. All of them showed a decreasing tendency over
the periods, with PRE still showing the highest representation in every period (after CDE),
with 310 animals in P2 (4.9%), 121 in P3 (3.4%) and 20 in P4 (0.5%). The rest of the breeds
showed fewer than 100 animals in P3 and P4 periods.

3.2. Pedigree Analyses

In order to study the quality of the pedigree information, for both the individuals
included in the entire CDE Stud Book and those in the defined reference population (active
animals), the pedigree completeness level was assessed. When the whole CDE population
was considered, tracing back just two generations yielded a completeness level of 50%. The
same level (50%) was obtained when analyzing the reference population, even when four
generations were accounted for. Therefore, the quality of the pedigree information is higher
for the reduced set of animals.

The number of animals, number of equivalent complete generations, average genera-
tion interval and effective population size, computed via individual increase in inbreeding
for both the entire and the reference populations considered, were included in Table 1. The
reference population represented 14.1% of the entire CDE pedigree and showed 1.91 more
equivalent complete generations (3.86) and a generation interval 1.02 years longer (11.89)
than the whole pedigree (with values of 1.95 and 10.87, respectively). On the other hand,
Ne was 4% smaller in the reference population considered (Ne = 196) than in the whole
pedigree (Ne = 204).
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Table 1. Number of animals, number of equivalent complete generations (t), average generation
interval (GI) and effective population size computed via individual increase in inbreeding (Ne) for
the whole Caballo de Deporte Español Studbook and for the animals born between 2011 and 2021
(reference population).

Population Number of Animals t GI Ne

Whole Pedigree 47,884 1.95 10.87 204
Born between
2011 and 2021 6743 3.86 11.89 196

3.3. Effect of Genetic Selection on Inbreeding and Average Relatedness Coefficient of the Caballo de
Deporte Español Population

The mean inbreeding coefficient (F) and average relatedness (AR) for the whole
CDE population were 0.32% and 0.09%, respectively, and for the reference population,
they were 0.79% and 0.19%, respectively, whereas the population with animals showing
an EBV over the population mean (EBV > 100) showed 0.27% and 0.19% for F and AR
values, respectively. The hypothetical scenario where only CDE horses were allowed to be
registered and reproduced, showed an F coefficient of 2.18% and an AR of 0.19%.

The evolution of the above parameters in all the sets considered and of the Ne com-
puted via individual increase in inbreeding over the five periods analyzed is shown in
Figure 2. Considering that in an ideal population with random matings, F would be half
the AR, the larger than expected F-values would indicate an important subdivision and/or
non-random mating pattern in the population.

 

Figure 2. Evolution of average global inbreeding coefficient (F; orange solid line), for animals with
breeding value over the mean for Show Jumping discipline (FEBV > 100; orange dashed line) and
for animals with both parents from CDE (FCDE; orange dotted line). Evolution of average global
relatedness coefficient (AR; green solid line), for animals with breeding value over the mean for
Show Jumping discipline or (AREBV > 100; green dashed line) and for animals with both parents from
CDE (ARCDE; green dotted line). All values are in percentage. Evolution of effective population size
computed via individual increase in inbreeding was also included (Ne; blue solid line). Where P0 is
the period with animals born before 2000, P1 between 2000 and 2004, P2 between 2005 and 2009, P3
between 2010 and 2014, and P4 after 2015.

The results showed this subdivision in the three groups considered (total population,
reference population and a hypothetical scenario with only CDE horses as reproducers),
with a progressive increase over periods for the whole population, going from almost 0% F
and AR values in P0 to 0.86% and 0.19%, respectively, in P4. For animals with EBV > 100,
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the F-values remained below 0.8% until P3, increasing considerably to almost 3.0% in P4,
whereas the AR values remained below 0.4% over the four periods. Regarding the hypo-
thetical scenario considered for the CDE population, the F-values increased considerably
from almost 0.0% in P0 to almost 2.0% in P1 and P2 and continued increasing to 2.8% in P4.
However, the AR values maintained a constant evolution with quite low values that went
from 0.0% in P0 to a maximum of 0.25% in P4. In respect of Ne results, values in P0 and P4
were the lowest (around 180 animals), whereas P2 showed the highest Ne, with 237 horses.

3.4. Effects of Genetic Selection on the CDE Horse Breed

Genetic variances and heritability values from the genetic models used in the routine
genetic evaluations of Show Jumping, Eventing and Dressage disciplines, are shown in
Table 2. Heritability values were higher for Dressage than for Eventing or Show Jumping
disciplines, ranging from 0.26 for Points obtained at the Dressage Reprise (PR), to 0.32
for Points for Gallop (PG) and Points for General Impression (PGI). On the other hand,
Show Jumping discipline showed the highest variance values for all the genetic model
components.

Table 2. Estimation of variance components and heritability (h2) for the genetic evaluations computed
for Show Jumping (SJ), Eventing (E) and Dressage (D) disciplines.

Variables
Variance Genetic Components

h2 (±SE)
Animal Rider Rhi Pe Res TV

SJ
PS 93.22 - 193.43 55.58 1988.22 2330.44 0.04 (±0.0009)
WTR 112.86 - 73.21 49.44 893.06 1128.57 0.10 (±0.0007)

E
PSSJ 8.70 1.26 - - 33.63 43.60 0.12 (±0.2635)
FPD 11.93 13.01 - - 36.19 61.12 0.12 (±1.0982)
PSc 41.83 30.04 - - 281.05 352.91 0.12 (±2.9944)

D

PR 4.09 5.53 - 6.28 9.38 25.29 0.26 (±0.0574)
PW 0.15 0.14 - 0.18 0.23 0.70 0.20 (±0.0002)
PT 0.14 0.11 - 0.19 0.21 0.65 0.31 (±0.0085)
PG 0.14 0.11 - 0.18 0.19 0.62 0.32 (±0.0011)
PS 0.13 0.11 - 0.19 0.21 0.64 0.30 (±0.1520)
PGI 0.14 0.11 - 0.19 0.19 0.62 0.32 (±0.0009)

Where PS = penalty score transformed to a positive scale; WTR = weighted total ranking; PSSJ = penalty score
transformed to a positive scale of the Show Jumping exercise; FPD = final points obtained in the Dressage exercise;
PSC = penalty score transformed to a positive scale of the Cross exercise; PR = points obtained at the dressage
reprise; PW = points for walk; PT = points for trot; PG = points for gallop; PS = points for submission; PGI = points
for general impression; Animal = additive genetic effect; Rider = rider effect; Rhi = rider-horse interaction effect;
Pe = permanent environment effect; Res = residual effect; TV = total variance; and h2 = heritability.

In order to ascertain the genetic change of the CDE breed regarding the objective
trait, the EBV of Show Jumping, Eventing and Dressage performances characteristics and
its evolution through the five periods considered was included in Table 3 for the most
influential founders and their descendants.

Firstly, the 12 founders with the highest contributions to the entire CDE populations
were included. Horses were ordered according to their year of birth. In the ‘Order’
column, the position of each founder in the ranking of global contributions and in each
particular period was presented, showing the evolution of the ‘importance’ of each founder
along time.
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Table 3. Evolution of the genetic contribution of the twelve most contributing founders of the Caballo
de Deporte Español breed in period 0, ordered by their contribution for each of the periods P1 to P4
(in percentage), with their mean estimated breeding value (EBV) and the mean EBV of its descendants
(EBVd) globally and per period, calculated based on the genetic evaluation of 2020 for Show Jumping
(SJ), Eventing (Ev) and Dressage (Dr) disciplines.

Founders F201 F464 F224 F445 F333 F203 F416 F1910 F229 F429 F430 F968

Year of Birth 1939 1950 1941 1950 1947 1939 1949 1963 1941 1949 1949 1956
Sex M F M F F F M M M M F M
Breed TH OHB OHB SF SF TH TH HOLST AH PRE PRE PRE
Contribution (%) 0.45 0.44 0.44 0.4 0.28 0.25 0.25 0.24 0.23 0.17 0.12 0.1
Order 1 2 3 4 5 6 7 8 9 10 11 12
Nd 5223 6641 6640 4632 3265 3672 3672 3233 1860 1623 1448 663

Global

EBV
SJ 101.3 101.5 101.5 101.7 102.4 103.2 103.2 98.9 98.6 98.7 99.3 99.9
Ev 108.4 106.1 106.1 105.1 109.8 107.4 107.4 107.8 108.2 107.6 108.9 111.1
Dr 98.7 97.2 97.5 96.8 100 99.4 99.4 100.7 100.4 107.2 102.7 -

EBVd

SJ 101.3 101.2 101.2 101.4 101.1 102.3 102.3 102.5 97.3 98.9 99.2 98.8
Ev 107.2 107.2 107.2 107.2 107.9 107.2 107.2 108.1 106.5 108.4 108.5 111
Dr 99.9 98.2 98.2 98.2 100.2 99.9 99.9 100 99.1 103 103 97.7

P0

Order 4 1 2 3 17 8 7 45 6 5 10 9

EBVd

SJ 101.9 101.3 101.3 101.5 101.6 102.4 102.4 101.9 98.9 98.9 98.9 99.2
Ev 107.7 106.6 106.6 106.4 109 107.2 107.2 107.9 106.4 108.8 108.8 111.1
Dr 99.2 97.6 97.6 97.5 99.6 98.4 98.4 99.8 99.6 103 103 97

P1

Order 3 1 2 4 5 28 27 51 6 39 58 74

EBVd

SJ 100.2 100 100 100.4 100.2 101.3 101.3 101.8 96.1 99.2 99.3 96.3
Ev 107.4 107.8 107.8 108 108.1 106.9 106.9 108.1 106.7 107 107.4 111
Dr 98.5 97.6 97.6 97.6 99 99.4 99.4 99.8 97.1 103.7 103.7 98.2

P2

Order 1 2 3 4 6 8 7 5 16 27 55 90

EBVd

SJ 101.7 101.9 101.9 101.9 101.3 102.7 102.7 102.6 92.7 98.3 99.8 97.9
Ev 107.9 107.9 107.9 107.9 108.3 107.9 107.9 108 109.8 108.1 108.1 108.3
Dr 99.7 99.5 99.5 99.3 99.8 100.4 100.4 99.3 97.3 100.6 100.5 101.8

P3

Order 1 3 4 5 12 10 9 2 22 56 73 103

EBVd

SJ 102.3 102.6 102.6 102.4 102.5 102.6 102.6 102.9 95.1 99.6 100.4 99.9
Ev 104.5 105.5 105.5 106.2 104.9 107 107 108.4 106.5 108 108 -
Dr 104.5 104.9 104.9 104.7 104.5 104.2 104.2 101.6 97.5 104.6 104.6 103.6

P4

Order 1 3 4 2 18 16 17 5 109 101 129 461

EBVd

SJ 102.2 102.9 102.9 102.7 103.7 103.3 103.3 104.9 94.3 - - -
Ev 99 102.5 102.5 102.3 103.1 100.7 100.7 - - - - -
Dr 104.3 103.2 103.2 103.2 104.5 100.5 100.5 102 - 106.3 106.3 104.7

Order indicates the order of the founder according to the percentage of contribution in the period/group
considered, Nd is the number of all descendants of the founder throughout all periods, P0 is period with
animals born before 2000, P1 between 2000 and 2004, P2 between 2005 and 2009, P3 between 2010 and 2014, and
P4 after 2015.

Results showed that the five most contributing founders for the whole CDE population
were from TH (F201), OHB (F224 and F464) and SF (F333 and F445) breeds. They all showed
an EBV for Show Jumping discipline above 101 (i.e., higher than the mean), and the mean
EBVs of their descendants were between 101 and 102 (the superiority of these founders
seems to be transmitted). In fact, there is a general upward trend through the periods for
the EBVs of the descendants of the 12 founders listed, reaching up to 104. In respect of
Eventing and Dressage disciplines, results showed that the ranking of individuals based on
their EBVs was similar to the Show Jumping and Eventing performances but opposite to
Dressage performance. These results are consistent with the negative genetic correlation
found between Dressage and Eventing (−0.12 ± 0.0199).
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When accounting for the evolution of the genetic contribution of founders and of
their descendants’ EBVs over the P0 to P4 periods, most founders decreased their genetic
contribution to the population across the years, together with their mean descendants’
EBVs, which remained below 100 from P0 to P4.

On the other hand, these founders showed mean accuracy values close to 40%, with
maximum values above 70%.

The accumulated genetic contribution of all the founders from the CDE Stud Book,
according to the breed group and the period, is represented in Figure 3, also including
mean EBV for Show Jumping discipline for each breed’s founders and for their descendants.
Breeds are ordered according to their breed founder’s accumulated genetic contribution.
Only the results from the Show Jumping discipline were used for this analysis, as more
data were available.

 

Figure 3. Genetic contribution of all founders classified by breed (each column), per period (different
colors within columns), with their mean estimated breeding value (EBV Founder; pink circles) and
the mean estimated breeding value of their descendants (EBV Descendants.; yellow rhombuses)
for Show Jumping discipline, ordered according to contribution level of the founders. Where AAH
is Anglo-Arab Horse, AH is Arab Horse, BWP is Belgian Warmblood, CDE is Caballo de Deporte
Español, HANN is Hannoverian Horse, HOLST is Holsteiner Horse, KWPN is KWPN Horse, LUS
is Lusitano Purebred, OLDBG is Oldenburg Horse, OHB is Other Horse Breeds, PRE is Pura Raza
Española, TH is Thoroughbred, SF is Selle Français, WESTF is Westfalian Horse, P0 is period with
animals born before 2000, P1 between 2000 and 2004, P2 between 2005 and 2009, P3 between 2010
and 2014, P4 after 2015. The red dots line indicate the mean estimated breeding value (EBV = 100).

OHB and PRE founders showed the highest genetic contribution, at almost 15%,
whereas LUS, WESTF, OLDB and BWP founders showed the lowest, with accumulated
contributions of less than 5%. In contrast, the mean EBV of the descendants was consider-
ably higher than their founders’ EBV for most breed groups, except for PRE, AH and LUS
breed groups, in which we found the opposite outcome.

4. Discussion

Using composite breeds in domestic animals has been historically developed to benefit
from the combinatory aptitude of this strategy in their progeny [19,20]. The amount
of heterosis, as well as the particular outcome for any target trait, will depend on the
proportion of genetic information coming from each of the breeds involved in the creation
of the composite. With regard to the CDE population breed composition, preliminary
analyses showed that the different breeds composing the CDE are still genetically different
(there has been no homogenization of the breed). Notwithstanding, the genetic structure of
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the population has changed across generations, with CDE, PRE and OHB being the majority
horse breeds in most periods. For CDE, the rising contributions (in percentage of the total
number of horses of the CDE population) from P1 to P4 indicated a trend of breeders
to prefer CDE stallions and/or mares as reproducers of the next generation. To fulfill
the recommendation by Ref [3] of one or two breed crosses to account for optimal sport
performance, another breed in addition to CDE should be used to obtain optimal results.

Regarding the available pedigree information, completeness level was slightly higher
than that found in this breed in a study developed a few years after the Foundational
Registry of the official Studbook was closed [1] and in a study from [21], comparing CDE
results with other closed purebred populations. However, it was still less complete than
other sport horse breeds such as the French Trotter [22] or the AH [23], where completeness
values were above 50% as far back as the seventh generation while it reached this level
in only the two most recent generations in CDE. This tendency was corroborated with
GI and Ne values, being lower than those reported in the previous CDE paper [1]. These
results also highlighted a better maintenance of the genetic diversity by year in this breed.
These results, together with the lower t results than those reported in the previous CDE
paper, could be due to foreign animals entering the studbook with some historic pedigree
information (even if the amount of foreign horses was not large). Previous authors [24]
reported similar values in the Brazilian Sport Horse.

When accounting for AR and F, the three sets of horses considered (whole CDE
pedigree, animals with EBV > 100 and only CDE with CDE parents) showed greater F than
expected under random mating from the corresponding AR values, thus indicating an
important subdivision and/or non-random mating effect in these populations. A similar
outcome was reported by Ref [1]. However, lower F and AR values has been observed in
P4 (exclusive of the present study) than in the previous analyses. This could be due to the
constant importation of foreign genetic material with limited information on the genealogy
of the imported horses, so that, for F and AR calculations, these new foreign animals were
considered as not inbred and not related to the rest of the studbook. Similar results were
found in other sport horse breeds with open Stud Books [21,25]. Notwithstanding, of
particular note is the large increase of mean F-value (mainly occurring in P4) for horses
with EBV over the mean. This could indicate a trend in this last period to select CDE horses
with higher EBV values according to Show Jumping performance genetic evaluations.
These horses would tend to be more inbred by selecting parents coming from the same
better performing ancestors. On the other hand, the simulation made of CDE with CDE
parents’ population, showed increased F-values through all periods, indicating that genetic
variability would be considerably affected within a few years if the Stud Book policies
become more restrictive, as already reported in [1]. Considering Ne, despite values in all
periods being in accordance with other open sport horse breeds [21,24], the decreasing
trend from P2 to P4 could be due to a loss of genetic variability within the population,
probably due to the selection efforts developed by breeders for Show Jumping, Eventing
and/or Dressage performance, selecting only those animals that better fit their sporting
purposes. Attention should be paid to this selection effect, in order not to lose critical
genetic variability within this population in the future.

Results from the genetic contribution of the CDE founders, indicate that the five most
contributing founders to CDE’s genetic diversity were derived from TH, OHB and SF breed
groups, all with EBVs for Show Jumping performance over the mean and transmitting
also high EBVs to their descendants throughout all periods. This observation makes
sense considering these breeds share similar performance goals with CDE, with the Show
Jumping discipline being the main breeding selection objective for most of them [26–29].
These results also suggest that CDE breeders have been making selection based on EBV’s
results, as the higher the EBV of the founder (and of its descendants over periods), the
higher genetic contribution it has had on the CDE population. This trend has been observed
previously in other sport horse breeds [25,30–33]. On the other hand, we also found
four founders from PRE and AH breed groups that, despite being within the list of the
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twelve most contributing founders, showed EBVs for Show Jumping below the mean and
transmitting poor Show Jumping aptitude through all periods. However, when analyzing
these founders for Eventing and Dressage results, they all show EBVs over the mean
for both disciplines and good transmission to their progeny. This could be due to these
founders being selected not for their genetic potential for Show Jumping performance but
for Dressage, thus explaining the low EBV values for the former discipline. This different
genetic selection was also supported by correlations found between disciplines, so that
selecting for Dressage discipline would decrease performance in Eventing. Previous studies
reported PRE as mainly bred for Dressage discipline [34,35], whereas AH were bred mainly
for Endurance discipline [23], which shares some resilience and agility aptitudes with
Eventing that are required for horses to compete successfully [36,37].

Furthermore, when comparing the heritability estimates for the three disciplines with
previous studies, some differences were found. As regards to Show Jumping discipline,
estimates were similar to those reported both in KWPN (0.11 [29]) and in a previous study
for the CDE breed (0.047 to 0.085 [13]). When accounting for Eventing, heritability estimates
in our study were higher than those reported in Great Britain’s sport horse breeds (0.05, [32])
and of lower magnitude than previous estimates in the CDE horse (0.16, [3]). For Dressage
discipline, our heritability values were higher than those reported in KWPN (0.11, [29]),
and in British native horse breeds, Arabs and Warmbloods (0.110 to 0.152 [33]), but in the
range of those reported for PRE horse breed (0.22 to 0.59, [34]). Differences in heritability
estimates could be due to the different methods used for the estimation and the populations
sampled, explaining the lower differences found with previous studies in national breeds.

On the other hand, when accounting for the genetic contribution of all founders (not
just the highest performing), it seems that breeders tended to choose minority horse breeds
(OHB) and PRE horses to form their CDEs. As regards the OHB group, the reason could be
this breed incorporates several foreign sport horse breeds that have been selected for sport
performance, particularly Show Jumping, before the CDE breed was created [27,29,37,38].
Whereas, for PRE, this could be due to its position as the main native national horse breed
in Spain and geographically distributed all around the country [34,39], thus making it a
very handy option for most CDE breeders. However, as reported previously, PRE horses
transmit a better Dressage genetic potential than other breeds, thus PRE founder’s breed
groups EBV results were low, transmitting a poor genetic potential for Show Jumping to
their descendants, as expected due to their main breeding orientation for Dressage.

Thus, it seems that a selection directed to different performance purposes has been
made in CDE, with Eventing, Dressage and Show Jumping disciplines being selected at
the same time. It has also to be noted that mean descendant’s EBV showed higher values
than their founder’s for most breed groups, hence denoting genetic progress in the CDE
breed. Therefore, selection has been effective in this population Although management has
not been perfect, it seems that the selection of main breeding stock of the CDE breed was
based on genetic results on sport performance of both selected stallions/mares and their
descendants. Notwithstanding, despite descendants showing better EBVs than their CDE
founders, there is still margin for improvement and the breeding association must make an
effort to foster the performance of this breed by coordinating the management actions and
encouraging the breeders to follow their recommendations for the selection and mating of
the horses. Moreover, for future studies, if the levels of inbreeding increase, genetic models
for sport performance in this breed could be improved by including pedigree inbreeding
to account for inbreeding depression, as reported previously for other parameters [40].
However, for future studies, an introgression analysis using genotypic data would help
reveal the real contributions of other breeds in the CDE pedigree.

5. Conclusions

Our results showed that, while a genetic progress can be observed in the CDE breed,
with selection having an effect over this population, an improvement in population man-
agement is still needed to control the loss of genetic variability that could materialize if only
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CDE horses with high genetic value are used as reproducers, without implementing any
control on the rate of increase in inbreeding. Thus, an effort should be made by ANCADES
to persevere with the task of coordination and education of their breeders to make them
aware of what genetic evaluations mean and how to use this breeding tool adequately. Fur-
thermore, an effort should be made to complete the pedigree depths of all breeds connected
by relatives of CDE animals in order to improve the accuracy of the breeding evaluations
and, hence, enhance the genetic progress of this breed.
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Appendix A

Figure A1. Principal Components Analysis with genealogical information from the horse breeds
included in the Official Studbook of the Caballo de Deporte Español horse breed. Where AAH is
Anglo-Arab Horse, AH is Arab Horse, BWP is Belgian Warmblood, HANN is Hannoverian Horse,
HOLST is Holsteiner Horse, KWPN is KWPN Horse, LUS is Lusitano Purebred, OLDBG is Oldenburg
Horse, OHB is Other Horse Breeds, PRE is Pura Raza Española, TH is Thoroughbred, SF is Selle
Français and WESTF is Westfalian Horse.
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Simple Summary: The objective of this study is to detect copy number variations (CNVs) in four
horse populations (Jeju horses, Thoroughbreds, Jeju riding horses, and Hanla horses) in South Korea.
We found a total of 843 CNV regions (CNVRs) (164.3 Mb), which coincided with 7.2% of the reference
horse genome. Overall, copy number losses were found more than gains and mixed CNVRs. A
comparison of the CNVRs among the populations showed that a substantial number of CNVRs
overlapped each other, while some CNVRs were found specifically in each population. We retrieved
parts of CNVRs that overlapped with genes; these overlapping areas are potentially associated
with traits of interest in horses. The Thoroughbred and crossbred populations had shared CNVRs
overlapping with QTLs (Quantitative trait loci) that were associated with withers height and racing
performance. Using gene ontology (GO) analysis, a total of 1884 functional genes were identified
within the 577 CNVRs. GO analysis further showed that several of the genes are involved in the
olfactory pathway and the nervous system.

Abstract: In this study, genome-wide CNVs were identified using a total of 469 horses from four horse
populations (Jeju horses, Thoroughbreds, Jeju riding horses, and Hanla horses). We detected a total of
843 CNVRs throughout all autosomes: 281, 30, 301, and 310 CNVRs for Jeju horses, Thoroughbreds,
Jeju riding horses, and Hanla horses, respectively. Of the total CNVRs, copy number losses were
found to be the most abundant (48.99%), while gains and mixed CNVRs accounted for 41.04% and
9.96% of the total CNVRs, respectively. The length of the CNVRs ranged from 0.39 kb to 2.8 Mb,
while approximately 7.2% of the reference horse genome assembly was covered by the total CNVRs.
By comparing the CNVRs among the populations, we found a significant portion of the CNVRs
(30.13%) overlapped; the highest number of shared CNVRs was between Hanla horses and Jeju
riding horses. When compared with the horse CNVRs of previous studies, 26.8% of CNVRs were
found to be uniquely detected in this study. The CNVRs were not randomly distributed throughout
the genome; in particular, the Equus caballus autosome (ECA) 7 comprised the largest proportion of
its genome (16.3%), while ECA 24 comprised the smallest (0.7%). Furthermore, functional analysis
was applied to CNVRs that overlapped with genes (genic-CNVRs); these overlapping areas may be
potentially associated with the olfactory pathway and nervous system. A racing performance QTL
was detected in a CNVR of Thoroughbreds, Jeju riding horses, and Hanla horses, and the CNVR
value was mixed for three breeds.

Keywords: CNV; structural variation; Jeju horse; thoroughbred; crossbred
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1. Introduction

There is abundant evidence that phenotypic diversity can be in part attributed to
genetic variation such as single nucleotide polymorphisms (SNPs) and copy number
variations (CNVs) [1–3]. CNVs have typically been defined as DNA segments larger
than 1 kb in length that have differing numbers of copies among individuals of a species.
Recently, this definition has been modified to obtain a higher resolution (50 bp) via recent
advances in high-density chip arrays and massively parallel sequencing technologies [4,5].

With the release of an equine reference genome assembly and subsequent massive
SNP detection, various high-throughput SNP genotyping arrays were developed, enabling
rapid genotyping at a reasonable price for diverse horse breeds [6–8]. Subsequently, this
has led to much research aimed at locating genes associated with horse performance traits,
including speed index and durability, via genome-wide association studies [9,10]. However,
there are still very limited numbers of publications available for horse CNVs, while they
have been intensely investigated in human genomes.

In horse genomics, there are currently several published CNV studies that have used
various technologies. Doan et al. (2012) published the first study to detect genome-wide
CNVs in horses, using a whole-exome tiling array and an array-comparative genomic
hybridization platform. Since the development of high-density SNP arrays for horses [7,11],
CNVs could be also assessed throughout the genomes of various horse breeds, of which
some studies investigated potential associations with traits of interest in horses, including
body size and genetic risk factors for insect-bite hypersensitivity [12–15].

The Jeju horse (also known as the Jeju pony) was registered with the Food and Agri-
cultural Organization of the United Nations as the only indigenous horse breed in South
Korea. It is a small- to medium-sized breed (mean withers height: 116 cm) with a range
of colors. The origin of the current Jeju horse remains to be further clarified, though it
is known to have involved Mongolian horses [16,17]. Because of a remarkably reduced
population, this breed was designated as a Korean natural monument (No. 347) in 1986. In
an effort to utilize this native genetic resource in South Korea, the Jeju horse was crossed
with Thoroughbreds. A racecourse was opened for horseback racing of Jeju horses and
Jeju crossbreeds in 1990, and this led to an increase in the crossbreed population on Jeju
Island. However, to our current knowledge, there is still no statutory regulation to clarify
exact breed compositions of the crossbreeds, which are usually categorized as either riding
horses for outdoor leisure or as racing horses, with respect to their genetic make-up (usually
judged by how much Thoroughbred genetics contribute to the crossbreed). It has been re-
ported that most of the crossbreeds used for horseback racing (usually referred to as Hanla
horses) on Jeju Island are genetically more heavily influenced by Thoroughbreds than Jeju
horses [18]; this is not so surprising, because Thoroughbreds are the most prominent breed
for horse racing because of their agility and speed. Conversely, the crossbreed mostly used
in riding, which tends to be smaller than the Hanla, is generally called the Jeju riding horse.

The main purpose of this study was to identify CNVs and investigate their patterns
throughout the genome of four horse populations, including the Jeju, Thoroughbred, Jeju
riding horse, and Hanla populations in the Republic of Korea. We used a total of 469
horse genotyping datasets derived from the Illumina GGP EquineSNP70 Genotyping Bead-
Chip array. Furthermore, functional enrichment analysis for CNVRs that are potentially
associated with genes was performed.

2. Materials and Methods

2.1. Samples and Genotyping

We used a total of 469 individual genotypic datasets using the Illumina GGP Equine
SNP70 Bead-chip array (Illumina, San Diego, CA, USA); all of the animals were obtained
from the Subtropical Livestock Research Institute in the National Institute of Animal Science
in the Republic of Korea. Of the total datasets, we newly genotyped in this study a total of
130 individuals that included Jeju horse (n = 4), Thoroughbred (n = 5), Jeju riding horse
(n = 119), and Hanla horse (n = 2). We extracted genomic DNA from blood samples treated
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with EDTA. The samples’ DNA concentration was adjusted to 50 ng/L. Furthermore,
Thoroughbred (n = 134), Jeju riding horse (n = 63), and Hanla horse (n = 142) individual
genotype data were included from a previous study [18]. Illumina GGP Equine SNP70
Beadchip, which includes approximately 65 k SNPs, was used for genotyping, and Illumina
GenomeStudio software v.2.0 (Illumina, San Diego, CA, USA) was used to determine
SNP genotypes.

2.2. Analysis of Population Genetic Structure

Principal Component Analysis (PCA) and admixture analysis were used to analyze the
demographic structure of the horse populations on Jeju Island. The ggplot function in the R
package [19] was used to show the relationships between the PC1 and PC2 coordinates after
performing the “–pca” flag using PLINK v.1.9 [20] to produce eigenvectors and eigenvalues.

Furthermore, supervised ADMIXTURE (version 1.3) [21] was used to compute the
proportions of ancestry (K) at K = 2 for crossbred populations (Hanla horse and Jeju
riding horse) to confirm their admixed status. The result derived from ADMIXTURE was
visualized using R plots.

2.3. CNV Detection

PennCNV v.1.0.5 (https://penncnv.openbioinformatics.org/en/latest/ (accessed on
1 August 2022)) [22], which is based on the Hidden Markov Model (HMM), was used to per-
form CNV calling. Four input files were used for running the PennCNV software: the signal
intensity file (including the SNP Name, log R ratio (LRR), and B allele frequency (BAF)), the
population frequency of the B allele (PFB) file, the SNP MAP file (includes the SNP Name,
Chromosome, and Position) and the GC-Content file. SNP name, chromosomal position,
BAF, and LRR data files were exported as a single file and divided using the PennCNV pack-
age’s split option. The PFB file was created using the PennCNV “compile_pfb.pl” function
and the GC-Content file was determined as the proportion of GC content both 1 MB up-
stream and downstream of the SNP locus in the reference genome (UCSC Genome Browser
Downloads: https://hgdownload.soe.ucsc.edu/goldenPath/equCab3/bigZips/ (accessed
on 30 July 2022). PennCNV was run according to the default criteria using the command
line “detect_cnv.pl”. Quality control was performed with “filter_cnv.pl” functions on the
samples with a standard deviation of the Log Ratio (SD LRR) >0.3, BAF drift >0.01, and
a wave factor (WF) >0.05. Further filtering was performed and CNVs with consecutive
SNPs ≥3 and CNV length ≥10 kb were retained. Then “clean_cnv.pl” script was used to
combine the adjacent CNVs that had a gap size of less than 20% of the total length of the
CNVs. As a result, a total of 45 individuals were filtered (Thoroughbred (n = 19), Jeju riding
horse (n = 25), Hanla (n = 1)), and 424 horses were included in the dataset.

2.4. CNVR Detection

After CNV detection, the CNVRs were detected by running HandyCNV [23]. “call_cnvr”
generates CNV regions as the union of sets of CNVs that overlap by at least one base pair [1].
Each CNVR should have the same boundaries so that each individual can be classified as a
diploid, CNVR-gain position (duplications), or CNVR-loss position (deletions). Gain and
loss CNVRs that overlapped were combined into a single region to account for genomic
regions where both events had happened (CNVR “mixed”).

CNVRs have shared regions among each breed. The overlapped CNVRs were identi-
fied using BEDtools v2.17.0 (Quinlan laboratory, Salt Lake, UT, USA) [24]. We created one
comprehensive CNVR table for further analysis. We calculated the sum of all CNVRs in
a detected chromosome to determine the genomic percentage covered by CNVRs at the
chromosomal level. The gene content of the CNVRs was evaluated using the reference
genome EquCab 3.0 from the UCSC Genome Browser Gateway (UCSC Genomics Institute
University of California, Santa Cruz, CA, USA).
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2.5. Gene Contents and Functional Annotation in CNVRs

The NCBI GFF file was used to execute gene annotation to find genes that over-
lapped the detected CNVRs (https://www.ncbi.nlm.nih.gov/assembly/GCF_002863925.
1/genome_assemblies_genome_gff (accessed on 30 July 2022)). Furthermore, the horse
quantitative trait locus (QTL) information was annotated using the animal QTL database
(https://www.animalgenome.org/cgi-bin/QTLdb/EC/index (accessed on 20 October 2022),
on EC_3.0 database). PANTHER17.0 (Protein Analysis THrough Evolutionary Relation-
ships, version 17.0, http://www.pantherdb.org/ (accessed on 20 October 2022)) provided
the functional enrichment and gene functional annotation of the CNVRs. Therefore, we
conducted gene ontology (GO) analyses for the genes in CNVRs to offer insight into
the functional enrichment of the CNVRs [25]. The threshold was set as false discovery
rate (FDR) corrected p-value < 0.05 and genes were classified by their biological process,
molecular function, and cellular component.

3. Results and Discussion

3.1. Breed Compositions Used in this Study

In this study, we used four horse populations inhabiting Jeju Island. As aforemen-
tioned, the Jeju riding horse and Hanla are the crossbreeds of Thoroughbreds and Jeju
horses, despite their different main uses (riding and racing for those breeds, respectively)
in the Korean horse industry. Namely, the Hanla horse is considered an independent
breed in various previous studies [26,27]. In this study, it was reconfirmed via PCA and
ADMIXTURE analyses that the Hanla horse forms an independent cluster (Figure S1a–c).
However, in the case of the Jeju riding horse, it showed that the pattern was somewhat
more irregular than that of the Hanla horse; this pattern was similarly observed in the
ADMIXTURE analysis (Figure S1d). These results are not surprising, because there is
no accurate documentation to enable such a distinction, particularly for the Jeju riding
horse. Although it seems obvious that the Jeju riding horse has been less influenced by
Thoroughbred genetics than the Hanla, it is difficult to clearly define the mixing ratio of
Thoroughbred and Jeju horse. Therefore, further analysis is required to suggest a clear
guideline to designate breed composition, particularly for the Jeju riding horse population.

3.2. Identifying Genome-Wide CNVs

CNVs are structural variations that are a primary source of genetic diversity and
phenotypic variation. As such, CNVs are recognized as significant for identifying genetic
diversity among populations and in the evolution of breeds [28–30]. To profile genome-
wide CNVs, we first detected CNVs throughout 31 autosomes in each of the four horse
populations on Jeju Island, including Jeju horses, Thoroughbreds, Jeju riding horses, and
Hanla horses, using PennCNV v1.0.5 [22]. A total of 4482 CNVs were detected for the
four horse breed populations; we found that copy number gains (2805 CNVs) were more
abundant than losses (1677 CNVs). The higher frequency of gains compared with losses
was observed for most of the horse populations except Thoroughbreds (Figure S2).

These results are similar to previous studies showing a high incidence of gains in horse
populations. It has been suggested that gains in coding or enhancing sequences increase the
genetic diversity of organisms, resulting in phenotypic variety and the putative potential
to adapt in challenging environments [31]. For this reason, Jeju riding horses and Hanla
horses are considered to be undergoing the process of removing mutations and adapting to
the environment by artificial selection.

Of the four breeds, the Hanla showed the highest number of CNVs (1818 CNVs with
493 losses and 1325 gains) and Jeju horses had the lowest (41 CNVs with 11 losses and
30 gains). The difference in CNVs indicates that genetic variation from CNVs may con-
tribute to breed phenotypic diversity, but it may also result from the different demographic
history and effective population sizes between breeds [32]. The very small number of CNVs
observed in this study for Jeju horses may be a result of the small number of samples. The
CNVs ranged in size from 11 kb in Thoroughbreds to 2816 kb in Jeju riding horses. The
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total length of CNVs ranged from 12 Mb in Jeju horses to 376 Mb in Hanla horses, which is
consistent with the range of genome coverage from 0.51% to 16.46% for Jeju horses and
Hanla horses, respectively (Table 1).

Table 1. Copy number variation (CNV) analysis of four horse breeds in South Korea.

Breed Sample CNV CNL 1 CNG 2 Length
Min 3

Length
Max 4

Length
Median 5

Total Length
in CNV

Length
Average

Jeju horse 4 41 11 30 12,219 2,156,704 116,562 11,529,371 281,204.17
Thoroughbred 120 1340 716 624 10,509 2,563,439 155,989 374,113,603 279,189.26

Jeju riding horse 157 1283 457 826 10,718 2,816,442 147,819 358,366,183 279,318.93
Hanla horse 143 1818 493 1325 10,509 2,246,935 108,623 375,503,162 206,547.39

1 CNL, CNV losses. 2 CNG, CNV gains. 3 Length Min, Minimum length of CNV. 4 Length Max, Maximum length
of CNV. 5 Length Median, Median length of CNV.

3.3. Defining CNVRs

To detect CNVRs for each horse population, we merged CNVs that overlapped by at
least one base pair. A total of 992 CNVRs were detected from all four populations. Hanla
horses showed the highest number of CNVRs (310 CNVRs with 170 gains, 127 losses, and
13 mixed), and Jeju horses had the lowest number of CNVRs (30 CNVRs with 19 gains and
11 losses). The CNVR coverage of chromosomes is 0.24% (5.48 Mb) in Jeju horses, 3.2%
(73.53 Mb) in Thoroughbreds, 3.47% (97.11 Mb) in Jeju riding horses, and 2.91% (66.32 Mb)
in Hanla horses. Additionally, the longest CNVRs were identified in Jeju riding horses
(2866 kb) and Hanla horses (2569 kb), while Thoroughbreds and Jeju horses had the least
(2362 kb and 2156 kb, respectively) (Table 2). The CNVR distributions appear to be affected
by the sample size; note that the small number of Jeju horses affected the very small number
of CNVs detected and the CNVR distribution in the Jeju horse population.

Table 2. The basic statistic of copy number variation regions (CNVRs) of four horse breeds in
South Korea.

Breed CNVR Gain Loss Mixed
Length
Min 1

Length
Max 2

Length
Median 3

Total Length
in CNVR

CNVR
Coverage 4

Jeju horse 30 19 11 0 12,219 2,156,704 94,014 5,475,931 0.24%
Thoroughbred 281 97 175 9 10,509 2,563,439 163,969 73,526,600 3.22%

Jeju riding horse 301 164 117 20 10,718 2,865,712 161,474 79,107,681 3.47%
Hanla horse 310 170 127 13 10,509 2,569,249 134,033 66,321,742 2.91%

1 Length Min: Minimum length of CNVR. 2 Length Max: Maximum length of CNVR. 3 Length Median: Median
length of CNVR. 4 CNVR frequency in horse genome (Horse genome length/Total length in CNVR)

In each chromosome, the number of CNVRs was the highest on ECA1 in Thorough-
breds (n = 25), Jeju horses (n = 5), and Hanla horses (n = 34), and the number of CNVRs
was the highest on ECA4 in Jeju riding horses. Conversely, the coverage of CNVRs on each
chromosome was the highest on ECA12 (5.8% of the Jeju horse genome, 9.0% of the Jeju
riding horse genome, and 8.4% of the Hanla horse genome) and on ECA7 (10.3% of the
Thoroughbred genome) (Table S1, Figure 1).

As observed in prior studies with horse breeds, the largest shared CNVRs were
discovered on ECA12 [33,34]. ECA12 displays the particular characteristic of being enriched
with clusters of olfactory receptor genes, which is also observed in other mammalian
genomes, and it has been proposed that this property affects the fight or flight response
and temperament diversity in horses [35]. Therefore, the mild personality of Jeju horses,
could be the result of selection for riding in a wide variety of environments.
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Figure 1. Plot of copy number variation regions (CNVR) on 31 horse (Equus caballus) autosomes.
(a) Total CNVR distribution; (b) Jeju horse CNVR distribution; (c) Thoroughbred CNVR distribution;
(d) Jeju riding horse CNVR distribution; (e) Hanla horse CNVR distribution. Red, green, and black
represent gains, losses, and mixed CNVRs, respectively.

We assessed CNVRs that overlapped among the four populations (overlapping CN-
VRs). A total of 843 overlapping CNVRs was retrieved by considering CNVRs that over-
lapped by at least one base pair between populations. The overlapping CNVRs comprised
346 gains, 413 losses, and 84 mixed events (a mean length of 195 kb), and ranged from
0.4 kb to 2866 kb in size and covered 164,330 kb of the horse genome, which corresponds to
7.2% of the horse autosomes.

In each breed, CNVs and CNVRs showed more gain in the horse population (Tables 1 and 2).
However, 843 overlapping CNVRs show more loss. Thoroughbred populations have long
loss-CNVRs (more than 0.3 Mb, n = 60). Therefore, among overlapping CNVRs, there was
an increase in loss-CNVRs (Figure 2).

The distribution of CNVRs across all autosomes varied considerably, with the highest
number at 74 on ECA4 and the lowest at 4 on ECA24. The ratio of total estimated CNVR
length per chromosome to the length of that chromosome varied from 16.3% for ECA7 to
0.7% for ECA24 (Figure 1).

Among the 843 CNVRs, 589 (70.6%) were specific CNVRs that did not overlap with
other breeds and appeared only in each breed as follows: Jeju horses (n = 5), which had
the fewest specific CNVRs, Thoroughbreds (n = 180), Jeju riding horses (n = 202), and
Hanla horses (n = 202) (Figure 3, Table S2). Because Jeju riding horses and Hanla horses
are crossbreeds produced by hybridizing Jeju horses and Thoroughbreds, we can expect
these two breeds to exhibit significant characteristics in CNVRs. The majority of horse
breeds were of recent origin and had undergone significant crossbreeding before closed
breeds were founded, which has resulted in a high level of haplotype sharing [6,36], and
thus fewer breed-specific CNVRs can be found than crossbred [37].
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Figure 2. Gain and loss distribution by length of CNV region (CNVR) in four horse breeds in
South Korea. (a) Jeju horse CNVR distribution; (b) Thoroughbred CNVR distribution; (c) Jeju riding
horse CNVR distribution; (d) Hanla horse CNVR distribution. Red and blue represent losses and
gains, respectively.

The breed-specific CNVR for each breed showed high losses for Jeju horses (80%),
Thoroughbreds (82.78%), and Hanla horses (50.99%), while Jeju riding horses showed
a gain of 49.01%. We confirmed that the CNVRs shared by the populations had a gain
of 48.82%, confirming that CNVR gains are shared more among these populations than
losses. The results of the present study were in agreement with the findings of Wang et al.
(2014) [38] and Ghose et al. (2014) [34], who reported that losses prevailed over gains in
most horse breeds.

When comparing CNVRs shared between breeds, the smallest number was found
between Thoroughbreds and Jeju horses (16 CNVRs), and the largest number was found
between Hanla and Jeju riding horses (168 CNVRs). Thoroughbreds shared 130 CNVRs
with Jeju riding horses and 128 CNVRs with Hanla horses. In contrast, compared with Jeju
horses, a relatively small number (22 CNVRs) were shared between Jeju horses and Jeju
riding horses, and 21 CNVRs were shared between Jeju horses and Hanla horses (Figure 3).
Jeju horses and Thoroughbreds are parental breeds, and they showed the lowest number of
shared CNVRs because of their low genetic association. Conversely, Hanla and Jeju riding
horses shared more CNVRs with Thoroughbreds than with Jeju horses. We conclude that
this is because these breeds were produced with a heavier influence from Thoroughbreds
than Jeju horses, with the aim of breeding horses for riding and racing purposes.
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Figure 3. Number of overlapping copy number variation regions (CNVRs) between four breeds in
South Korea. Purple is number of Jeju horse CNVR; Yellow is number of Thoroughbred CNVR; Green
is number of Jeju riding horse CNVR; Red is number of Hanla horse CNVR, respectively.

3.4. Comparison of CNVRs to those Identified in Previous Studies

To characterize the CNVRs identified in this study in more detail, we compared them
to those identified in ten previous studies that used various methods [13,15,33–35,38–42].
A total of 2519 CNVRs were identified across all 11 studies: 1844 (73.2%) CNVRs were
identified in our study and the previous studies, and 675 (26.8%) CNVRs were identified
only in this study (Table S3). The number of CNVRs found in this study was higher than
that detected by Kader et al. (2016) (122 CNVRs) [41]. The number of CNVRs was smaller
than that detected by Schurink et al. (2018) (5350 CNVRs), while the genome coverage rate
of CNVRs was similar to Schurink et al.’s (2018) study [13].

When our results were compared individually with the results of the previous studies,
the highest matching rate (approximately 33.99%) was with Solé et al. (2019). The lowest
matching rate (approximately 4.22%) was with Wang et al.’s (2014) study (Table 3).

These matching rates may be the result of breed differences or the genome coverage
ratio of the CNVRs in the various studies. Solé et al. (2019) [33] had the largest coverage
ratio, which may have contributed to the high matching rate with our study; conversely,
Wang et al. (2014) [38] had the smallest coverage ratio. With only a few exceptions, the
higher the coverage, the higher the matching rate.
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Comparing our CNVRs with other studies, we could confirm the CNVRs that over-
lapped with previous studies as well as discovered only in this study. The non-overlapped
CNVRs with previous studies had unique genetic features of the Korean horse populations
used in this study. However, we consider that this is not an accurate reflection of actual
breed differences, because there are differences (such as sample sizes, platform, and fil-
tering criteria) in the conditions for detecting CNVRs between each study. Therefore, it is
necessary to only compare studies that have the same conditions, such as platform and
CNV and CNVR analysis algorithms.

3.5. QTLs Overlapping with CNVRs

We annotated previously reported horse QTLs to a total of 843 CNVRs, which were
discovered throughout 31 autosomes of the four horse populations in this study (Table S2).
We retrieved QTLs that overlapped with CNVRs, and we found several CNVRs that might
be associated with phenotypic or economically desirable traits in horses. Because of the
inheritance of a large proportion of CNVs, we have focused on CNVRs in two groups to ob-
serve CNVRs that might be derived from parental breeds (Jeju horses and Thoroughbreds):
one with CNVRs shared between the Thoroughbred and crossbred populations (Jeju riding
horses, Hanla horses, or both) and the other with CNVRs shared between the Jeju horse
and crossbred populations.

Among the CNVRs shared between the Thoroughbred and crossbred populations
(Jeju riding horses and Hanla horses), we identified 23 CNVRs (gains or losses) overlapping
with QTLs that were previously reported to be associated with withers height. These
regions were located on ECA7 (50.8–51.4 Mb; 73.5–73.6 Mb), ECA8 (51.5–51.6 Mb), ECA16
(34.1–34.9 Mb), and ECA26 (38.5–38.6 Mb). We also found one mixed-type CNVR (ECA20:
32.7–33.0 Mb) that overlapped with the QTL associated with racing performance. As
the Thoroughbred is one of the main representative racing horse breeds, this CNVR in
crossbred populations might be influenced by Thoroughbreds. For CNVRs shared between
the Jeju horse and Jeju riding horse populations, we located one loss-type CNVR (ECA3:
38.8–39.0 Mb) shared between Jeju horses and Jeju riding horses that was associated with a
QTL reported to have an association with white coat markings (Table S2).

3.6. Functional Annotation for CNVRs

Based on the NCBI (National Center for Biotechnology Information) annotation of
the EquCab 3.0 genome, 1884 genes overlapped with 843 CNVRs (68.48%). We conducted
functional annotation analysis on 1,884 genes using PANTHER. As a result, the most signifi-
cantly enriched biological processes were included in three main categories: sensory percep-
tion of smell (raw p-value: 3.93 × 10−5) and chemical stimulus (raw p-value: 4.91 × 10−5),
and nervous system processes (raw p-value: 4.42 × 10−5) (Table 4).

Furthermore, when analyzing the function of genes present in CNVRs for each breed,
GO with the highest enrichment in Jeju horses had many functions related to G-protein
functions, such as “G-protein-coupled serotonin receptor signaling pathway”, in the bio-
logical process. Furthermore, when analyzing the function of genes present in the CNVRs
for each breed, Thoroughbreds had many functions related to olfactory senses such as
“detection of chemical stimulus invalidated in sensory perception of smell” and “sense
perception of smell” in the biological process. The Jeju riding horses had immunological
and olfactory functions such as “antimicrobial humoral immune response mediated by
antimicrobial peptide” and “detection of chemical stimulation in sensory perception of
smell”. Additionally, we identified olfactory-related functions in Hanla horses, such as
“sense perception of smell, detection of chemical stimuli invalidated in sense perception of
smell” (Table S4). Previous studies have shown that olfactory receptor and immune-related
genes were located in CNVRs, and the results of our ontology study support this. In this
study, additional genes related to the nervous system were annotated. In Jeju horses, we
confirmed that G-protein-related genes were identified more than olfactory and immune
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functions, and in contrast, all varieties except Jeju horses showed a strong correlation with
smell-related functions.

Table 4. Gene ontology (GO) terms (biological process) for annotated genes in copy number variation
regions (CNVRs) of horses.

Category ID Term REFLIST 1 Upload 2 Expected 3 Fold
Enrichment 4 raw p-Value FDR 5

GO_BP GO:0007608 sensory perception
of smell 1039 114 75.35 1.51 3.93 × 10−5 5.14 × 10−2

GO_BP GO:0050911

detection of
chemical stimulus

involved in sensory
perception of smell

1021 112 74.04 1.51 4.46 × 10−5 4.27 × 10−2

GO_BP GO:0050907

detection of
chemical stimulus

involved in sensory
perception

1063 115 77.09 1.49 6.13 × 10−5 4.90 × 10−2

GO_BP GO:0007606
sensory perception

of chemical
stimulus

1136 122 82.38 1.48 4.91 × 10−5 4.41 × 10−2

GO_BP GO:0007600 sensory perception 1407 146 102.03 1.43 4.16 × 10−5 4.60 × 10−2

GO_BP GO:0050877 nervous system
process 1759 176 127.56 1.38 4.42 × 10−5 4.54 × 10−2

GO_BP GO:0051716 cellular response to
stimulus 5968 524 432.78 1.21 9.34 × 10−7 2.69 × 10−3

GO_BP GO:0007165 signal transduction 4609 404 334.23 1.21 4.92 × 10−5 4.16 × 10−2

GO_BP GO:0007154 cell communication 4952 434 359.11 1.21 1.95 × 10−5 3.12 × 10−2

GO_BP GO:0023052 signaling 4860 425 352.43 1.21 3.02 × 10−5 4.34 × 10−2

GO_BP GO:0032501 multicellular
organismal process 5482 472 397.54 1.19 4.11 × 10−5 4.93 × 10−2

GO_BP GO:0050896 response to
stimulus 7140 613 517.77 1.18 9.50 × 10−7 2.28 × 10−3

GO_BP GO:0050794 regulation of
cellular process 10,163 833 736.99 1.13 2.09 × 10−6 3.75 × 10−3

GO_BP GO:0065007 biological
regulation 11,479 930 832.43 1.12 1.06 × 10−6 2.18 × 10−3

1 The number of genes in the reference list that map to this particular annotation data category. 2 The number of
genes in our uploaded list that map to this annotation data category. 3 The column contains the expected value,
which is the number of genes expected in our list. 4 The column shows the fold enrichment of the genes observed
in the uploaded list over the expected value (number in our list divided by the expected number). If it is greater
than 1, it indicates that the category is overrepresented. Conversely, the category is underrepresented if it is less
than 1. 5 The False Discovery Rate (FDR)-corrected values as calculated by the Benjamini-Hochberg procedure.

4. Conclusions

The characteristics of CNVs and CNV regions in the Korean horse populations of
Jeju (Jeju horse, Thoroughbred, Jeju riding horse, and Hanla horse) were investigated
using the Illumina GGP Equine SNP70 Beadchip in this study. We detected a total of
843 CNVRs throughout 31 autosomes, and these CNVRs covered approximately 7.2% of
the Equine genome. The discovered CNVRs include both previously reported and novel
CNVRs. These CNVRs overlapped with known horse QTLs such as those for withers height,
racing performance, and white coat markings, and functional analyses revealed that genes
associated with olfactory function and nervous response were highly expressed in CNVRs.
The results derived from this study will extend understanding of the genetic composition of
Korean horse populations and unique CNVRs throughout the horse genome; furthermore,
it will provide resources for future studies on CNVs in horses.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani12243501/s1, Figure S1: PCA and admixture analysis
results of four horse breeds; Figure S2: Gain and loss distribution by length of copy number variation
(CNV) in four horse breeds in South Korea; Table S1: Distribution of copy number variation region
(CNVR) in 31 horse (Equus caballus) autosomes; Table S2: Genome-wide CNVRs discovered in four
horse populations; Table S3: Comparison of reported copy number variation regions (CNVRs) for
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horses (Equus caballus); Table S4: PANTHER gene ontology analysis of annotated genes in each
horse breed
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Simple Summary: This study aimed to contribute to our knowledge of CNVs, a type of genomic
marker in equines, by producing, for the first time, a fine-scale characterization of the CNV regions
(CNVRs) in the Pura Raza Española horse breed. We found not only the existence of a unique pattern
of genomic regions enriched in CNVs in the PRE in comparison with the data available from other
breeds but also the incidence of CNVs across the entire genome. Since these regions could affect
the structure and dose of the genes involved, we also performed a gene ontology analysis which
revealed that most of the genes overlapping in CNVRs were related to the olfactory pathways and
immune response.

Abstract: Copy number variations (CNVs) are a new-fangled source of genetic variation that can
explain changes in the phenotypes in complex traits and diseases. In recent years, their study
has increased in many livestock populations. However, the study and characterization of CNVs
in equines is still very limited. Our study aimed to investigate the distribution pattern of CNVs,
characterize CNV regions (CNVRs), and identify the biological pathways affected by CNVRs in
the Pura Raza Española (PRE) breed. To achieve this, we analyzed high-density SNP genotyping
data (670,804 markers) from a large cohort of 654 PRE horses. In total, we identified 19,902 CNV
segments and 1007 CNV regions in the whole population. The length of the CNVs ranged from
1.024 kb to 4.55 Mb, while the percentage of the genome covered by CNVs was 4.4%. Interestingly,
duplications were more abundant than deletions and mixed CNVRs. In addition, the distribution
of CNVs across the chromosomes was not uniform, with ECA12 being the chromosome with the
largest percentage of its genome covered (19.2%), while the highest numbers of CNVs were found in
ECA20, ECA12, and ECA1. Our results showed that 71.4% of CNVRs contained genes involved in
olfactory transduction, olfactory receptor activity, and immune response. Finally, 39.1% of the CNVs
detected in our study were unique when compared with CNVRs identified in previous studies. To the
best of our knowledge, this is the first attempt to reveal and characterize the CNV landscape in PRE
horses, and it contributes to our knowledge of CNVs in equines, thus facilitating the understanding of
genetic and phenotypic variations in the species. However, further research is still needed to confirm
if the CNVs observed in the PRE are also linked to variations in the specific phenotypical differences
in the breed.

Keywords: copy number variation regions; functional clustering; SNP genotyping array; horse breed

1. Introduction

Copy number variations (CNVs) are defined as a change in the DNA sequence com-
pared to a reference assembly due to the loss (deletions) or gain (insertions and duplica-
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tions) of nucleotides bases. CNVs, which usually range from one kilo-base (kb) to several
mega-bases (Mb) [1], were associated in livestock animals with changes in the pheno-
typic expression of simple traits (such as the presence or absence of horns, [2]), and also
disease susceptibility and genetic disorders [3]. In addition, recent studies carried out
on wildlife and livestock species have pointed to CNVs as a major source of genetic and
phenotypic variation among individuals [4–6]. For this reason, increasing our knowledge of
the existence and function of CNVs in livestock, particularly related to complex traits and
environmental adaptability, contributes to a greater genetic improvement of economic and
production traits and animal health [7]. Currently, CNVs can be detected using a range of
different platforms, including array comparative genome hybridization (aCGH) [8], single
nucleotide polymorphism (SNP) arrays [9], and next-generation sequencing (NGS) [10].
Particularly, the availability of SNP array data in large livestock populations genotyped for
genomic breeding purposes has led to a considerable improvement in the characterization
of the CNV landscape in some livestock species [11,12].

Studies on CNV diversity are relatively novel and scarce in horses. The first report was
published by Doan, et al. [13], which suggested that CNVs are common in the horse genome
and may modulate the biological processes underlying different traits. Thereafter, several
studies have reported the association of CNVs with diseases [9,14–16], chromosomal
abnormalities [17,18], and phenotypic traits [19–22], as well as reported CNV regions
overlapping with several genes associated with the reproductive system [23] or adaptability
to high temperature and humidity [24]. However, the largest study assessing the CNV
landscape in several European horse breeds was recently published by Sole, et al. [12]
where they identified CNV regions overlapping with QTLs previously associated with
changes in fertility, coat color, conformation, and temperament. Although these studies
provide a basis to understand the role of CNVs in equine biology, the current information
is still insufficient for the efficient discovery of variants affecting the phenotype, and even
more, its association with the phenotypes of complex traits.

The Pura Raza Española (PRE) breed, also known as the Andalusian breed, is the most
important and widespread horse breed in Spain, with more than 250,000 active individuals.
Although 23.3% of its census is distributed over 62 different countries around the world [25],
the breeding program is managed worldwide by the Real Asociación Nacional de Criadores
de Caballos de Pura Raza Española (ANCCE) from Spain. The PRE horse was recognized
as an official breed in the 15th century [26] being considered as a horse of great beauty,
with a noble temperament and a great capacity for learning, which explains its success
in certain competitions such as dressage, despite being originally selected as a saddle
horse. Although a few studies analyzing the genomic landscape of the breed were recently
published [17,25,26], to the best of our knowledge, there are no previous studies analyzing
CNV variability in this breed.

The aim of this study was therefore to investigate for the first time the distribution
pattern of CNVs, characterize CNV regions, and identify biological pathways affected by
CNVRs in the PRE horse breed. To achieve this, we analyzed a large cohort of animals
genotyped using high-density SNP genotyping technologies. In addition, we attempted to
compare the CNV structure of this population with the genome-wide CNVRs identified in
other horse breeds, and finally, compare the CNVRs found in different horse breeds.

2. Materials and Methods

2.1. Sampling, Genomic DNA Isolation, Genotyping, and Quality Control

We selected 805 living individuals from 373 PRE herds showing the present diversity
of the population for single nucleotide polymorphism (SNP) genotyping using a range of
criteria, including sample availability and low average relatedness among individuals.

Genomic DNA was isolated from blood or hair samples using DNeasy Blood & Tis-
sue Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol. The DNA
was checked for quality and quantity by Nanodrop™ spectrophotometry (ThermoFisher
scientific, Madrid, Spain) and gel electrophoresis. All the individuals were genotyped

56



Animals 2022, 12, 1435

using the 670 K Affymetrix Axiom™ Equine Genotyping Array (ThermoFisher), including
uniformly distributed 670,804 markers [27]. Firstly, Axiom Analysis Suite 5.0 software was
used to process and filter genotypes based on DishQC (DQC) and call rate (CR) parameters
(DQC ≥ 0.82, sample CR ≥ 0.95, and SNP CR ≥ 97), following the Best Genotyping Prac-
tices Workflow procedure. Only the samples and SNPs which passed the quality control
were kept for the following analyses. The final dataset included 552,965 SNPs located on
autosomal chromosomes.

2.2. CNV Data Analysis

CNV calling was performed using PennCNV v.1.0.5 software [28], based on an in-
tegrated hidden Markov model which incorporates multiple sources of information, in-
cluding relative signal intensities (log R ratio, LRR) and minor allele frequencies (B allele
frequency, BAF) per SNP, the distance between adjacent SNPs, the populational frequency
of the B allele (PFB), and the GC content of the genomic regions in which each marker
is located.

For this, we first extracted the LRR and BAF values per individual and marker from
the raw genotyping files (CEL) using the Axiom™ CNV summary tool [29]. Thereafter,
we compilated a PFB file by averaging the BAF values of each marker in the whole pop-
ulation, using the compile pfb script included in PennCNV. In addition, we estimated
the percentage of GC content in the genomic region surrounding each marker position
(±500 kb) using a self-made R script and FASTA information of the EquCab3 horse genome
assembly [30] which is employed by the PennCNV algorithm to limit the effect of genomic
waves produced by high GC content (according to Diskin, et al. [31]). Finally, we performed
individual-based CNV calling using the -test option of PennCNV, with the -gcmodel and
-pfb corrections.

CNV filtering and QC analysis were performed using the default PennCNV param-
eters (standard deviation for LRR ≤ 0.35, BAF drift < 0.01, and waviness factor ≤ 0.05).
Only CNVs larger than 1 kb including at least five consecutive SNPs located on autosomal
chromosomes were retained for further analysis since PennCNV calls for the sex chromo-
somes are unreliable and difficult to interpret (according to the software developer [28]).
Finally, to determine the maximum number of CNVs that can be present in an animal for
the analysis to be reliable (as proposed by Drobik-Czwarno, et al. [32]), we performed
an outlier detection procedure assuming a two-tailed distribution, which determined the
exclusion of all the individuals with more than 56 CNV calls (n = 151). This procedure was
performed since PennCNV software tends to overestimate CNV fragments in individuals
in which genotyping quality is not optimal. The final dataset included 654 horses.

2.3. Determination of CNV Regions and Gene Annotation

Individual CNV calls overlapping in at least one base pair in at least two animals were
concatenated into CNV regions (CNVRs) using HandyCNV software [33]. The CNVRs
were classified as gains (duplications), losses (deletions), or mixed CNVRs, in which
both deletions and duplications were observed. In addition, we estimated the genomic
percentage covered by CNVRs at a chromosome level as the sum of all the CNVRs in a
given chromosome in relation to its total length.

Finally, the gene content of the CNVRs was assessed based on EquCab 3.0 as the refer-
ence genome using Ensembl Biomart [34]. Functional analysis, including Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, was established
by using DAVID Bioinformatics v6.8 [35] and Uniprot online resources [36]. Finally, all the
preliminary findings were confirmed by performing an extensive review of the available
literature in public databases.

2.4. Comparison of CNVRs with Previous Studies

To determine the existence of differences in the CNV landscape among breeds and
populations, we compared our results with eleven previous CNVR reports focused on
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CNVR characterization in horses. For this, we combined all the CNVRs reported in those
studies to generate a large consensus CNVR list which was compared with our findings
using HandyCNV software.

3. Results and Discussion

3.1. Detection of Genome-Wide CNVs

Advances in the identification of CNVs with a biological function are increasing,
since they affect genomic sequences which have been associated with a vital role in the
regulation of gene functions by altering gene structure, dosage, and expression (causative
variants), thus explaining a large part of the phenotypic variation in several traits and
species [1], including the horse [37,38]. However, our knowledge of CNVs that contribute
to complex traits and diseases in horses is still limited. In this study, we performed a
populational analysis description of the CNV landscape by using high-density genotypes in
a large cohort of 654 Pura Raza Español horses, identifying 19,902 segments located across
the 31 autosomes. The average number of CNVs per individual was 30.43, ranging from
1.024 kb to 4.55 Mb, with an average of 96.07 kb (Table 1 and Figure 1a). The distribution
of the CNVs of each chromosome is shown in Figure 1b; ECA12 and ECA20 being the
chromosomes with the highest number of CNVs, with nearly ten times more CNVs than
the average values. ECA12 is one of the smallest chromosomes in the horse, and therefore,
the increased CNV density detected may suggest that small chromosomes tend to retain
a higher number of CNVs. However, ECA29, ECA30, and ECA31 are even smaller than
ECA 12, without showing any sign of such an increase in CNV density (in fact, ECA31
was the chromosome showing the lower CNV density). Similarly, ECA20 was the densest
chromosome in terms of SNPs analyzed with almost twice the SNPs per Mb than the
rest of the genome (≈507 vs. ≈235, respectively), in agreement with the recent findings
reported by Rafter, et al. [39] which demonstrated that more CNVs could be detected
using high-density than medium-density arrays in cattle. However, a similar SNP density
was observed in BTA6 (≈472, Table S1), in which the number of CNVs detected was
similar, or even lower, than that observed in the rest of the genome. However, results of
BTA12 and BTA20 are consistent with the previous findings reported by several authors
in different breeds, in which the prevalence of CNVs in those chromosomes was also
high [9,12,14,18,22,40]. Although we did not find a conclusive cause that may explain this
peculiarity, it is logical to assume that these regions may carry genes involved in pathways
in which a mutation or a change in the genome can provide an evolutive advantage in
the species, or at least that they do not have a CNV, in which a duplication or deletion is
incompatible with life.

Table 1. Summary of CNVs identified in Pura Raza Española breed.

CNV Type CNVs n Average Length (bp) Min Length (bp) Max Length (bp)

Homozygous deletion 3291 55,077 1150 1,098,544
Heterozygous deletion 3624 107,377 1063 3,209,464

Heterozygous duplication 12,886 103,367 1024 4,552,372
Homozygous duplication 101 95,655 2700 897,981
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Figure 1. (a) Length distribution of CNVs identified; (b) chromosomal distribution of CNVs. Number
of CNVs present on each chromosome. Purple (homozygous deletion), blue (heterozygous deletion),
grey (normal), pink (heterozygous duplication), and green (homozygous duplication).

Although the number of deletions and duplications detected differed among chro-
mosomes (Table S1), an interesting finding was the fact that the number of duplications
(12,987) exceeded the number of deletions (6915) in most of them, with the sole exception
of ECA1, ECA4, and ECA29, in which the opposite pattern was observed. These results are
similar to other studies [9,12–14,16,24], which reported more gains than losses in several
horse populations. Although CNVs can be a source of wide variability at the same locus,
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duplications are more likely to occur in large CNVs than deletions, since they are more
tolerated by the genome since no loss of genetic material occurs [40,41]. This might be
since duplications are kept for a long time since the deleted regions involving codifying
or regulatory regions tend to be purged across the generations due to the existence of
“purifying” selection [42]. For the same reason, it was proposed that duplications located
in coding or enhancing sequences could increase the genetic diversity in the organisms,
thus contributing to phenotypic variation and the putative ability to thrive in adverse
environments [43,44]. However, the loss of genetic material due to deletions might play
a significant role in the genetics of complex traits, even though this has not been directly
observed in several gene mapping studies [42]. Still, it is worth mentioning that opposite
results have also been reported in horses [19,22,40], although in those studies, results may
be explained by the use of different sequencing and genotyping platforms (medium-density
arrays) during CNV detection, as well as by the scarce number of individuals analyzed, as
demonstrated by Pawlina-Tyszko, et al. [16], Metzger, et al. [19], and Kader, et al. [20]. In
this context, Di Gerlando, et al. [5] and Rafter, Gormley, Parnell, Kearney and Berry [39]
demonstrated the importance of array density as a factor affecting the discovery of CNVs
in sheep and cattle, high-density SNP arrays being associated with better resolution and
sensitivity in the CNV detection. On the contrary, Sole, et al. [12] obtained similar results
than us in terms of duplication/deletion ratios by analyzing nearly 1800 horses using the
same HD SNP array employed in the present study. It is therefore important to mention
that comparisons between studies involving CNV detection using different methodologies
and algorithms should be made with caution.

3.2. Determination of CNV Regions

The overlapping CNVs in at least one base pair in at least two samples allowed us
to detect 1007 CNVRs, including 694 gains, 139 losses, and 174 mixed regions (Table 2
and Table S2), covering 99.79 Mb (representing 4.4% of the genome). Among these, 109
(31 duplications, 19 deletions, and 59 mixed) were present in at least 5% of the PRE popu-
lation analyzed. These results are higher than those obtained in several studies reported
to date in other equine breeds, which range from 0.6 to 3.7% [13,14,20–24], but lower than
those obtained by Schurink, et al. [9] and Metzger, et al. [19] using PennCNV software.
In addition, although several CNVRs were observed in all the chromosomes (Figure 2),
the coverage of CNVRs in each chromosome varied from 1.9% in ECA14 and ECA16 to
19.2% in ECA12. These results in terms of variability agree with most of the previous
studies carried out on horses [9,12–14,16,19–24]. However, several of them reported that
ECA12 is particularly enriched in CNVRs, including a cluster of genes associated with the
development of olfactory receptors (ORs) [13,18,19]. In all of them, it has been suggested
that these genes have undergone selection, or have even increased the number of copies,
through CNV gain and loss processes during the domestication of the horse. However, it
is worth mentioning that the overrepresentation of these OR genes in CNV regions is not
only present in horses but also humans [45], cattle [46,47], pigs [48], and sheep [49].

Table 2. Summary of regions CNVs in Pura Raza Española breed.

CNVR Type CNVRs n Average Length (bp) Min Length (bp) Max Length (bp) Total Length (bp)

Gains 694 78,815 1458 1,169,661 54,697,934
Losses 139 44,882 1063 635,203 6,238,703
Mixed 174 223,309 5458 4,921,979 38,855,746
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Figure 2. Map of CNVRs in the 31 equine autosome chromosomes. Blue, yellow, and red represent
gain, loss, and mixed, respectively.

3.3. Comparative Analysis with Previously Known CNVRs

Differences in CNVRs have been successfully employed as a method of differenti-
ation of horse breeds [12], since they allow us to find variants and regions which may
be associated with its historical evolution, adaptability to a specific environment, or an
improvement in the phenotype in traits of interest, such as the grey coat [50]. For this
reason, we compared CNVRs identified in this study with those previously reported in
eleven different reports [9,12–14,16,19–21,23,24] by generating a consensus list including
all the different CNVRs reported previously (n = 8292; Table S3). Our analysis showed
that 61% (614) of the CNVRs which we detected in PRE overlapped with some of these,
whereas near 40% were described for the first time in this study. In terms of variability, this
large difference detected among breeds supports the hypothesis that CNVRs can be used
as a reliable genetic footprint to discriminate among breeds, as proposed by Sole, Ablondi,
Binzer-Panchal, Velie, Hollfelder, Buys, Ducro, Francois, Janssens, Schurink, Viklund, Eriks-
son, Isaksson, Kultima, Mikko and Lindgren [12]. However, it must be taken into account
that the detection methodology, the number of samples analyzed, the genotyping platform,
and the criteria for searching for CNVRs employed in each study were different, and
therefore, further research is still in need for a proper validation in the species. However, it
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was a highly interesting finding that most of the CNVR losses (95.7%), in contrast to only
63.6% of the CNVR gains, overlapped with previous CNVR reports, although it also may be
explained by the fact that in most of the studies, the number of losses was higher than the
number of gains, conversely to our findings. On the other hand, as we mentioned before,
our analysis included 393 newly described CNVRs. This percentage agrees with Sole,
et al. [12], who reported a proportion of unique CNVs ranging from 30–50% by comparing
Draught and Warmblood horses, which was lower than that reported by Schurink, et al. [9]
in Friesian horses (58%). Interestingly, 22 of the unique regions detected in this study
were quite common within the PRE population, being present in at least 5% of the horses
analyzed. These findings also agree with Sole, et al. [12], who demonstrated the existing
differences among the frequencies of common CNVRs between breeds.

Finally, we reviewed the CNVRs found in a total of 38 different breeds of horses
in previous studies (Table S4). As we expected, the number of individuals analyzed
was positively correlated with the number of CNVRs found (r2 = 0.45). However, this
value suggests the existence of a racial component since the correlation was moderate.
For example, previous CNVR reports ranged from 1 in Brandenburger (2 individuals
analyzed) to 5350 in Friesian (222 individuals analyzed), the breeds with more CNVR
per individual being the Friesian, Vlaams paard, German draft, and Ardenner horses. In
contrast, Warmbloods and Swedish warmblood were the breeds with the fewest CNVRs
per individual, without taking into account the breeds in which the CNVRs were analyzed
by consensus between methodologies [19]. Paradoxically, the Friesian breed was analyzed
in two studies [9,12] and the number of CNVRs found was very different, probably as a
result of the different methodologies used. Although most of the CNVs studies performed
in the different breeds were performed using PennCNV, several different approaches and
software (such as CNVRuler [51] or BEDTools [52]) were used to overlap the CNVs into
CNV regions. Drawing conclusions from this comparison is extremely complex because
the differences observed could be attributed to all the factors affecting the CNV call, but
also in this case, to the use of different methodologies applied for CNVR discovery.

3.4. Functional Annotations of CNV Regions

CNVRs are involved in modulating the gene function in multiple ways, including
changing gene structure, altering gene regulation, and exposing recessive alleles. For this
reason, we performed functional analysis on the genes affected by a CNVR to understand
its potential effects on biological processes in horses. Interestingly, 71.4% of the CNVRs
contained genes (2105) (Table S5), among which 77.86% were protein-coding genes, 15.53%
were long noncoding RNAs (lncRNAs), 2.94% were pseudogenes, 1.66% were microRNAs,
1.05% were small nuclear RNAs (snRNAs), and 0.76% were small nucleolar RNAs (snoR-
NAs). These results are similar to other studies in horses, indicating that a high percentage
of CNVRs cover genomic regions involved in genes. For instance, Ghosh, et al. [23] found
that 82% of the CNVRs identified concatenated with one or more genes. Similarly, other
studies have reported that 80% [15], 79.3% [12], 69.7% [20], and 49.2% [9] of the CNVRs
found involved genes.

Functional annotation analysis revealed that the most significantly enriched bio-
logical processes were included in three main categories: olfactory receptor activity (p
Benjamini = 5.3 × 10−135), G-protein coupled receptor activity (p Benjamini = 3.8 × 10−107),
and immune response (p Benjamini = 9.9 × 10−20) (Table S6). As expected, the KEGG
pathway analyses indicated that olfactory transduction was the most affected pathway
(p Benjamini = 2.7 × 10−80), with 311 genes involved. These olfactory system genes are
essential for detecting, encoding, and processing chemo-stimuli that can carry informa-
tion that is important for survival, social interactions, reproduction, and adaptation to
the animal environment [53]. In this context, Palouzier-Paulignan, et al. [54] suggested
that olfactory receptors are also involved in mammalian appetite regulation and feed-
ing efficiency, and therefore, may be related to food intake. Here, our results agree with
Hughes, et al. [55], who proposed that this large family of genes has undergone extensive
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expansion and contraction through duplication and pseudogenization, giving rise to new
functionalities. In addition, several genes related to G-protein coupled receptor activity
(358), immune response (66), steroid hormone biosynthesis (14), secondary metabolite
biosynthesis, transport, and catabolism (10), and ovum development (5) were located
within or nearby CNVRs, which revealed six different functional-term clusters that were
significantly enriched (enrichment score higher than 4.76; Table 3). The ontology analysis
that we performed agree with previous CNV studies in horses [9,14,19,22] that have identi-
fied the olfactory receptors and immunity-related genes as CNV hotspots. Furthermore,
Young, et al. [45] provided evidence that OR enrichment in CNVs is not due to positive
selection but to the frequent appearance of these genes in segmentally duplicated regions,
and that the purifying selection against CNVs is lower in OR-containing regions than in
regions containing essential genes [41].
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4. Conclusions

This study investigated for the first time the distribution pattern of CNVs and CNV
regions in the Pura Raza Española horse breed. Our results revealed that a considerably
large proportion of the genome (4.4%) was affected by CNVRs, although its distribution
among the chromosomes was not uniform. Moreover, we found 394 CNVRs that had
not yet been identified in different horse breeds, which may have contributed to the
establishment of the PRE phenotype. Finally, functional annotation analysis of CNVRs
revealed significant enrichment in genes related to olfactory transduction, olfactory receptor
activity, and immune response, pointing to CNVs as hotspots for these genes. This study
contributes to our knowledge of CNVs in the equine species and our understanding of
genetic and phenotypic variations in the equine genome, but future research is needed to
confirm if the observed CNVRs are also linked to phenotypical differences in complex traits.
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Table S5: List of genes found and/or overlapping with CNV regions in PRE horse breed. Table S6:
Functional annotation analysis performed using DAVID Database.
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Simple Summary: Bred over centuries in the Maghreb region, on a corridor between the Arab and
the Western world, the North African Barb horse has been touched by many influences in the course
of history. The present study investigated the paternally inherited Y chromosome in today´s Barbs
and Arab-Barbs collected from North Africa and Europe, with the aim to link genetic patterns and
narrative history. A broad Y chromosomal spectrum was observed, as well as regional disparities
among populations. Y chromosomal patterns illustrated a tight connection of Barb horses with
Arabians and several other breeds, including Thoroughbreds. Besides, results depict footprints of
past migrations between North Africa and the Iberian Peninsula.

Abstract: In horses, demographic patterns are complex due to historical migrations and eventful
breeding histories. Particularly puzzling is the ancestry of the North African horse, a founding horse
breed, shaped by numerous influences throughout history. A genetic marker particularly suitable to
investigate the paternal demographic history of populations is the non-recombining male-specific
region of the Y chromosome (MSY). Using a recently established horse MSY haplotype (HT) topology
and KASP™ genotyping, we illustrate MSY HT spectra of 119 Barb and Arab-Barb males, collected
from the Maghreb region and European subpopulations. All detected HTs belonged to the Crown
haplogroup, and the broad MSY spectrum reflects the wide variety of influential stallions throughout
the breed’s history. Distinct HTs and regional disparities were characterized and a remarkable number
of early introduced lineages were observed. The data indicate recent refinement with Thoroughbred
and Arabian patrilines, while 57% of the dataset supports historical migrations between North Africa
and the Iberian Peninsula. In the Barb horse, we detected the HT linked to Godolphin Arabian, one
of the Thoroughbred founders. Hence, we shed new light on the question of the ancestry of one
Thoroughbred patriline. We show the strength of the horse Y chromosome as a genealogical tool,
enlighten recent paternal history of North African horses, and set the foundation for future studies
on the breed and the formation of conservation breeding programs.

Keywords: North African horse; Barb; Arab-Barb; Y chromosome; haplotype
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1. Introduction

The history and origin of the North African horse have been long debated [1]. Still,
there is no confirmation of horses inhabiting Africa, or evidence of domesticated horses
roaming around the continent in early prehistoric time, but discussions about an “Equus
Algericus” found near Tiaret (Algeria) still remain [1,2]. However, historical and archeolog-
ical findings indicate that the introduction of the domesticated horse to North Africa was
likely in the late second millennium BCE, via several routes following human migrations
and conquests (e.g., through Strait of Gibraltar or Egypt) [3–5].

The origin stories of the North African Barb horse lead off the Barbary coast in the
Maghreb region (today’s Algeria, Tunisia, Morocco), hence the name “Barb”. Foremost,
Numidian horses and their crosses are especially discussed as founders of the breed [6,7].
Complex patterns of human and horse migrations in the North African region peaked
around the 7th century, concurrent with the Muslim conquests [8,9]. Later, during the
occupation of the Iberian Peninsula by the Moors, from the early 8th to the late 15th century,
migrations between North Africa and Iberian Peninsula were frequently ongoing [3,8,10,11]
and the influence of the North African horses onto Iberian stocks was substantial [12,13].

Numerous myths exist on the multilayer history of the Barb horse, for example,
phenotypic traits relate the discussion about the progenitors to Mongolian horses, as well
as the rare light-colored (cream-gene) and piebald (sabino) horses, corresponding to the
Turkoman and the Akhal Teke breed [1,14]. Barbs had a prominent role as war horses
and for breeding in Europe [1,12]. Notably, Barb horses were used in the Punic wars
(264–146 BCE) that were fought between Romans and Carthage, and later exported to
Europe by Carthaginian conquests [14]. Likewise, more heavy horses were introduced
to the Maghreb region first by Romans (from 146 BCE) and later in the 17th century by
Louis XIV [7]. However, after the 18th century, breeding declined dramatically because
Barb horses were no longer used for the military cavalry, due to the shift of military tactics
that began in the 19th century [1,15]. More recently, from the end of the 19th century
onwards, cross-breeding of North African and coldblooded horses from France resulted
in the “Breton-Barb”. In addition, crosses of the Barb horse with Thoroughbreds, Anglo-
Arabs, and French Trotters in North Africa were reported [1,12,15]. Above all, systematic
cross-breeding with Arabian horses founded the “Arab-Barb” breed in the Maghreb region.
In the 20th century during both world wars, French colonial cavalry and later also under
Rommel´s regime, captured Barb horses and this contributed to their diffusion throughout
Europe [16]. Moreover, from 1965 onwards, the African horse sickness significantly reduced
North African Barb horse populations and prevented horse export to Europe for over ten
years from Algeria [17], and from Morocco during 1987–1991 [18].

In 1987, the “Organisation Mondiale du Cheval Barbe (OMCB)” was founded to
preserve the purebred Barb horse and its cross populations (“derivates”), especially the
Arab-Barb horse [19]. The OMCB is nowadays recognized as a competent authority for
setting up the breeding programs. Breed registries were only recently established for
Barbs and Arab-Barbs in the Maghreb region (1886 in Algeria, 1896 Tunisia, and 1914
Morocco) [1,14]. Since then, the studbooks remained open so that phenotypically classified
horses can be entered retrospectively, even if no known ancestry can be proven (defined
as “Inscription à Titre Initial”, “ITI”) [20]. Additionally, European registries are established
(in France in 1989, Germany 1992, Switzerland 1993, and in Belgium from 1992–2017)
and their studbooks are closed. Barb horses and the Arab-Barb horses are separated in
different studbooks or studbook sections according to the OMCB stud-book regulations.
The stud-book section for Arab-Barbs is still open for Arab/Barb crosses as well as crosses
of Arab-Barbs with either Barbs or Arabs. All over, studying ancestry and breeding histories
in North African horses via pedigree documentation is limited.

The census population size in the Maghreb countries is about 5500 for Barbs and
180,000 for Arab-Barbs [21,22]. Out of those, 1800 Barbs and 26,000 Arab-Barbs are regis-
tered in studbooks. In contrast, the European subpopulation constitutes about 2800 Barbs
and 4000 Arab-Barbs, out of which 520 and 440 horses (Barbs and Arab-Barbs, respec-
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tively) are registered for breeding in the OMCB recognized studbooks. They produce about
160 foals per year [21,22]. The breeding programs for Barbs and Arab-Barbs are mainly
based on characteristic phenotypic traits, robustness, and behavior rather than uniform
breeding goals. Today, these horses are used for “Fantasia” (also known as “Tbourida” in
Morocco and “Mchef ” in Tunisia) a traditional equestrian war game dating back to the
16th century, as well as for agricultural work, carriage, riding, dressage, and equestrian
art, as well as racing (only Arab-Barbs) in North Africa [1,12,19]. In Europe, they are
used as leisure horses, for endurance-riding, historical dressage, jumping, and working
equitation [1,16].

According to the diverse use and breeding areas, the North African Barb and Arab-
Barb horse populations are characterized by broad phenotypic variation [1,22,23]. Within
the Arab-Barbs, this strongly depends on the percentage of Arabian ancestry [24,25]. In-
vestigation of blood group markers, protein, and DNA polymorphisms in North African
subpopulations showed a pronounced genetic variation within the Barbs and the Arab-
Barbs. Private alleles and high levels of heterozygosity were noted, however, no significant
genetic differentiation was observed between Barb and Arab-Barb populations [26–29].
Likewise, apparent phenotypic differences distinguish the purebred Barb horse from the
Arabian horse [1,23,25,30,31]. Microsatellite analysis showed similarities between the
Arab-Barb and Arabian horses and a clear genetic separation of both breeds from Thor-
oughbreds [27–29]. The maternally inherited mitochondrial DNA showed close genetic
relationships between Iberian breeds and Barb horses [11,32]. Nevertheless, the relationship
between the North African Barb and the Arab horse has been continuously debated, till
today [33].

A prominent genetic marker for inferring the ancestry of populations is the non-
recombining, male-specific region of the Y chromosome (MSY). The MSY is inherited
exclusively from the father to his sons and thus MSY haplotypes (HTs) mirror the paternal
lineages in a population. MSY analysis is best established in humans where it is widely
used in population genetics, genealogical research, and forensics [34–36]. In domestic
horses, the MSY was long excluded from population genetic studies due to the lack of
informative sequence polymorphism (reviewed in [37]). Nevertheless, a stable MSY HTs
topology based on slowly evolving biallelic markers was constructed by mapping next
generation sequencing (NGS) data to a 6.5 Mb horse MSY draft reference [38]. The MSY
HTs of domestic horses are clearly distinct from those in the extant Przewalski’s horses. The
most pronounced MSY signature among domestic horses is the ~2000-year-old “Crown”
haplogroup (HG), recounting various breeds from Central and South Europe, East Asia,
North and South America [38,39]. It was proposed that the dominance of the Crown HG is
a hallmark of the recent breeding influence of stallions of Oriental origin [38,40]. The crown
topology supports the hypothesis [41,42] that only a limited number of stallions contribute
to today´s horse population. Only some Asian horses [43,44] and Northern European
breeds (e.g., [45]) seemed to be unaffected by the recent Oriental introgression, and thus
kept their autochthonous HTs outside the Crown (“Non Crown”). Within the Crown, three
HGs were defined (H, A, and T) and the HT signatures of three English Thoroughbred
founders [38], as well as Arabian patrilines [39] were recently successfully delineated.

In horses, MSY analysis can unmask patrilines that contributed to a breed; thus, impart
motifs of their male demography, and shed light on complex breeding histories. In this
study, we investigated MSY HTs in North African Barb horses with the aim to link Y-
chromosomal patterns to narratively known historical events. We hypothesize that the
long-lasting input of foreign blood and complex migrations in the Maghreb region will be
mirrored in their MSY HT spectrum. In addition, due to indigenous origin, regional and
less intensive selection strategies [1], we might detect the preservation of autochthonous
HTs in some North African horses’ patrilines.
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2. Materials and Methods

2.1. Sample Set

Biological samples were collected from 119 males, of Barbs (n = 84) and Arab-Barbs
(n = 35) in Morocco, Algeria, Tunisia, and the European subpopulations. To ensure that
many patrilines were represented in the dataset, pedigree information (available for
86 horses), provided by breeding authorities and associations, was considered in the sam-
pling strategy as previously described [39]. Hence, oversampling of relatives was averted
from the dataset by keeping six males per foundation sire at maximum. Additionally,
we included 33 randomly sampled horses without pedigree information (10 European
and 23 North African samples) to complement and capture population variation beyond
documented patrilines. The dataset including individual male tail line information for
ancestors born prior to 1990 is given in a string format in Table S1.

2.2. MSY Genotyping

We inferred MSY haplotype spectrum of 119 samples according to the previously
reported horse Y phylogeny [38,39]. For genotyping, we created a downscaled HT structure
based on 65 selected HT-determining variants as markers (61 SNVs, 3 short Indels, and
1 microsatellite, see Supplementary Table S2). The resulting tree served as the backbone
and samples were placed onto branches of the tree via MSY marker screening.

For variant screening, genomic DNA was isolated from hair roots or blood with the
nexttec® DNA Isolation Kit. The DNA was then diluted with TE buffer to the uniform
concentration of 5 ng/μL. Genotyping of variants was performed using competitive allele-
specific PCR SNV genotyping assays (KASP™, lgcgroup.com (accessed on 2 July 2021)),
following the standard protocol on a CFX96 Touch™ Real-Time PCR Detection System.
Samples with known allelic state were included as positive controls, while DNA from
females and non-template controls were used as negative controls. Information on variants
(coordinates on LipY764, alleles, and flanking regions) are published in [38,39].

Genotyping of the amplicon length of the tetranucleotide microsatellite fBVB (GATA14
/GATA15) was performed on an ABI 3130xl Genetic Analyzer, as previously described [38].
In synopsis, for the fragment analysis, one PCR primer was tagged with FAM fluores-
cent dye (fwd_FAM: ACAACCTAAGTGTCTGTGAATGA; rev: CCCAATAATATTCCACT-
GCGTGT, expected amplicon length 204 bp). PCR was carried out in a 20 μL reaction
volume containing 0.4 μM of each primer. The reaction temperature was increased to 95 ◦C
for 5 min for initial DNA denaturation, followed by 35 cycles of 30 s at 95 ◦C, 40 s at 58 ◦C
annealing temperature and 40 s at 72 ◦C, and a final extension step of 30 min at 72 ◦C.
Finally, GeneMarker® was used to size the alleles relative to the internal size standard.

Genotyping was conducted in a consecutive manner by first testing the Crown deter-
mining variant rAX. If a sample carried the derived C-allele for this variant, allocation of the
sample into main Crown HGs H, A, or T was conducted by testing markers fYR, rW, and rA.
Each sample was then typed for the markers determining the substructure of the HG it clus-
ters into. We then merged the genotyping information of all tested variants and imputed
the allelic state of markers that were not tested or detected in the sample set according to
the previously published HT structure [38,39] (see Figure 1 and Supplementary Table S2).
We generated a median-joining HT network with program Network 10.2 [46] and redrew
it as a HT frequency plot (Figure 1) in Canva Pro (https://www.canva.com (accessed on
29 June 2022)). Pie charts were drawn and scaled to the respective number of samples with
RStudio version 4.0.3. [47].
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Figure 1. MSY haplotype spectra of North African horses. (a) HT frequency plot based on the MSY
tree after [38,39]. HT determining variants used to construct the downscaled tree for genotyping are
denoted on branches in red. Additional information is given in Supplement, Table S2. Clustering of
119 North African horses based on genotyping result is illustrated as pies. Pie radiuses are scaled to
the number of allocated individuals and colors of the portions correspond to different breeds. HG
names are labeled accordingly. HTs located on internal nodes are denoted with an asterisk (*) and
trailed with dashed lines that originate from corresponding internal nodes. Unascertained variants
that would determine * HTs are denoted with question marks (?). HTs framed with blue and/or
red borders denote that they were detected previously in Arabian (blue border) and Thoroughbred
(red border) horses [38,39]. Non-colored points express HTs that were not detected in the North
African sample set. Gray list on the sides of the network indicates the breeds the HTs were previously
reported [38–40]; (b) Number of individuals that allocate within detected HTs. Sample information
details are given in Supplement Table S1.

3. Results

To investigate the MSY HT spectra of North African horses, 119 males representing
84 Barbs and 35 Arab-Barbs were genotyped. The results showed that all samples allocated
into the Crown HG. In total, we distinguished 18 HTs and all three previously defined
Crown HGs (A, H, and T) were represented in our sample set. The broad Crown MSY HT
spectra was comparable in Barbs and Arab-Barbs (Figure 1). This is in contrast to patterns
in other today‘s breeds [38,39] that showed distinct clustering on the tree. Remarkably, only
half of the males analyzed carried defined HTs, whereas 61 males got placed at internal
nodes of the backbone topology (See Figure 1 and Table S2). The samples allocated at
inner nodes are marked with an asterisk (*) in their HT identifier and distinguished with
dashed lines in Figure 1. For instance, the sample that allocates into Tb-oB* HT carried the
derived allele for the fUJ marker and was placed onto the branch Tb-oB, but it carried the
ancestral allele at the markers determining subsequent HTs in our backbone tree (rP, qFM,
fQI, and fBVB). The inner node clustering of samples occurs when the HT of the horse is
not represented by the tree due to ascertainment bias, and only the HG and the branching
point could be determined.
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More than half (56%, n = 67) of the analyzed individuals are distributed across
two HGs, Am (n = 34) and Hs-b (n = 33), respectively (see Figure 1). Other than North
African horse, these HGs were so far only detected in some South American and Iberian
breeds [35,36]. Besides, we observed grouping of 28 (24%) males into Ao-aA1a* and Ao-
aD2 HTs. Those HTs were designated recently as signatures for Arabian horses [39]. The
arrangement of the internal branching points in the strictly hierarchical MSY HT tree
topology reflects the emergence of the mutations over time. Hence, the HTs Ao-aA* (n = 2)
and Ao-aA3 (n = 2) can be interpreted as hints to earlier introduced lines of presumably
Arabian origin, that evolved and are still preserved in the North African Barb horse. We
further aggregated ten males in the Tb HG. Among those, two males clustered onto early
branching points (T2* and Tb-oB*) and six were allocated in the HT Tb-oB1*. This HT
was previously reported in Akhal Teke, Turkoman, Thoroughbreds, as well as Arabian
horses [38–40]. The Tb-oB1* in North African horses can be explained as the recent influ-
ence of stallions from that region. Noteworthy, we detected Tb-oB3b1*, the HT basal to
the HTs detected in the progeny of the Thoroughbred´s founder sire ‘Godolphin Arabian’,
which are (Tb-oB3b1a/b/c) [38], in a Barb breeding stallion from Morocco. We found the
signature of recent influence of Warmblood or Thoroughbred in a single horse from France
carrying Tb-oB3b1b, but did not observe the typical Thoroughbred and Trotter HGs Tb-dW
and Tb-dM [38,40]. Moreover, ten males carried HGs, which are today mainly found in
Coldbloods and European Ponies [39,40], namely Ad-h (8), Ad-b (1), and Ao-n (1). Here,
we again observed well resolved HTs (for example Ad-hA1), as well as earlier branching
off HTs (Ad-bN*, Ad-h*).

Roughly half of our sample set was collected in Europe and the other half in Algeria,
Morocco, and Tunisia (see Figure 2 and Table S1). The samples from Algeria and Morocco
clustered in 8 HTs each. The European samples clustered into 16 HTs. Seven HTs were
represented only within this population group in our sample set, noting that two HTs,
Ad-hA* and Tb-oB*, were detected in ITI horses directly imported from, respectively,
Algeria and Morocco. The broad HT spectrum detected in samples collected in Algeria,
Morocco, and Europe was not corroborated by Tunisian data. All collected Barbs (n = 9)
and Arab-Barbs (n = 2) from Tunisia and all males exported from Tunisia to Europe (see
below) allocated into HT Hs-bL.

Figure 2. Geographical representation of MSY haplotypes. Populations analyzed are denoted with different

74



Animals 2022, 12, 2579

colors and circles on the map correspond to the sample size. Details are given in Supplement, Table S1.
Summary information of genotyping results and regional differences are visualized with bar plots.
The x axis on the bar plots corresponds to detected HTs, while the y axis indicates number of samples
that correspond to each of the bars (HTs). The samples assigned to inner nodes are marked with
an asterisk (*) in their HT identifier. Red stars indicate HGs that were found exclusively in the
corresponding subpopulation (e.g., seven HGs denoted with red stars in the European subpopulation
are found only among samples collected in European countries, and were not observed in samples
from Maghreb countries).

Among the 66 European samples, nine were collected from horses imported from
Algeria (4), Morocco (4), or Tunisia (1). Complementing pedigree information was available
for another 56 European samples (see Supplementary Table S1). This documentation reveals
that the majority, namely 50, of the European males also directly trace back paternally
to Maghrebian stallions exported from Algeria, Morocco, and Tunisia to Europe during
the last 35 years (see Figure 3 and Supplementary Table S1). Hence, only seven out of
the 66 males in the European dataset could not be linked explicitly to a hitherto known
Maghrebian line from documented records. Among those, five individuals descend from
four stallions, who were inscripted as ITI in the course of the foundation of the French
studbook in 1989. For one sample, we had no pedigree information, and for one founder,
the country of origin was unknown (see Supplementary Table S1).

Overall, the full dataset (n = 119) included 33 individuals without pedigree information
(10 European and 23 horses from Maghreb) and the HT pattern in horses with and without
pedigree were comparable (Supplementary Table S1).

Figure 3. Maghrebian roots of European stallions. Fifty-nine European individuals, who were
imported or their patrilines trace back to North Africa, are grouped based on their current registry
(blue boxes). Number of horses included from Austria (n = 8), Switzerland (n = 2), Germany (n = 28),
and France (n = 21) are denoted in square brackets. The paternal ancestors of the sampled individuals
several generations back in time, as well as present individuals imported to France and Germany, are
shown as colored boxes. The opacity of boxes indicates temporal layers whereas the brightest boxes
on the bottom are present ITI horses, followed by recent ancestors born after 1990 (Ancestor A, B, C, D,
and E), and lightest colored distant ancestors, in the middle. Name and year of the birth of ancestors
is given for distant ancestors. MSY HTs, revealed from the European progeny, are shown within each
stallion’s box. HT identifiers attributed with asterisk (*) denote inner node clustering. The grey lines
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connect the stallions with their descendants sampled in the respective European countries. Numbers
in the brackets and adjacent to the left side of connection lines represent the number of descendants
from each stallion found in European samples, if different from one. Pedigree details and full list of
samples are given in Supplementary Table S1.

4. Discussion

The significant role of North Africa, as a transit route, during the Islamic conquest and
migratory movements between countries of the region [3,14], raised our interest on the Y
chromosomal signature of North African Barb horses. While the MSY HT signatures of the
Arabian and the Thoroughbred and their recent breeding influences are well described [38,39],
the historically impactful North African horse remains enigmatic. We applied MSY haplotyping
in a total of 84 Barbs and 35 Arab-Barbs, whereas half of our samples were collected in Europe
and the other half in Algeria, Tunisia, and Morocco (see Figure 2 and Supplementary Table S1)
and hypothesized that the MSY signature will mirror the variety of encountered influences. On
the other hand, due to the documented indigenous origin and regional subgroups in North
Africa, we expected partial representation of autochthonous patrilines.

The results of haplotyping indicate that no distantly related lineages were retained
in the collected sample set since all horses clustered within the Crown HG. In line with
previously determined time to the most recent common ancestor [38], we can state that
the MSY of North African horses only reflects the last 1500 years of population history.
The sole detection of the Crown mirrors influences of Oriental stallions [40]. Interestingly,
we report a broad HT spectrum of North African horses across the Crown HGs (18 HTs).
However, unlike other breeds (like Arabians and Thoroughbreds), for which it was possible
to pin-point characteristic HGs and even discriminate discrete sublines with the use of
pedigrees [38,39], the diffused HT distribution result in a tangled MSY footprint of North
African horses. The observed preservation of a variety of HTs may be the consequence
of less intensive selection on males and different breeding goals in North African regions.
Interestingly, MSY results were comparable in Barbs and Arab-Barbs. This verifies the
inter-crossing and gene flow till today between the North African horse populations, as
already depicted with autosomal genetic markers [27,28,48].

However, the broad HT spectrum was not supported from Tunisian samples (n = 11),
where all nine Barbs and two Arab-Barbs were monomorphic, carrying a single HT (Hs-bL)
(Figure 2). This may demonstrate geographical disparities in breeding goals, supported
by regional differences reported in the phenotype [1,23,30], as well as genetic spatial
interpolation (e.g., [27]). In contrast, the analysis of microsatellites resulted in similarity of
Moroccan and Tunisian Barb horse populations [29]. Regional differences are highlighted
when we compare the HTs represented in Europe to the Maghreb region. Samples from
European countries harbored seven HTs that were not represented in the samples collected
in North Africa. Three of those patrilines were imports from North Africa after 2001 and
four HTs trace back to the French ITI-inscriptions in 1989. Their private HTs may be
explained with geographical separation of former exports to France. Additionally, we
found two HTs each private for Moroccan and Algerian Barbs (Tb-oB3b1* and Ad-bN*,
respectively). Compared to Tunisia, we observe similar MSY patterns in Europe, Morocco,
and Algeria. One explanation for greater similarity of HTs among the latter three could be
the tighter historical connection between those regions (export especially of ITI horses from
Morocco and Algeria to Europe as seen in Figure 3). Nevertheless, we should interpret these
findings with caution since it is possible that despite our efforts to collect a representative
sample set from the Maghreb, the numbers of horses available from Tunisia was lower
(n = 11). Hence, we could have underestimated HT diversity in that region.

All we see today is what is left throughout the time, and the MSY is a perfect tool
to trace patrilines that shaped present populations. The relationship between the North
African Barb and the Arabian horse has been continuously debated [33]. We noted a
prominent clustering to Ao-aA1*, a HG previously detected in Arabian lines [39]. The
detection of numerous Arabian HTs demonstrates the significant influence of Arabian
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stallion lines in Barbs and Arab-Barbs. A clear Arabian signature was visible in about a
third of the analyzed samples. For the Arab-Barbs, the results are not surprising since
the breed is based on Barbs refined with Arabians [49]. On the other hand, assignment of
“purebred Barbs” to Arabian HGs may reflect, as hypothesized, recent historical migratory
movements resulting in admixture, because the studbooks for the “purebred Barbs” are
still open in North Africa and stallions without pedigrees are used for breeding.

Two third of the analyzed samples (85 North African horses) did not carry the Arabian
signature HTs. Particularly interesting is that among those were 27 Arab-Barbs. In addition,
we detected indications of recent upgrading with European Coldbloods in four males
(Ad-hA1), which could be explained with the discussed influence of Coldblood stallions
imported to North Africa [12]. Moreover, only a single individual carried an unambiguous
sign of Warmblood or Thoroughbred male ancestry (Tb-oB3b1b) [38].

Barbs were used for upgrading and formation of many modern breeds [12,50]. There
have also been reports on their contribution to Thoroughbreds, Anglo-Arabs, and French
Trotters. Interestingly, North African horses´ HTs share branching points basal to the HTs
observed in many todays Coldblood, British and European Ponies (Figure 2; detected in
Ad-h, Ad-b, and Ao-n HTs) [39,40], which can be interpreted as the influence of the North
African horses had on those breeds further back in time. Deeper investigation is needed to
validate the proposed correlation.

A particularly remarkable finding was the observation of the HT basal to the HTs
spread through the Godolphin Arabian sire line (Tb-oB3b1*) [38] in a Barb horse. There is
still controversy about the ancestry of Godolphin Arabian, one of the foundation sires of the
English Thoroughbred (exported from Tunisia to France in 1731). He is often referred to as
Godolphin Barb due to his North African origin [51] and phenotypic marks different from
the Arabian horse [1,12,13]. The MSY finding, namely detection of the basal Godolphin Barb
HT in a Barb horse, again fuels the discussion on the origin of Godolphin Arabian, whether
he was a Turkoman stallion with partial Arabian blood [52] or corroborates the hypothesis
that the Tb-oB3b1 HG made its way into the Thoroughbred via the Barb horse [1,49].

When we look further back in time, from the Carthaginian civilization in the 1st
century and Muslimic conquests in the 7th century to recurrent migrations with Iberian
Peninsula (8th to 15th century), North Africa served as a main migratory route for many
cultures [3,14]. Every culture that was present in the region could have left footprints
in the horses’ genomes, and this was depicted on the MSY. Notably, influence from the
Middle East could be attributed to inner clustering of individuals to Ao-aA* and Tb-oB*, as
well as allocation to Ao-aA3, Ao-aD2, Tb-oB1*, and T2* HGs. This grouping may indicate
previously discussed influence of the ancestors of Arabian and Turkoman lineages on North
African horses.

From the viewpoint of interactions between the North African regions and the Iberian
Peninsula, previous research delineated homogenous mtDNA patterns within ancient [53]
and modern [11,32] horse populations in Iberia and North Africa. Particularly, it is specu-
lated that Barb and Iberian horses have a common origin [54]. A great number of North
African horses that were analyzed [32] shared mtDNA HTs reported in South American
and Iberian breeds. Accordingly, we note that two highly frequent HGs (Am and Hs-b) rep-
resented in our dataset also allocate Iberian and New World horse breeds, like Marchador
(Am), Lusitano, and Sorraia (Hs-b) [39]. Iberian and New World breeds are not yet compre-
hensively studied for their MSY HTs, but the preliminary joint clustering could reflect the
gene flow and recent shared ancestry of North African Barb and Iberian horses. However,
to fully explain the assumed shared ancestry further back in time, as well as the magnitude
of gene flow, and indices on New World horses´ ancestry, we should complement the
dataset with additional Iberian and New World horse breeds in the future. Early separated
populations, like the West African Barb, the Spanish Barb (USA), and South American
breeds, as well as ancient DNA samples from the Maghreb, should enlighten another
chapter in horse history. Additionally, basal allocation of samples in the tree topology and
underrepresentation of private HTs (Figure 1) raises a discussion on technical limitation
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of our analysis. The MSY backbone topology was constructed based on the ascertainment
panel from [39], where five Barbs and one Arab-Barb were sequenced. However, it seems
this is still insufficient, and more individuals need to be sequenced in order to clarify MSY
signatures private for North African horses, in particular in HGs Hs-b, and Am.

Overall, North African horses retained the print of the “early Oriental influence”
starting with the Muslim conquests. With the observed broad HT spectrum, these horses
could be a reservoir of genetic diversity—although their population is small. Further
investigation of additional males, especially from the Maghreb regions, is needed to precise
influential patrilines, as this is of particular practical interest for breeding. The MSY
patterns should be considered together with autosomal markers, as well as mitochondrial
DNA, while constructing necessary conservation breeding programs, to preserve the North
African Barb horse.

5. Conclusions

Our study highlights the value of the Y chromosome analysis for horse population
genetics and for the first time, enlightens recent paternal population history of the North
African Barb horses. Obtained MSY HT spectra point to, on the one hand, that stallions
were probably wide-spread hundreds of years preceding the formation of modern horse
breeds, and on the other hand, indicate the impact on historical migrations and recent
upgrading. However, with our approach, it is at the moment not possible to pin-point
where and when the ancestors of North African Barbs came from, as well as the direction
of gene flow. Future analysis on ancient DNA, as well as inclusion of more diverse Barb
populations, are essential for dating of the origin of HGs, and exact inference of genetic
influences. In addition, the ascertainment bias represented with HTs that are not fully
resolved indicates that, even though the Crown is well described, there is still a lot left
to explore in future research. Finally, our findings enhanced our knowledge of paternal
ancestry of the breed and provided basis for future work and establishment of conservation
breeding programs.
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Simple Summary: Although over 40 genetic variants are known to influence white spotting and
markings on the horse, many still have unknown genetic causes. Furthermore, some seem to be
influenced by pigmentation (base coat color) genes. We investigated two horses demonstrating
a heritable white spotting pattern of no known genetic cause. Through sequencing of the coding
region of candidate genes, we identified a mutation in the KIT proto-oncogene, receptor tyrosine kinase
(KIT) gene changing the coded amino acid, predicted to be deleterious to protein function. We
further evaluated this variant in a population of 147 horses, characterized using photographs scored
by three independent observers using a standardized Average Grade of White score. The KIT
mutation is significantly associated with a quantitative increase in white pattern (p = 3.3 × 10−12)
and demonstrates an influence of the MC1R Extension locus. We also report a complete link between
the previously reported KIT W19 allele and this mutation. We propose to name this mutation W34,
following established nomenclature. Given the quantitative effect on white markings and MC1R
influence, genetic testing for this allele can be of value for horse owners that desire to select for
white patterns.

Abstract: Over 40 identified genetic variants contribute to white spotting in the horse. White mark-
ings and spotting are under selection for their impact on the economic value of an equine, yet
many phenotypes have an unknown genetic basis. Previous studies also demonstrate an inter-
action between MC1R and ASIP pigmentation loci and white spotting associated with KIT and
MITF. We investigated two stallions presenting with a white spotting phenotype of unknown
cause. Exon sequencing of the KIT and MITF candidate genes identified a missense variant in
KIT (rs1140732842, NC_009146.3:g.79566881T>C, p.T391A) predicted by SIFT and PROVEAN as not
tolerated/deleterious. Three independent observers generated an Average Grade of White (AGW)
phenotype score for 147 individuals based on photographs. The KIT variant demonstrates a sig-
nificant QTL association to AGW (p = 3.3 × 10−12). Association with the MC1R Extension locus
demonstrated that, although not in LD, MC1R e/e (chestnut) individuals had higher AGW scores
than MC1R E/- individuals (p = 3.09 × 10−17). We also report complete linkage of the previously
reported KIT W19 allele to this missense variant. We propose to term this variant W34, following the
standardized nomenclature for white spotting variants within the equine KIT gene, and report its
epistatic interaction with MC1R.

Keywords: dominant white; white pattern; Arabian horse; American Quarter Horse; American Paint
Horse; chestnut
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1. Introduction

The easily observed expression of novel mutations causing white spotting phenotypes
provides straightforward targets in studies of equine genetic variation. Forty-four genetic
variants, most of which are located in the KIT proto-oncogene, receptor tyrosine kinase (KIT)
and the melanocyte inducing transcription factor (MITF) genes, are implicated in white spot-
ting and depigmentation phenotypes in the horse (W1-W28, W30-W33 and SB1 on KIT;
SW1, SW3, SW5, SW6 and SW7 on MITF; SW2, SW4, LWO, TO and GR on other genomic
locations) [1–16]. Phenotypes for white spotting alleles vary from white markings on the
legs and extremities, as observed with KIT W20, to large white patches on the body, legs and
head or completely white phenotypes in a few other mutant KIT, MITF or multiallelic indi-
viduals. Occasionally, carriers of well-documented white spotting alleles may present no to
minimal white markings uncharacteristic of the spotting variant, a condition sometimes
named “crypto” for its cryptic expression [17].

Loci likely altering the eumelanin vs. pheomelanin pigment proportion are also
associated with the extent of depigmentation observed in the horse. The “chestnut” coat
color, caused by a Melanocortin 1 Receptor (MC1R, termed the “Extension” locus, symbol
“E” or “e”) loss-of-function mutation (e/e) and resulting in predominantly pheomelanin
pigmentation, displays greater KIT-associated white markings [18–20]. Comparatively,
“black” and “bay” coat colors, possessing the dominant eumelanin-producing functional
MC1R (E/-) [20], demonstrate greater MITF-associated white markings [18]. Interactions
between KIT and MC1R could be due to linkage, as both genes are located on Equus
caballus Autosome 3 (ECA3), although separated by ~42 Mbps and a centromere [21–23].
Alternatively, the e/e genotype may decrease melanocyte quantity or migration, intensifying
the white spotting QTL effect of KIT mutations [18].

White markings and spotting phenotypes are varying selection in some horse breeds,
depending on breeding goals and registry requirements. For the American Paint Horse,
a white spotting phenotype enables registration in the “Regular” registry rather than the
“Solid Paint-Bred” registry, significantly impacting the economic value of the horse [8,24].
The American Quarter Horse Association did not previously allow registration of horses
with white spotting phenotypes (a rule that changed in 2004), yet statements noting white
spotting as “undesirable” and “uncharacteristic” are maintained in the regulations (AQHA
Official Handbook, 67th Edition, 2019). Therefore, white markings or spotting phenotypes
with unknown/novel associated genetic loci are of commercial interest for the equine
industry, encouraging further studies on these variants.

We describe the investigation of a white spotting phenotype (extended white markings
on limbs and the ventral thoracic region), yet negative for all published white variants
(W1-W28, W30-W33, SW1-SW7, LWO, SB1 and TO) [1–16]. Using a quantitative white score
phenotype, we tested the association of this allele along with the MC1R Extension and ASIP
Agouti loci in 41 cases and 94 breed-matched controls lacking published white variants.
We report the significant association of a missense KIT polymorphism with a quantitative
increase in white spotting on the coat, as well as the epistatic interaction of this allele with
the MC1R loss-of-function genotype (chestnut). We also report the complete linkage of
the previously published KIT c.1322A>G; p.(Y441C) (W19) allele with this variant in 12
genotyped individuals.

2. Materials and Methods

2.1. Horses and Putative Candidate Variant Inspection

An Arabian and a Mangalarga stallion, submitted to Etalon Diagnostics (Menlo Park,
CA, USA) for commercial genotyping services, demonstrated a notable white spotting
phenotype but no spotting or depigmentation alleles at any of the 44 known loci (GR,
W1-W33, SW1-SW7, LWO, SB1 and TO) [1–16]. Both individuals exhibited white markings
extending past the distal part of the carpal and tarsal joints, as well as facial white markings
extending from the forehead to the upper and lower lips. Additionally, the Arabian showed
a large white spot on the ventral region of the body. The Mangalarga stallion was also
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reported to produce similar white phenotypes on its offspring (Figure 1). Given the likely
heritable phenotype, we pursued further evaluation of coding regions of candidate genes
KIT and MITF (known to cause phenotypically similar white spotting patterns in the horse),
using previously described methods of targeted exon sequencing and alignment [13].

 

Figure 1. The subject stallions (a,b), demonstrating spotting phenotype extending past the distal
part of the carpal and tarsal joints, as well as a facial white marking extending from the forehead to
the upper and bottom lips along homozygote MC1R e/e phenotype, (a) also possess ventral white
markings extending past the ribcage; (c–f) the respective offspring of the Mangalarga (b) stallion
demonstrating the heritable phenotype.

Putative candidate polymorphisms were further evaluated by predicting functional
impacts using the PROVEAN [25] and SIFT [26] webtools, using the NCBI Equus Caballus
annotation release 103. To test for associations between novel variants and white spotting
phenotypes, while controlling for confounding effects originating from other known white
pattern variants, 41 unrelated individuals carrying only the candidate variant, as well as
94 negative control individuals that did not possess other known white spotting or depig-
mentation alleles (of 1431 previously genotyped by Etalon Diagnostics [27] representing
the general horse population) having submitted photographs, were selected for further
phenotyping (n = 135). Following genotypic selection for the novel candidate variants,
we observed that all W19 individuals (n = 12, four times the number of individuals in the
original W19 publication) in the Etalon Diagnostics genotyped population possessed at
least one allele of the candidate KIT variant; thus, we performed a second analysis including
this allele (n = 147).
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2.2. Linkage Disequilibrium Analysis with Dominant White 19 and MC1R

Due to the co-localization of loci on the Equus caballus autosome 3 (ECA3), we
calculated the linkage disequilibrium (LD) between candidate KIT loci, W19 and the
MC1R polymorphism using Haploview V4.1 (Broad Institute, MIT and Harvard), in the
147 phenotyped individuals.

2.3. Phenotyping and Statistical Analysis

Three blinded observers (LPR, KM and EM) scored the white phenotypes based on
anonymized photographs of individual horses, following a previously published procedure
for white pattern scoring [19]. In short, photos submitted by the owners were reviewed
by KM and EM, selecting for 1 or 2 photographs that best represented the individual,
where all 4 legs, the front of the head and any ventral/lateral white were visible for scoring
purposes. Aside from the 12 compound KIT W19 individuals, only two horses (EdX1476
and EdX4739) showed uneven body markings; these were scored based on the side with the
highest amount of white. We then scored the amounts of white on the head, legs and body
for each individual horse, which were then combined in a total score for each observer,
summed, then averaged by the number of observers (n = 3), generating the “Average Grade
of White” (AGW) value [19]. We modified the original score, awarding one point for white
within a square comprising the ventral thorax and ribcage, and one point if white patterns
were observed outside of the delimited region, to better quantify body markings (Figure 2).
The modified scheme graded white from a minimum score of 0 to a maximum of 38, with
a minimal effect on the original score maximum value of 36 [19]. Correlations between
observer scores were evaluated using Pearson’s pairwise multivariate correlation on SAS
JMP Pro V15 (SAS Institute, Cary, NC, USA).

 

Figure 2. Average Grade of White phenotyping system as modified from that published by
Rieder et al. [19]. Dashed lines demonstrate anatomical locations and limits for each score. Leg scores
range from 0 (no white) to 5 (white above the respective dotted line).
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A multiple linear regression modeling the effects of candidate loci, coat color (MC1R
and ASIP genotype) and KIT W19 on AGW was done using SAS JMP Pro V15 (SAS Institute,
Cary, NC, USA). We independently evaluated the genotype impact of MC1R, ASIP and the
candidate mutation with (n = 147 horses) and without (n = 135 horses) the presence of W19
on the AGW (Table 1 and Table S2). Genotypes for all variants were obtained through the
Etalon Diagnostics (Menlo Park, CA, USA) commercial testing.

Table 1. Effect sizes of MC1R Extension, ASIP Agouti and KIT rs1140732842 loci on AGW (n = 135
horses) using binomial regression.

AICc MC1R Extension ASIP Agouti KIT rs1140732842

AGW 918.99

AGW + MC1R Extension 903.95 17.99

AGW + ASIP Agouti 915.54 5.57

AGW + KIT rs1140732842 869.13 32.51

AGW + MC1R Extension + KIT
rs1140732842 843.23 30.26 40.51

AGW + MC1R Extension + ASIP Agouti 904.51 13.51 1.54

AGW + MC1R Extension + ASIP Agouti +
KIT rs1140732842 845.29 28.14 0.13 39.09

p-value (full model) 4.71 × 10−7 0.7199 5.09 × 10−14

p-values are given for the full model incorporating AGW and genetic effects.

3. Results

3.1. Variant Analysis Suggests a Candidate in KIT Influenced by MC1R

Exon sequencing of both stallions identified homozygosity for two non-synonymous
variants, NC_009159.3:g.21551234C>G in MITF and NC_009146.3:g.79566881T>C in KIT, re-
spectively recorded as rs1148371483 and rs1140732842 on the Ensembl Variation Annotation
release 104 [28]. We did not observe an association between the MITF variant and the AGW
phenotype in the 135 horses (p = 0.4256; W19 individuals excluded). Functional predictions
also support that the MITF variant, a glycine to alanine change, is not a likely candidate,
as SIFT and PROVEAN predicted its effect as neutral (score = 0.23, SIFT; score = −0.356,
PROVEAN) [29].

The presence of the alternate allele at rs1140732842 is associated with a substantial
effect on the AGW quantitative phenotype (F (2, 132) = 32.51, (ANOVA) p = 3.3 × 10−12)
(Table 1). The KIT variant rs1140732842 is predicted by the SIFT method as not tolerated
(score = 0.03), and as deleterious by PROVEAN (score = −3.363). This variant substitutes
an uncharged polar threonine to a nonpolar alanine in the KIT protein structure (p.T391A).
The MC1R genotype alone also has a small yet significant effect on AGW (F (1, 133) = 17.99,
(ANOVA) p = 4.12 × 10−5), with e/e (chestnut) individuals demonstrating higher AGW
scores on average (mean score of 7.63) than MC1R E/- (eumelanin dominant) individuals
(mean score of 2.54) (Figure 3). The ASIP Agouti locus has no significant effect on the AGW
phenotype (Table 1). The KIT rs1140732842 variant appears to have an incomplete pene-
trance autosomal dominant, or additive mode of inheritance for AGW, that could be cryptic
in MC1R E/- individuals. When evaluating the effect of W19 in AGW (Table S2, N = 147),
the best-fitting model included all four loci (AICc = 919.73). Notably, the AGW scores from
the three independent observers were highly correlated (r(147) > 0.9846, p < 4.38 × 10−87),
demonstrating the repeatability of the AGW scoring methodology in this study.
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Figure 3. Genotype distribution of the rs1140732842 polymorphism in 135 individuals by Average
Grade of White and MC1R genotype (black/chestnut).

3.2. Linkage Disequilibrium between KIT and MC1R

We did not observe linkage disequilibrium between MC1R alleles and the KIT
rs1140732842 variant in the 147 horses (r2 = 0.0001, D′ = 0.065, LOD = 0.06). Similarly,
Brooks et al. [24] demonstrated that the KIT W20 allele (exon 14) was not in linkage dise-
quilibrium with the MC1R Extension locus in a cohort of 364 American Paint Horses [25].
However, the KIT W19 mutant allele (exon 8, 13.1 Kb apart) is in perfect linkage with
the rs1140732842 (exon 7) C variant (r2 = 0.17, D′ = 1, LOD = 6.49). Three horses demon-
strated compound genotypes (EdX4400 and EdX1926: KIT rs1140732842 C/C W19/KIT+
and EdX2927: KIT rs1140732842 C/C W19/W19), indicating that the KIT W19 may have
appeared after the rs1140732842 mutant variant, as we observed heterozygosity of the W19
allele in the presence of homozygosity of the KIT rs1140732842 C allele, yet not the opposite
(Figure 4, File S2).
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Figure 4. Phenotypic examples of the rs1140732842 (W34) and compound W19 allele action in different
MC1R Extension and ASIP Agouti loci, as well as respective Average Grade of White (AGW) scores.

4. Discussion

Based on VGNC:19433 and NP_001157338.1 annotations as wild-type models, the
computational analysis of the protein change in folding free energy upon mutation predicts
that the p.T391A variant is destabilizing (Supplementary File S1) [30]. The amino acid
threonine is highly conserved (Genomic Evolutionary Rate Profiling (GERP) score = 3.33)
in this position in 91 eutherian mammals, including humans and mice [28], which could
explain the observed low (1.51%) minor allele frequency of the rs1140732842 variant in 1431
genotyped horses.

The effects of black or chestnut base coat colors on white spotting patterns were
previously observed in the Arabian [31,32], the Franches-Montagnes horse [18,19] and the
American Paint Horse [24]. While there is no linkage between the MC1R Extension locus
and the candidate KIT variant in our cohort, the epistatic effect might be explained by
other biological mechanisms. It is possible that the MC1R e/e genotype negatively affects
the proliferation and differentiation of melanocytes, as observed in the murine recessive
yellow (Mc1re) model [33]. Lower activity of the MC1R receptor, as is likely to result
from the loss-of-function variant, promotes pheomelanin production [34]. As KIT is also
involved in melanocyte pigmentation and development, the combined effect of deleterious
alleles at both loci likely promotes a higher likelihood of failed melanocyte migration or
maturation, resulting in unpigmented skin devoid of melanocytes [35]. Furthermore, exon
screening cannot rule out the possibility that rs1140732842 is tagging a haplotype bearing a
non-coding regulatory change in the KIT gene.

Individuals possessing at least one rs1140732842 alternate allele © included the Ara-
bian and its crosses, as well as Warmblood, Rocky Mountain Horse, American Quarter
Horse, American Paint Horse, Appaloosa, Mustang, Mangalarga, Mangalarga Marchador
and Morgan breeds (Table S1). Notably, the three original individuals in the KIT W19
publication are also recorded as compound rs1140732842 heterozygotes [5]. The W19 allele
seems to further increase the AGW (p = 1.88 × 10−20) and, given the AICc results, has
some effect on the ASIP locus that we could not properly access in our study due to the
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small sample size and confounding effect of the rs1140732842 variant. Due to the observed
linkage, further evaluation of the W19 allele’s phenotypic effects alone is suggested, along
with a possible effect of base coat color, including respective genotypes at ASIP and MC1R
as suggested by the model.

5. Conclusions

We report a white spotting QTL associated with the KIT variant rs1140732842 and
modified by the presence of the MC1R loss-of-function pheomelanin genotype in the horse,
as well as the observed linkage of KIT W19 to this variant in our population and in the
original publication. We propose to designate this polymorphism as W34, following the
standardized nomenclature for white spotting variants within the KIT gene. Given the KIT
rs1140732842 alternate allele’s significant association and QTL effect on white markings
and its MC1R epistatic influence, genetic testing for this variant can be of value for horse
owners that desire to select for quantitative white phenotypes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12151958/s1, Table S1: Genotypes and AGW phenotypic
information for the 147 individuals; Table S2: Effect sizes of MC1R Extension, ASIP Agouti, KIT W19
and KIT rs1140732842 loci on AGW (n = 147 horses) using binomial regression; File S1: DUET—
Protein Stability Change Upon Mutation prediction results for the p.T391A variant impact on protein
stability; File S2: Graphical representation of the Linkage Disequilibrium heatmap between MC1R,
KIT W19 and rs1140732842 (W34), as well as respective allele frequency and haplotype demonstration
of the W19 C genotype (r2 = 0.17, D′ = 1, LOD = 6.49) to W34 C genotype in 147 horses.
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Simple Summary: In the Holstein horse breed, maternal lineages are considered to be of major
importance for the breeding success and can be examined through analysis of the maternally inher-
ited mitochondrial DNA (mtDNA). Since mitochondrial genes are involved in energy metabolism,
variation might contribute to differences in performance characteristics, as has already been pointed
out in humans and racehorses with respect to endurance. No corresponding studies have yet been
conducted for the athletic performance of warmblood breeds and, thus, the aim of this study was to
investigate the influence of mitochondrial variation on the performance of Holstein mares. The data
set used for this study was composed of both sequenced and non-sequenced mares of 75 maternal
lineages as a previous study revealed that Holstein mares within a maternal lineage had identical
mtDNA haplotypes regarding their non-synonymous variants. Association analyses were performed
using estimated breeding values (EBVs) based on information from sport and breeding events. We
observed mitochondrial single nucleotide polymorphisms (SNPs) significantly associated with one or
more of the examined EBVs and identified mitochondrial haplogroups with a particular aptitude for
dressage or show jumping.

Abstract: Maternal lineages are considered an important factor in breeding. Mitochondrial DNA
(mtDNA) is maternally inherited and plays an important role in energy metabolism. It has already
been associated with energy consumption and performances, e.g., stamina in humans and racehorses.
For now, corresponding studies are lacking for sport performance of warmblood breeds. MtDNA
sequences were available for 271 Holstein mares from 75 maternal lineages. As all mares within a
lineage showed identical haplotypes regarding the non-synonymous variants, we expanded our data
set by also including non-sequenced mares and assigning them to the lineage-specific haplotype.
This sample consisting of 6334 to 16,447 mares was used to perform mitochondrial association
analyses using breeding values (EBVs) estimated on behalf of the Fédération Équestre Nationale
(FN) and on behalf of the Holstein Breeding Association (HOL). The association analyses revealed
20 mitochondrial SNPs (mtSNPs) significantly associated with FN-EBVs and partly overlapping
20 mtSNPs associated with HOL-EBVs. The results indicated that mtDNA contributes to performance
differences between maternal lineages. Certain mitochondrial haplogroups were associated with
special talents for dressage or show jumping. The findings encourage to set up innovative genetic
evaluation models that also consider information on maternal lineages.

Keywords: mitochondrial DNA; mitochondrial association analysis; Holstein horse; maternal
lineages; show jumping; dressage
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1. Introduction

Since the middle of the 20th century, the Holstein horse has been intensively bred for its
athletic performance and aptitude for show jumping, eventing, or dressage, with an explicit
focus on show jumping ability. The World Breeding Federation for Sport Horses (WBFSH)
publishes annually the most successful studbooks in the above-mentioned disciplines
based on competition results. In both show jumping and eventing, the Holstein horse
has been ranked among the top 10 breeds over the past 10 years, and even in dressage, a
ranking in the top third has consistently been achieved [1]. Holstein horse breeders rely
on maternal lineages, which are considered to contribute substantially to the breeding
success, and their documentation dates back to the beginning of the 19th century. Mares
with unknown parents were defined as founder mares resulting in more than 8900 different
maternal lineages up to today. Due to World War II and the growing mechanization
of agriculture, the number of Holstein mares decreased markedly, accompanied by a
loss of maternal lineages. Furthermore, the focus of selection has shifted from the use for
agriculture, carriage, and cavalry toward athletic performance. To achieve this goal, English
Thoroughbred and Anglo-Norman stallions were increasingly used for breeding, while
the studbook remained closed. Today, 437 maternal lineages exist, comprising 5412 active
brood mares [2].

The impact of maternal lineages on breeding success can be examined through analysis
of the mitochondrial DNA (mtDNA) since it is inherited maternally without recombination.
The equine circular mitochondrial genome is 16,660 bp in length and comprises 37 genes, 13
of which encode for respiratory chain proteins involved in energy metabolism in addition
to two ribosomal and 22 transfer RNAs essential for protein synthesis. The mitochondrial
genome harbors candidate genes, variants of which may possibly influence adenosine
triphosphate (ATP) synthesis during exercise [3].

The performances of the Holstein horse, e.g., the upward movement during jumping,
are highly energy demanding, relying particularly on aerobic capacity [4]. Since aerobic
energy production takes place in mitochondria, it is reasonable to assume that variation in
mitochondrial genes could possibly have an effect on athletic performance. Therefore, we
recently analyzed mtDNA sequences from 271 Holstein mares belonging to 75 maternal
lineages [5]. We were able to show that considerable molecular variation among mito-
chondrial genomes of different maternal lineages exists in Holstein horses and identified a
total of 78 haplotypes that could be assigned to eight distinct haplogroups. The mtDNA
sequences of mares within a haplogroup showed high levels of similarity. Within a lineage,
identical mtDNA haplotypes were found in all mares with respect to the non-synonymous
substitutions [5], which is in accordance with results from studies in other breeds [6,7].
Based upon these findings, we enlarged our sample size by including both sequenced and
non-sequenced mares belonging to one of the maternal lineages analyzed in our previous
study [5], assuming that the non-sequenced mares have the same mitochondrial haplotype
of non-synonymous variants as the sequenced mares of the same lineage. Using the result-
ing sample, we investigated the involvement of mitochondrial variants with regard to the
performance of Holstein mares. Estimated breeding values (EBVs) were used as targets to
perform mitochondrial association analyses. For the Holstein horse, two separate genetic
evaluation systems were run. On the one hand, EBVs were estimated population-specific
on behalf of the Holstein Breeding Association (HOL) for traits recorded at studbook in-
spection and mare performance test. On the other hand, EBVs were estimated across all
German warmblood breeds on behalf of the Fédération Équestre Nationale (FN) based on
the results from sport and breeding events. A detailed description of the breeding value
estimation can be found in the work of [5,8,9] Supplementary File S1.

2. Materials and Methods

For this study, a representative sample of Holstein mares belonging to 75 lineages
was used to perform an association study between mitochondrial variants and EBVs
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estimated on behalf of the FN (FN-EBVs) and on behalf of the Holstein Breeding Association
(HOL-EBVs).

2.1. Sampling, Sequencing, and Enlargement of the Data Set

Initially, 493 mares with extensive phenotypes, i.e., mares that preferably have infor-
mation from studbook inspection, mare performance test, and from sport events, were
preselected, and the respective breeders were asked to collect hair samples during routine
care, e.g., combing the mane or tail. Besides this, mares were selected based on the avail-
ability of genotypes that were provided by an in-house project to allow consideration of
interactions between the mitochondrial and the nuclear genome in upcoming studies. For
the in-house project, the maternal lineage was of no interest, and mares showed a low level
of preselection and a low pedigree relationship. After two sampling periods in 2019, hair
samples were available for a total of 271 mares, which were sent in by 207 breeders.

For each sample, DNA was extracted from 20 to 25 hair roots using a modified protocol
according to the work of [10]. The PRIMER 3 software (Version 4.1.0, https://primer3.ut.ee/,
accessed on 10 January 2022) was used to create primer pairs for amplification of the mito-
chondrial genome [11]. Polymerase chain reaction (PCR) amplifications were performed
in a 12 μL reaction volume including 20 ng total DNA, 0.2 μM of the forward and reverse
primer, 200 μM deoxyribonucleoside triphosphates (dNTPs), 1.25 U of the PrimeSTAR
GXL DNA-Polymerase (Takara Bio, Shiga, Japan), and the corresponding reaction buffer.
The sequencing was performed in 36 reactions using the ABI 3130xl Genetic Analyzer and
the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA,
USA). A more detailed description of the methods can be found in the work of [5].

Analysis of the mtDNA sequences was performed using the software Sequencher 5.0
(Gene Codes Corporation, Ann Arbor, MI, USA). If the sequences were ambiguous, the
sequencing was repeated, and, if necessary, these samples were excluded from the analysis.
For all samples, the repetitive part of the non-coding region was excluded due to failure in
sequencing. The sequences were compared to the GenBank reference sequence X79547.1
the sequences of the mitochondrial haplotypes are provided in Supplementary File S2.

A total of 467 polymorphic sites were found, but only the 101 non-synonymous
substitutions previously reported in the work of [5] were considered for the evaluation.

The sample was extended with non-sequenced mares belonging to the 75 lineages
that were previously analyzed [5]. This was done based on the finding that all mares
belonging to the same lineage have identical haplotypes regarding the non-synonymous
mitochondrial substitutions. For 2020, HOL-EBVs for studbook inspection (SBI) and mare
performance test (MPT) were estimated for 17,745 and 8167 mares, respectively. FN-
EBVs were available for 13,920 mares. The mares were born between 1944 and 2017 and
assigned to maternal lineages, which made up 17.4% of all lineages of the current breeding
population and to which 56.4% of all active broodmares can be assigned. The number of
mares per lineage in the current data sets ranges from 16 to 998 for the FN-EBVs, 28 to 1248
for the EBVs for studbook inspection (SBI-EBVs), and from five to 520 for the EBVs for
mare performance test (MPT-EBVs). In both genetic evaluation systems, the majority of
lineages was represented by 50 to 200 mares. Based upon previous results from the work
of [5], the lineages can be assigned to eight different haplogroups defined by the authors
of [12]. Table 1 shows the number of lineages, the number of sequenced mares, and the
total number of mares per haplogroup in this sample.
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Table 1. Overview of the data set and distribution of lineages among haplogroups.

Haplogroup a Number of Lineages
Number of

Sequenced Mares

Number of Total Mares with b

FN Breeding
Values c

SBI Breeding
Values

MPT Breeding
Values

B 24 72 3091 3952 1618
D 4 13 290 352 120
G 9 33 2099 2590 1057
I 5 14 817 1053 420
K 1 3 112 150 42
L 16 78 3646 4650 1716
N 13 11 2209 2770 1016
P 3 47 707 930 345

Total 75 271 12,971 16,447 6334

a Haplogroups are assigned according to the work of [12]. b Number of mares with breeding values with a
reliability ≥ 30%. c Number of mares varies between traits, as indicated in Table 2. The values shown here are
those of the trait “dressage and show jumping competitions of young horses” (ABP) jumping with the highest
number of mares.

2.2. Phenotypic Data

HOL-EBVs and FN-EBVs were used as targets for this study. All breeding values
were routinely standardized with a mean of 100 and a standard deviation of 20 points
by FN and HOL. For this study, only breeding values with a reliability ≥30% were used,
leading to a loss of 1298, 1833, and 949 mares with breeding values for SBI, MPT, and FN,
respectively. Reliabilities for HOL-EBVs were provided summarized for all SBI and MPT
traits, respectively. Heritability estimates for all traits were moderate, except for the traits
forehand and hindquarters that show low heritability estimates.

2.3. Data Analysis

Association testing was performed in PLINK version 1.9 software [13] using the
ASSOC function. We excluded 50 mtSNPs that did not reach the minor allele frequency
(MAF) of more than 1%, thus, leaving 51 mtSNPs for the association analysis. The mtSNPs
were named according to their position (bp) on the mitochondrial genome as they have not
been previously reported in other breeds. The Bonferroni-corrected significance threshold
was p < 5 × 10−4, but we defined a significance threshold of p < 5 × 10−8 to avoid too
many false positive results. The pairwise linkage disequilibrium (LD) was calculated as the
correlation between mtSNP pairs (r2) using the Haploview software [14]. Values of r2 = 1
and r2 = 0 are illustrated in black and white, respectively, with different shades of gray for
the intermediate values. For mtSNPs in perfect LD (r2 = 1), only one mtSNP was stated in
all further evaluations. The results were visualized with the software Synthesis-View [15].
Further statistical analyses were performed using R version 4.0 [16].

3. Results

A sample of 5302–12,971 mares with FN-EBVs, 16,447 mares with SBI-EBVs, and
6334 mares with MPT-EBVs was used, where only EBVs with a reliability above 30% were
considered. Table 2 provides an overview of the complete data set used for the analyses
and the descriptive statistics for EBVs and reliabilities, respectively. The average EBV of the
genetic evaluation of the FN ranges between 82.26 (±12.01) for the trait “sport and breeding
tests for young horses” (JPf) dressage and 109.37 (±18.95) for the trait “highest level in
competition” HEK jumping. There are differences between the average EBVs of the different
disciplines: while average EBVs for dressage traits, including basic gaits and rideability,
range between 82.26 (±12.01) and 89.95 (±12.35), those for show jumping are always above
100, with one exception for the trait ABP jumping (99.09 ± 13.87). For SBI, average EBVs
range between 90.82 (±22.45) and 95.34 (±19.88) for the traits HOL hindquarters and
HOL type, respectively. The average EBV for MPT range from 85.10 (±22.14) for HOL free
jumping to 98.81 (±23.54) for HOL walk.
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Table 2. Descriptive statistics of the breeding values and reliabilities estimated on behalf of the FN and
on behalf of the Holstein Breeding Association for studbook inspection and mare performance test.

Breeding Value a Reliability

Trait b n Mean (SD c) Range Mean (SD c) Range

FN genetic evaluation

TSP jumping 12,656 105.86 (13.95) 48−148 41.82 (5.50) 30−75
TSP dressage 11,045 86.58 (9.18) 56−136 35.96 (3.92) 30−66
ABP jumping 12,971 99.09 (13.87) 31−137 48.75 (7.64) 30−78
ABP dressage 12,231 84.83 (12.00) 34−147 43.41 (7.19) 30−68

ZP walk 12,482 86.55 (10.41) 39−136 44.51 (8.59) 30−71
ZP trot 12,482 82.48 (12.01) 31−141 48.12 (10.82) 30−76

ZP canter 12,724 88.45 (13.04) 29−143 48.04 (10.33) 30−75
ZP rideability 12,701 85.32 (12.65) 34−143 47.15 (9.83) 30−74

ZP free jumping 12,587 104.56 (16.01) 45−149 43.60 (7.01) 30−71
ZP parcours jumping 12,599 102.17 (13.61) 44−142 40.59 (4.59) 30−70

JPf jumping 12,918 101.45 (16.58) 31−148 48.09 (6.83) 30−79
JPf dressage 12,918 82.26 (13.74) 24−149 49.81 (11.06) 30−77
ZP jumping 12,823 103.46 (16.39) 43−149 44.20 (5.95) 30−72
ZP dressage 12,696 82.78 (13.59) 24−149 51.13 (12.38) 30−80

HEK jumping 10,711 109.37 (18.95) 50−178 48.15 (7.96) 30−81
HEK dressage 5302 89.95 (12.35) 60−161 35.03 (4.77) 30−63

Studbook inspection

HOL type 16,447 95.34 (19.88) 10−169 58.27 (3.83) 30−83
HOL topline 16,447 94.58 (20.97) 5−168 58.27 (3.83) 30−83

HOL forehand 16,447 92.48 (20.85) 4−165 58.27 (3.83) 30−83
HOL hindquarters 16,447 90.82 (22.45) 4−173 58.27 (3.83) 30−83

HOL correctness of gaits 16,447 94.94 (19.68) 11−187 58.27 (3.83) 30−83
HOL impulsion 16,447 95.19 (19.69) 13−189 58.27 (3.83) 30−83

Mare performance test

HOL walk 6334 98.81 (23.54) 3−214 52.13 (7.83) 30−69
HOL trot 6334 96.83 (22.19) 12−187 52.13 (7.83) 30−69

HOL canter 6334 94.19 (21.91) 4−189 52.13 (7.83) 30−69
HOL rideability 6334 94.59 (22.81) 11−200 52.13 (7.83) 30−69

HOL free jumping 6334 85.10 (22.14) 3−149 52.13 (7.83) 30−69
a Only breeding values with a reliability ≥ 30% are considered. b TSP = show jumping and dressage competitions,
ABP = show jumping and dressage competitions of young horses, ZP = own performance tests of mares and
stallions, JPf = sport and breeding tests of young horses, HEK = highest level in competition, HOL = Holstein
Breeding Association. c SD = Standard deviation.

20 mtSNPs were significantly associated with FN-EBVs. Associations were found for
all traits except for HEK dressage. The name and position of the significant SNPs on the
mitochondrial genome, as well as the −log10 (p-values) and the estimated effect sizes, are
shown in Figure 1, where the values for the different traits are indicated in different colors.
The red line specifies the significance threshold of p < 5 × 10−8. Additionally, r2 between
mtSNP pairs is shown. Only significant mtSNPs with p < 5 × 10−8 are depicted.

A total of eight mtSNPs were associated with the SBI-EBVs. Two of the significant
mtSNPs were also associated with FN-EBVs. The other six are exclusively significant for
SBI-EBVs. For MPT, 14 mtSNPs are significantly associated with the EBVs walk, canter, and
rideability. Thirteen mtSNPs of them are also significant for FN-EBVs.

Comparisons of the average EBVs of the two alleles for each significant mtSNP were
performed for each trait. The results for the association between FN-EBVs and mtSNPs are
shown in Table A1. It further indicates the percentage of maternal lineages in a haplogroup
carrying the minor allele. For example, the minor allele of the mtSNP mtDNA_2216 occurs
in all four maternal lineages of haplogroup D, and these mares have an average EBV for
the trait TSP jumping that is 5.29 points higher compared to the remaining mares studied.
All maternal lineages of haplogroup B carry the minor alleles of two mtSNPs that are
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associated with higher EBVs in all dressage traits. All maternal lineages of haplogroup D
have higher EBVs in six out of eight dressage traits and additionally in TSP jumping and
HEK jumping. In haplogroup L, two sub-haplogroups consisting of three and one maternal
lineages, respectively, show significant differences compared to the remaining sample. One
sub-haplogroup shows lower EBVs in all jumping traits except HEK jumping, while the
second sub-haplogroup has lower EBVs in six dressage traits. All maternal lineages of
haplogroup N are characterized by reduced EBVs in trot and canter. Additionally, about
three-quarters of them also show lower EBVs in four dressage traits and in free jumping.
There is one mtSNPs whose minor allele occurs in 13 maternal lineages from five different
haplogroups, and that is associated with higher EBVs in HEK jumping.

Figure 1. Mitochondrial SNPs significantly associated with breeding values. Association analyses
were performed to identify mtSNPs associated with (A) FN breeding values, (B) breeding values
for studbook inspection, and (C) breeding values for mare performance test. Only mtSNPs with
p < 5 × 10−8 (indicated by the red line) are illustrated and are plotted according to their position
on the mitochondrial genome. The values for the different traits are shown in different colors. LD
between mtSNPs was measured as r2 using Haploview software.

The results from the association analysis between SBI-EBVs and mtSNPs are shown
in Table A2. All maternal lineages of haplogroup P show higher breeding values in HOL
type, HOL hindquarters, and HOL impulsion. A sub-haplogroup of haplogroup G carries
the minor allele of one mtSNP is associated with lower EBVs in HOL hindquarters, HOL
correctness of gaits, and HOL impulsion. Besides this, only three single maternal lineages
from three different haplogroups have significantly different EBVs in the six SBI traits.

Table A2 also provides the results from the association analysis between MPT-EBVs
and mtSNPs. Significant associations could be found for the three traits HOL canter, HOL
walk, and HOL rideability, with all maternal lineages from haplogroup B showing higher
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EBVs for these traits. For HOL canter and HOL rideability, all maternal lineages from
haplogroup B have higher EBVs, while all maternal lineages from haplogroup N have
lower EBVs compared to the remaining sample.

4. Discussion

This study presents the first association analysis between mitochondrial variants and
EBVs estimated for a show jumping breed and revealed that the mtDNA and, thus, maternal
lineages were significantly associated with sport performance. A representative sample of
Holstein mares was used, of which 1.51%, 1.62%, and 1.41% of the mares for SBI, MPT, and
FN, respectively, were sequenced. As mitochondrial haplotypes were found to be highly
consistent within maternal lineages [5], haplotypes of their respective maternal lineage
were assigned to non-sequenced mares. Pedigree errors, and thus, incorrect assignment
into maternal lineages, cannot be completely ruled out, but our previous study has shown
that documentation of pedigrees in the Holstein breed is very accurate [5]. FN-EBVs and
HOL-EBVs were used as phenotypes, although the use of EBVs in association studies
remains controversial due to presumed high false discovery rates [17]. To reduce the risk of
false positive results and, nevertheless, obtain reliable results, a large number of samples,
ranging from 6334 to 16,447, and a stringent significance threshold that differs from the
Bonferroni-corrected significance threshold was used.

4.1. Mitochondrial Variants

A total of 51 non-synonymous mtSNPs were used for the association analyses. A total
of 24 different mtSNPs could be associated with the examined EBVs. As can be seen in
Figure 1, many of them are highly correlated, which is not surprising since the mtDNA does
not recombine. The number of associated mtSNP pairs and triplets in total LD is shown
in Table 3. Additionally, it provides an overview of the mtSNPs used for the association
analyses and the results, including the total number of significantly associated mtSNPs
and the number of associated mtSNPs for HOL- and FN-EBVs. The associated mtSNPs are
located in the 12 mitochondrial genes s-rRNA, l-rRNA, ATP8, COX2, COX3, CYTB, ND2,
ND3, ND4, ND4L, ND5, and ND6. The rRNA genes are involved in mitochondrial protein
synthesis, and the protein-coding genes encode for subunits of complex I, III, IV, and V of
the mitochondrial respiratory chain [18].

Table 3. Overview of mtSNPs used for mitochondrial association analyses and description of associ-
ated mtSNPs.

Genetic Data

Total number of substitutions 467
Non-synonymous mtSNPs 101

Non-synonymous mtSNPs with MAF > 0.01 51

Results

Total number of associated mtSNPs 24
Number of mtSNPs associated with FN-EBVs a 20

Number of mtSNPs associated with HOL-EBVs b 20

Number of mtSNP pairs in total LD (r2 = 1) 4
Number of mtSNPs triplets in total LD (r2 = 1) 2

a Breeding values estimated by the Fédération Équestre Nationale. b Breeding values estimated by the Holstein
Breeding Association.

Considering the FN-EBVs, the same mtSNPs are significant for the traits ZP trot and
ZP canter, which is in accordance with the high genetic correlation (rg = 0.69) of these
traits [9]. ZP rideability also shows high concordance with the two traits with respect to the
significant mtSNPs, and again, this is in line with the high positive genetic correlation of
rg = 0.67 for both ZP trot and ZP canter [9]. The EBVs for JPf dressage and ZP dressage are
derived, among others, from the above-mentioned EBVs (Supplementary File S1, Table S1)
and, predictably, show the same significant mtSNPs. It has already been reported that gaits
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and rideability are highly correlated with dressage traits in German warmblood breeds [19].
Furthermore, it can be observed that different mtSNPs are significant in the dressage
and jumping traits. Noteworthy is, e.g., the variant mtDNA_2607, which is significantly
associated with the six jumping traits (TSP jumping, ABP jumping, ZP free jumping, ZP
parcours jumping, JPf jumping, and ZP jumping) but has no effect on the dressage, gait,
and rideability traits. The minor allele is associated with lower EBVs in all jumping traits.
Similar observations were made for the EBVs of MPT. The traits HOL canter and HOL
rideability show high agreement in terms of significant SNPs, while two different mtSNPs
are significant for the trait HOL walk. Additionally, a comparison between the genetic
evaluations of the FN and the Holstein Breeding Association revealed that almost the same
mtSNPs are significant for the traits walk, canter, and rideability, which was expected since
the correlations between the FN-EBVs and HOL-EBVs for the gaits and rideability are high,
ranging from 0.91 to 0.92. Nevertheless, EBVs for traits from MPT estimated on behalf of
the FN and on behalf of HOL were used for the evaluations since HOL-EBVs are estimated
population-specific, while FN-EBVs are estimated jointly for all German warmblood breeds.
For the conformation traits HOL type, HOL topline, HOL forehand, and HOL hindquarters
derived from SBI, six exclusive mtSNPs are significant that did not occur in other traits.
When performing analogous analyses for other breeds, it is therefore recommended to
consider population-specific EBVs besides FN-EBVs.

4.2. Mitochondrial Haplogroups and Performance

In a previous investigation, we could assign the maternal lineages to eight haplogroups,
whereby all mares from one lineage belong to the same haplogroup. Within a haplogroup,
the mtDNA sequences of mares are very similar [5]. Taking into account the previous
and current results, some further conclusions can be drawn. In all maternal lineages of
haplogroup B, variations occur that were associated with higher EBVs in the dressage traits
of the FN genetic evaluation, as well as higher EBVs for the basic gaits and rideability.
Consequently, a pronounced dressage ability could be attributed to the 24 lineages of this
haplogroup. Haplogroup D shows partly the same variations as haplogroup B resulting in
higher EBVs in the dressage, gait, and rideability traits. This is in accordance with previous
results, where these two haplogroups show the lowest genetic differentiation in the overall
comparison and thus, share large parts of their mtDNA sequence [5]. Additionally, the
four lineages representing haplogroup D show higher EBVs for two jumping traits, and
thus, this haplogroup could be characterized as more versatile. There are three sub-groups
auf haplogroup L, each differing from the rest of the sample: one sub-group composed
of one lineage shows lower EBVs in two dressage traits, as well as basic gaits, rideability,
and five traits derived from SBI. Another sub-group of three lineages shows reduced EBVs
for all jumping traits estimated by the FN, except for HEK jumping. This group seems to
be less predestined for elite show jumping performance. In contrast, the third sub-group
consisting of six lineages seems to be more successful in show jumping. Noteworthy, all
lineages of haplogroup P seem to be particularly in line with the preferred breed type,
combined with strong hindquarters and impulsion. All lineages of haplogroup N have
comparatively low EBVs for trot, canter, and rideability. Additionally, 10 of the 13 lineages
are characterized by lower EBVs regarding dressage and free jumping.

The overall comparison shows that there is no haplogroup that stands out for special
jumping ability. It rather shows, especially regarding the trait HEK jumping, that only
single maternal lineages or sub-groups show higher EBVs. This indicates that the Holstein
population is on an equal level regarding its jumping ability with high mean breeding
values for all jumping traits (Table 2), which is in line with the breeding goal of the Holstein
breed with a strong focus on show jumping ability. Mean FN-EBVs for dressage traits were
always below 100, even for the favorable allele. This is because FN-EBVs were estimated,
including all German warmblood breeds, thus, including a couple of horse breeds from
breeding associations that put a higher emphasis on dressage performance.
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The impact of mitochondrial variation on performance has already been studied inten-
sively in humans, where a total of 18 mitochondrial genes have been shown to be associated
with fitness and performance phenotypes [20]. For example, the work of [21] found signif-
icant differences in the frequencies of two haplogroups in Finnish endurance and sprint
athletes. Mitochondrial haplogroups are also associated with endurance performance in
Spanish and Japanese humans [22,23]. In parallel, respective research in horses has mainly
focused on racing performance. Thoroughbreds [24] identified haplotypes associated with
racing performance at different distances, and [3] reported a mutation in the mitochondrial
16S rRNA gene associated with low racing performance. Corresponding studies are lacking
for warmblood breeds. However, there are some studies that statistically examined the
influence of maternal lineages on sport performance. Polish jumping breeds and their
performance during the three-day Polish Championships for Young Horses were studied
by the authors of [25]. The maternal impact, defined as the proportion of the total variance
explained by the maternal additive genetic variance, was high for all traits (jumping style
score, penalty score for each day, and overall rating), ranging from 0.11 to 0.39. In Holstein
horses, the work of [26] investigated the effect of the maternal lineage on traits recorded dur-
ing studbook inspection and mare performance test. Up to 0.9% of the phenotypic variation
could be explained by the maternal lineage for traits recorded at studbook inspection. The
strongest effect was found for hindquarters [26]. For the mare performance test, maternal
lineages explained up to 2.1% of the variation with the highest value for the trait canter
under the rider. In racehorses, there is a commercially genetic test available (Equinome
Speed Gene Test; PlusVital, Dublin, Ireland) to predict the aptitude for racing performance
based on nuclear variation. Accuracy of testing could be enlarged by considering also results
from mitochondrial association studies. Furthermore, the results can be considered for the
implementation of genomic selection in horses and the design of the SNP chip.

4.3. Limitations

When interpreting the results, it must be considered that only the mtDNA was ex-
amined. Since the majority of mitochondrial proteins are nuclear-encoded, interactions
between the mitochondrial and nuclear genome are to be expected. However, the results are
striking, as mitochondrial variations cause average EBVs that differ in 1.19 to 12.27 points,
although the mitochondrial genome represents only a very small part of the total DNA.
Furthermore, we were not able to adjust for close maternal relationships on the genomic
level, where mares belonging to the same lineage or haplogroup will probably also show
more similarities with regard to the nuclear genome [27]. Nevertheless, the mares in the
enlarged data set were only selected based on their maternal lineage, where even distant
maternal relatives share mtDNA independently from their genomic relationship. It should
be noted, however, that sires are not evenly distributed across maternal lineages, which
could have led to overestimation.

Since multiple mitochondria and multiple copies of the mtDNA exist in a cell, both
original and mutant mtDNA molecules can co-occur [6]. This phenomenon, known as
heteroplasmy, is specific for mtDNA and caused by de novo mutations occurring either
in the germline or in the somatic tissues. Heteroplasmy could not be considered in this
study because we used Sanger sequencing, which is not sensitive enough to detect it. Next-
generation sequencing technologies with sufficient coverage would enable the detection of
heteroplasmy even at low levels. Total mtDNA sequences could thus be sequenced with
higher accuracy and should be applied for further investigations of mtDNA. However, the
analysis of mtDNA using Sanger sequencing did not indicate the presence of heteroplasmy,
as mainly unambiguous signals were found in the chromatograms. In case of ambiguous
signals, sequencing of the respective sequence segment was repeated and confirmed the
absence of heteroplasmy. However, the proportion of mutant mtDNA in a cell could
possibly have an impact on the expression of a phenotype. Furthermore, there might
be differences in the degree of heteroplasmy between tissues, which was not considered
in this study because only hair samples were examined [28]. Analysis of mtDNA of
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tissues essential for energy supply could be insightful but would only be possible in
horses for slaughter. However, not all horses are registered as animals for slaughter as
this is accompanied by a restriction in drug administration. Thus, the sample would be
less representative. Due to the above-mentioned limitations and considering that upscaling
from a low number of mares with mtSNP genotypic data to the whole population was
performed, the interpretation of the results should be treated with caution. Although
this study demonstrates the great potential of mitochondrial association studies and the
importance of mitochondrial variation for performance traits, it also shows that more
research is needed to simultaneously account for nuclear and mitochondrial relatedness
and thus, preventing a misinterpretation of the results.

5. Conclusions

This study is the first study performing a mitochondrial association study in warm-
blood horses for sport performance traits. A representative sample of Holstein mares
from 75 maternal lineages was used to which more than half of all active broodmares can
be assigned. Mitochondrial variants in 12 different genes were shown to be associated
with HOL-EBVs and FN-EBVs. The entire population shows a high level of jumping abil-
ity, however, with maternal lineages that stand out both positively and negatively. An
enlargement of the sample with further maternal lineages is recommended since many
mtSNPs have been excluded due to low MAF, and especially mtSNPs occurring in single
sub-haplogroups have been found to be associated with the EBVs. Conclusively, the results
provide evidence to revise the current genetic evaluation models by including information
on maternal lineages. However, further work is needed to quantify the benefit of extended
genetic evaluation models.
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Simple Summary: The main goal in selecting racehorses for breeding is usually monetary earnings,
and animals that earn the highest amounts of money are usually selected for breeding. These animals
are not always the fastest on the racecourse because there are several competitions where the animals
were faster but the prize money for the winners was lower. This practical strategy meant that the
fastest racehorses were not always selected for breeding. The present study evaluated several traits
through the results of heritability, genetic correlations and trends. Results from this study indicate
that when we evaluated the earnings trait together with other important traits, the best values were
observed. The selection process for the best sires and dams should be performed through two stages:
first, by evaluating the animals that obtained the best times and, in the second stage, by evaluating
the animals that had the highest monetary earnings. The design of breeding programs using the
earnings trait in conjunction with another racing performance trait can change the results observed
and improve genetic gains for speed racing Quarter Horses around the world.

Abstract: The aim of this study was to evaluate the sprint racing performance of Quarter Horses in
Brazil. Estimating genetic parameters, trends and correlations were obtained by single- and two-trait
analyses using Bayesian inference (earnings to 2 years of equestrian age, best time and time class
at distances of 301 m and 402 m). The data comprised a period of 38 equestrian years (1978 to
2015) with 23,482 sprint race records from 5861 animals. The heritability estimates were of low to
moderate magnitude, ranging from 0.10 to 0.37 (single-trait) and from 0.15 to 0.41 (two-traits), and the
repeatability was 0.31 to 0.46. The additive, residual and phenotypic correlations between earnings to
2 years of equestrian age and the other traits (best time and time class in distances 301 m and 402 m)
were high (−0.95, −0.96, 0.69 and 0.92), low (−0.29, −0.37, 0.26 and 0.27) and moderate (−0.41,
−0.47, 0.37 and 0.47), respectively. There is a positive genetic trend for all traits considered. However,
evaluation of the last 10 equestrian years (2006 to 2015) showed negative trends (genetic loss) and
trends close to zero (genetic stagnation). The design of breeding programs using the earnings trait in
conjunction with other racing performance traits can enhance changes in the genetic gains as a whole
in speed-racing Quarter Horses. These findings suggest that the traits studied should be included in
breeding selection programs for racing Quarter Horses.

Keywords: equine; heritability; racecourse; racehorse; speed
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1. Introduction

The genetic origin of the Quarter Horse (QH) breed dates back to the 17th century,
when English mares were bred with stallions from the regions of present-day Saudi Arabia
and Turkey. The QH has become one of the largest and multifunctional horse populations in
the world [1]. The use of QHs in family outings, working with cattle, Western competitions
and sprint races has been preserved since the formation of the breed (17th century) until
the 21st century. The official start of modern sprint QH races occurred in 1943 in the United
States (Tucson, Arizona). In Brazil, information about the beginning of QH races is lacking,
but zootechnical records date back to July 1978 (Sorocaba, São Paulo).

In evaluations of the racing performance of QHs in several studies, different methods
have been used concerning the phenotypic traits of finish time [2], such as the ANOVA
method and the effects of age and sex, with a range of 0.00 to 0.38 for heritability (h2). For
the traits of time and final rank [3], the animal model by REML was used and included
random animal and permanent environmental effects with racing, sex, age and origin as
fixed effects; the resulting h2 ranged from 0.13 to 0.17. For race time and speed index [4],
estimates were obtained by the MTGSAM program using animal models including the
random additive genetic effect, random permanent environmental effect and the fixed
effects of sex, age and race, with h2 ranging from 0.14 to 0.41. Earnings [5] were estimated
by Bayesian inference (GIBBS2F90), and included the effects of sex, year of racing and
animal in all analyses, with h2 ranging from 0.19 to 0.21. For the time class [6], the analyses
used the same method as the previous study [5], and h2 values ranged from 0.45 to 0.56. On
the other side, evaluating the racing performance of the most well-known breed of horse
(Thoroughbred), many phenotypic traits for a single purpose (racing performance) have
been presented over the last several decades (1950 to 2010). In the review [7], 15 phenotypic
traits for racing performance were presented and distributed in three categories, time and
its several variations (final, best and average time), handicap or similar performance ratings
(categorical traits), earnings (annual, star, average and log earnings) and morphology
(standard and measures).

Genetic evaluations for racehorses based on three different traits (money earnings,
time and score) using the same database and animal model, to our knowledge, have not
yet been observed in the literature. The possibility of evaluating three traits of different
categories (earnings, time and time class as categorical traits) with the same database will
provide more complete information, with discriminatory analysis. It also allows the genetic
evolution of traits over the years and the relationship between the earnings trait and other
traits to be verified. This is especially important for the earnings trait (i.e., money earned
by the horse for its owner) since it is considered the most important trait.

The use of earnings as a trait in horses was first reported in 1948 [8], who called it the
Average Earnings Index. This trait was altered in 1977 [9] and named the Standard Starts
Index. The trait was later denominated as earnings in 1980 [10]. In the QH breed, earn-
ings showed moderate heritability estimates (0.19 to 0.28) and positive genetic trends [5],
suggesting its inclusion in selection programs. The phenotype of final time is widely used
in the genetic evaluations of racehorses [7]. Within this context, the best time trait, which
represents the fastest time of all races of a given animal, is the trait most used as a selection
criterion [11]. The categorical trait time class unites animals in categories based on the time
obtained by the winner of the race. Thus, the minimal differences between competitors
are disregarded, suggesting that they are of environmental and non-genetic origin. For
the time class trait in QH [6], high heritability and repeatability estimates were reported,
suggesting the application of this trait in selection programs. The authors suggested that
these animals be evaluated at a younger age and separately for each distance.

The aim of this study was to evaluate the sprint racing performance of Quarter Horses
in Brazil by single- and two-trait analyses, estimating genetic parameters and trends for
earnings at 2 years of equestrian age (E2), best time (BT) and time class (TC) at distances of
301 m (BT301 and TC301) and 402 m (BT402 and TC402), using the same database in the
evaluation of the different traits.
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2. Materials and Methods

2.1. Data Description

The sprint race records of QHs were provided by the Sorocaba Jockey Club and
contained information for the period from July 1978 to June 2016. The races occurred in five
racecourses in the cities of Sorocaba, São Paulo, Ribeirão Preto, Jaú and Avaré, all of them
in the state of São Paulo, Brazil. There were 23,482 records from 5861 animals (42.2% males)
compiled from 5138 races. The records corresponded to distances of 275, 301, 320, 365 and
402 m (1072; 6579; 2726; 5682 and 7423 records, respectively). The data analyzed account
for a considerable proportion (single measures 57.8% of the total animals and repeated
measures 55.2% of total records) of QH racehorses in Brazil (July 1978 to June 2016). For a
better interpretation of the data, graphs were created showing the distribution of records
by trait (Supplementary Figure S1a,b).

The equestrian age class of the horse is determined by the equestrian year regardless
the date of birth. In the southern hemisphere, the equestrian year starts on July 1 and lasts
until June 30 of the following year. In the present study, equestrian age classes of 2, 3, 4 or
more years were used. To evaluate all QH animals with performance in each of the traits,
the results of the genetic values and trends were analyzed separately by sex, breeding
animals and equestrian ages. In the groups of horses evaluated (Table 1), 42.2% were males
and, of these, 154 are breeding stallions (parents of 1676 athlete horses) with an average of
10.2 progenies; 57.8% were females, of which 964 are brood mares (mothers of 2811 athlete
horses) with an average of 2.9 progenies, evaluating a total of 1118 breeders.

Table 1. Descriptive statistics of the five racing traits and their respective phenotypic means in sprint
racehorses of the Quarter Horse breed in Brazil.

Item

Trait

Single Measures Repeated Measures

E2 ± sd
(log10 $)

BT301 ± sd
(s)

BT402 ± sd
(s)

Total
(No.)

TC301 ± sd
(pt)

TC402 ± sd
(pt)

Total
(No.)

Mean trait 3.05 ± 0.91 17.33 ± 0.68 23.06 ± 1.13 - 3.63 ± 1.05 3.42 ± 1.18 -
No of animals a and records b 1900 a 3365 a 3318 a 5861 6579 b 7423 b 23,482
No of males a and records b 860 a 1436 a 1438 a 2474 2909 b 3415 b 10,335

No of females a and records b 1040 a 1929 a 1880 a 3387 3670 b 4008 b 13,127
No of stallions c and records d 51 c 92 c 132 c 154 296 d 503 d 1227
No of mares c and records d 314 c 538 c 691 c 964 1177 d 1772 d 4982

E2, earnings at 2 years of equestrian age; BT301 and BT402, best time at 301 and 402 m; TC301 and TC402, time
class at 301 and 402 m; sd, standard deviation; log10 $, base 10 logarithm to dollars; s, seconds; pt, points; No.,
number; a, total animals, males and females evaluated in single traits E2, BT301 and BT402 (single measures);
b, total records evaluated in repeated trait TC301 and TC402 (repeated measures) belonging to the animals
evaluated in the BT301 and BT402 traits, respectively; c, total breeding stallions and broodmares with racing
records in Brazil and evaluated in single traits E2, BT301 and BT402 (single measures); d, total records evaluated
in repeated trait TC301 and TC402 (repeated measures) belonging to the breeding stallions and broodmares with
racing records in Brazil and evaluated in the BT301 and BT402 traits, respectively.

2.2. Description of the Traits and Data Files
2.2.1. Earnings

Earnings represent the sum of monetary prizes earned by a horse over its lifetime
career or at a specific age or period. In the present study, considering that 74.9% of
the horses participated in their first race at 2 years of equestrian age and following the
recommendations by Silva et al. [5], earnings at 2 years of equestrian age (E2) was defined as
the trait. The prize money won at 2 years of equestrian age was obtained at different times
(from 1978 to 2015) and in different Brazilian currencies [12]. The values obtained [5] were
then converted to international currency (USD), and the monetary update was obtained for
June 2019 [13]. Since the phenotypic values of E2 showed no normal distribution, log10
transformation was applied [14]. For the analysis of E2, only the records of races that
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had at least 1 or more monetary prizes were considered [15], resulting in a data file of
1900 animals, whose total prize moneys were summed when the animals had competed at
the age of 2 equestrian years (Table 1).

The justification for evaluating E2 (2 years of age) was the possibility of selecting ani-
mals for breeding at the beginning of their performance career, the large number of records
at 2 years of equestrian age available and the conclusions of other studies and authors [5,16].
The monetary prizes of the 1900 animals (E2) were related to 2963 classifications obtained
at 2 years of age (37.8% of the total monetary prizes distributed between the years of
1978 and 2015 in Brazil). The monetary prize distributions of the 2963 classifications were
obtained from the 1st to the 8th place, distributed as follows: 1st place (1054 monetary
prizes), 2nd place (956 monetary prizes) and 3rd place (822 monetary prizes), and the 4th,
5th, 6th, 7th and 8th places have a collective total of 131 monetary prizes.

2.2.2. Best Time

The best time (BT) of each animal was defined as the fastest final time of all races
at a given distance in which the animal competed. In the present study, the distances of
301 m (BT301) and 402 m (BT402) were evaluated, with 3365 and 3318 individual records
(animals), respectively (Table 1). The final times were recorded by automatic electronic
timing in seconds.

2.2.3. Time Class

The time class (TC) trait was divided into five different classes based on the final times
(in seconds) of each race [6]. The scores for the formation of the classes were attributed
within each race based on the percent difference in relation to the winner’s time. Class 5
includes animals with a final time <0.10% in relation to the winner’s final time, including
the winner. Classes 4, 3, 2 and 1 include animals with a final time of 0.11% to 1.0%, 1.01%
to 3.0%, 3.01% to 5.0% and >5.0% in relation to the winner’s final time, respectively. The
phenotypic values of TC are repeated measures of the animals and were evaluated at
distances of 301 m (TC301), with 6579 records, and 402 m (TC402), with 7423 records
(Table 1).

The distance of 301 m (BT301 and TC301) was chosen because it provided the largest
number of records for the 21st century and for the first race of the animals. The distance
of 402 m (BT402 and TC402), corresponding to a quarter of a mile, was chosen because
of its importance for the breed and because it had the largest number of total records.
The selection of the traits is based on the importance they have, as determined in other
studies [5–7,16].

2.3. Analyses

Single-trait analyses were performed to obtain the variance components and to explore
the results compared to two-trait analysis. The latter was carried out considering E2 as
the anchor trait and changing the other traits one by one, i.e., computing E2 with BT301
(3967 animals), E2 with BT402 (3946 animals), E2 with TC301 (7695 records) and E2 with
TC402 (9088 records).

The model used for E2 included the fixed effects of equestrian year of birth, sex and
number of starts as a covariate [10], in addition to additive genetic and residual effects.
For BT301 and BT402, the model included the fixed effects of equestrian year of birth, sex,
equestrian age class and racecourse, as well as additive genetic and residual effects. For
TC301 and TC402, the model included the systematic effects of sex, equestrian age and
racecourse, and the random effects of animal, the permanent environment effects of the
animal and residual effects.

The pedigree file used in all analyses contained 11,425 animals. The quality of the
genealogical information was 5.5 ± 1.2 known equivalent generations [17], with 1855 sires
and 4858 dams.
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All models used for the evaluation of E2, BT301 and BT402 (linear) and of TC301 and
TC402 (threshold) can be written in matrix form as:

y = Xβ + Z1α + Z2c + e

where y is the vector of observations; β is the vector of fixed effects; α is the vector of the
direct additive genetic effects of the animal; c is the vector of permanent environmental
effects of the animal (only for TC301 and TC402); e is the vector of random residual effects,
and X, Z1 and Z2 are incidence matrices that relate the observations to the fixed effects,
random direct additive genetic effects and uncorrelated permanent environmental effects,
respectively.

For the threshold model (TC301 and TC402), it was assumed that the underlying scale
shows a continuous normal distribution described as:

U|θ ∼ N
(

Wθ, Iσ2
e

)

where U is the vector of the underlying scale of order r; θ’ = (β’, α’, c’) is the vector of the
location parameters of order s, with β being defined as systematic effects, α as additive
genetic effect and c as the permanent environmental effect of the animal; W is the known
incidence matrix of order r by s; I is the identity matrix of order r by r; and σ2

e is the residual
variance.

In the analysis of categorical variables, vectors β, α and c are location parameters
with a conditional distribution y|β, α, c. A uniform prior distribution was assumed for
β, which reflects vague prior knowledge about this vector. Inverse Wishart distributions
were attributed to the remaining components. Thus, the distribution of y, given the scale
parameters, was assumed to be:

(y|β, α, c, R) ∼ N[Xβ + Zαα + Wcc, IN R]

TC301 and TC402 are categorical traits that are determined by unobservable continu-
ous variables on an underlying scale, in which the initial threshold values are fixed: t1 < t2

... < tj − 1, with t0 = − ∞ and tj = ∞, where j is the number of categories. The categories or
scores of yi (TC trait) for each animal i are defined by Ui on the underlying scale:

Yi = (1) t0 < Ui ≤ t1; (2) t1 < Ui ≤ t2; (3) t2 < Ui ≤ t3; (4) t3 < Ui ≤ t4; (5) t4 < Ui ≤ t5, for i = 1, ..., n,

where n is the number of observations. After specification of the thresholds t0 to t5, 1 of
the thresholds (t0 to t5) needed to be adjusted to an arbitrary constant. In this study, t1 = 0

was considered, with the vector of estimable thresholds being defined as t = t2, t3 and t4.
According to the Bayesian approach, in the two-trait analyses involving continuous

(E2) and categorical (TC) variables, the initial distributions of the random genetic, uncor-
related and residual effects were assumed to follow a multivariate normal distribution
as follows:

p
( [

a1
a2

]∣∣∣∣G
)

∼ N
([

0
0

]
, G = G0 ⊗ A

)
, p

(
c1
c2

∣∣∣∣C
)

∼ N
([

0
0

]
, C = C0 ⊗ I

)
,

p
(

e1
e2

∣∣∣∣R
)

∼ N
([

0
0

]
, R = R0 ⊗ I

)

where G0 is the genetic variance and covariance matrix; C0 is the variance matrix of
uncorrelated effects; R0 is the residual variance matrix; ⊗ is the direct product operator; A

is the relationship matrix; and I is the identity matrix.
Initial distributions of the (co)variances were assumed as inverse Wishart distributions

for random genetic, uncorrelated and residual effects of the traits studied, including the
covariance between them. Uniform prior distributions were defined for the fixed effects
and thresholds. The degree of freedom corresponding to the inverse Wishart distribution,
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which indicates the level of reliability of the initial distribution (v), was flat for all initial
variances, i.e., it did not reflect the degree of knowledge about the parameters (v = 0) [18].

For single-trait analysis under linear and threshold animal models and two-trait anal-
ysis under linear–linear and linear–threshold models, Gibbs chains of 1,600,000 cycles for
E2 and of 1,100,000 cycles for the other traits were run, with burn-in periods of 600,000 and
100,000 cycles, respectively. These numbers were chosen after verification of the stationary
stage of the chain by graphical inspection [19]. The estimates were stored every 20 sam-
ples, totaling 50,000 samples. These samples were used to compute the posterior means,
standard deviations and 95% highest posterior density intervals (HPD95) of the variance
components, heritability, repeatability and genetic and residual correlations. The statistical
analyses were performed with the GIBBSF90 test and THRGIBBS1F90 programs [20]. The
latter was used for analysis of the categorical traits TC301 and TC402.

The results of single- and two-trait analyses were evaluated regarding convergence of
the chain using the POSTGIBBSF90 program [20]. The established chain lengths (1,100,000
and 1,600,000 cycles) and burn-in periods (100,000 and 600,000 cycles) were sufficient to
obtain convergence in the analyses [20]. The minimum effective sample size (ESS) of the
(co)variance components indicated the number of independent samples with information
equivalent to that present in the dependent sample [21]. The ESS estimates obtained in the
present study were higher than 200 cycles, indicating convergence of the Gibbs chain.

The posterior estimated breeding values (EBV) were obtained by BLUP procedures
using OPTION fixed_var mean [20] from the genetic and residual (co)variances obtained
in the final analysis of the present study. The description of the EBV for the 5 traits
corresponded to 1900 (E2), 3365 (BT301 and TC301) and 3318 (BT402 and TC402) animals
born between 1971 and 2014, a period comprising the first and last births of animals with
racing records in Brazil, respectively. The EBV for breeding stallions and broodmares over
the same period are also described. A t-test was used to compare means between groups.

Genetic trends were calculated by linear regression of EBVs on year of birth of the
animals (from 1971 to 2014). The results are presented in the form of graphs of the annual
means for the five traits and their respective linear trend lines.

3. Results

3.1. Heritability (h2) and Repeatability

The values of the additive genetic variation components (σ2
g ) were higher in all two-

trait analyses than the one-trait analyses (Table 2). The values of the residual variance
(σ2

e ) followed the same trend of σ2
g , with the exception of the two-trait analysis between

E2 × TC301 and E2 × TC402; in addition, the values of σ2
e were higher than the values

σ2
g (Table 2), the difference being more than double the σ2

e values in uni-trait analyses
(E2, BT301 and TC301) and two-trait analyses (E2 × BT301, E2 × BT402 and E2 × TC301,
BT301 × E2 and TC301 × E2). At longer distances (BT402 and TC402), smaller differences
were observed between the values of σ2

g and σ2
e (Table 2). The estimates of the permanent

environmental variance (σ2
c ) showed lower values than σ2

g and σ2
e .

The heritability (h2) estimates obtained in the single-trait analyses were low for E2,
BT301 and TC301 and moderate for BT402 and TC402 (Table 2). The shortest HPD95
intervals were observed for BT301 and BT402 and the highest interval was observed for
TC402 (Table 2). The repeatability estimates for the two TC traits were moderate.

The h2 estimates obtained in the two-trait analyses were higher than those of single-
trait analysis (Table 2). The h2 estimates continued to be low for the E2 when evaluated
with the distance of 301 m (E2 × BT301 and E2 × TC301) and moderate at the distance of
402 m (E2 × BT402 and E2 × TC402). Moderate h2 estimates were obtained for the distance
of 301 m (TC301 × E2 and BT301 × E2) and high estimates for the longest distance of 402 m
(BT402 × E2 and TC402 × E2). The central measures showed symmetry in the single- and
two-trait analyses, and the standard deviations showed small magnitudes, except for the
TC402 trait (Table 2).

113



Animals 2023, 13, 2019

The HPD95 intervals for the h2 estimates exhibited low to moderate variation in the
two-trait analyses. The highest interval was observed for E2 × TC402 (Table 2). The
repeatability estimates for the two TC traits were higher than those obtained in single-
trait analysis.

Table 2. Posterior estimates of heritability and repeatability (including the additive genetic, residual
and permanent environmental variation) in single- and two-trait analyses of E2, BT301, BT402, TC301
and TC40 in sprint racehorses of the Quarter Horse breed in Brazil.

Trait
Variation (σ) Heritability (h2)

ESS Repeatability
± sdσ2

g σ2
e σ2

c Mean ± sd Median Mode HPD95

E2

Single 0.05 0.44 - 0.10 ± 0.04 0.10 0.10 0.02 to 0.19 516 -

Two

BT301 0.08 0.44 - 0.16 ± 0.04 0.15 0.17 0.09 to 0.24 339 -
BT402 0.06 0.22 - 0.22 ± 0.03 0.22 0.22 0.18 to 0.31 938 -
TC301 0.07 0.41 - 0.15 ± 0.05 0.15 0.20 0.07 to 0.25 520 -
TC402 0.18 0.36 - 0.33 ± 0.14 0.33 0.33 0.08 to 0.55 235 -

BT301 Single 0.03 0.10 - 0.23 ± 0.04 0.23 0.23 0.15 to 0.32 2500 -
Two E2 0.04 0.13 - 0.24 ± 0.04 0.24 0.23 0.16 to 0.32 549 -

BT402 Single 0.16 0.25 - 0.39 ± 0.04 0.39 0.35 0.30 to 0.43 6250 -
Two E2 0.19 0.27 - 0.41 ± 0.04 0.41 0.40 0.33 to 0.49 4232 -

TC301 Single 3.04 12.18 2.48 0.17 ± 0.06 0.17 0.14 0.08 to 0.32 280 0.31 ± 0.09
Two E2 3.58 13.24 2.52 0.19 ± 0.06 0.19 0.20 0.10 to 0.34 581 0.32 ± 0.08

TC402 Single 1.92 3.79 0.68 0.30 ± 0.13 0.30 0.33 0.25 to 0.43 360 0.43 ± 0.19
Two E2 3.55 5.99 1.01 0.34 ± 0.13 0.34 0.40 0.20 to 0.55 248 0.46 ± 0.17

σ2
g , additive genetic variation; σ2

e , residual variance; σ2
c , permanent environmental variance; HPD95, 95% highest

posterior density; ESS, effective sample size; E2, earnings at 2 years; BT301, best time at 301 m; BT402, best time at
402 m; TC301, time class at 301 m; TC402, time class at 402 m; sd, standard deviation.

3.2. Genetic Correlations

The lowest and highest values of rg and rp were observed for the evaluation of
E2 × TC301 and E2 × BT402, respectively. The lowest estimates of rr were observed for
E2 × BT301, the highest values of rr were similar or equal for the other traits (Table 3). The
negative correlations between E2 and BT indicate that when E2 increases (greater earnings),
BT decreases (racing faster or completing races in a shorter time).

Table 3. Genetic, residual and phenotypic correlations between E2 and BT301, BT402, TC301 and
TC402 in sprint racehorses of the Quarter Horse breed in Brazil.

Trait
E2

rg ± sd rr ± sd rp ± sd

BT301 −0.95 ± 0.07 −0.29 ± 0.04 −0.41 ± 0.03
BT402 −0.96 ± 0.03 −0.37 ± 0.04 −0.47 ± 0.03
TC301 0.69 ± 0.13 0.26 ± 0.05 0.37 ± 0.04
TC402 0.92 ± 0.08 0.27 ± 0.09 0.47 ± 0.07

E2, earnings at 2 years; BT301, best time at 301 m; BT402, best time at 402 m; TC301, time class at 301 m; TC402, time
class at 402 m; rg, genetic correlation; rr, residual correlation; rp, phenotypic correlation; sd, standard deviation.

3.3. Estimated Breeding Values and Genetic Trends for Uni-Trait Analyses

The average EBVs above zero for traits E2, TC301 and TC402 and below zero (negative)
for BT301 and BT402 are considered, in both scenarios, positive EBVs, given that the lower
the value the better for the BT trait. Comparisons of EBV should be made within each trait
and not as a comparison between traits.
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The mean EBV between males and females (sex) indicated significant differences for
the evaluated traits, except for TC301, and males had higher EBVs than females in all traits
(Table 4). Between non-breeding and breeding animals, the EBVs of non-breeding animals
were significantly higher (p-value < 0.05) for traits BT301 and BT402, higher in TC301 (not
significant, p-value > 0.05), equal in the E2 trait and significantly lower than breeding
animals in TC402 (p-value < 0.05). Among sires and dams (stallions and mares), the EBVs
were significantly different and higher in stallions for E2 and TC402 and in mares for BT301
and BT402, with higher EBVs also being seen in mares for TC301, but the differences were
not significant. The EBVs within each trait regarding equestrian age (for E2; all other ages
were obtained from pedigree relationship) decreased with advancing age for all traits,
indicating the highest and lowest EBVs were observed for animals at 2 and 4 years of
equestrian age, respectively. With the exception of TC301, EBV differences between all ages
were significantly different (Table 4).

Table 4. Mean estimated breeding values of E2, BT301, BT402, TC301 and TC402 univariate traits for
all animals and according to sex, breeding animal and equestrian age in racehorses of the Quarter
Horse breed in Brazil.

Item
Trait Mean ± sd

E2 (log10 $) BT301 (s) BT402 (s) TC301 (pt) TC402 (pt)

Sex
Males 0.08 ± 0.20 a −0.34 ± 0.46 a −1.02 ± 0.90 a 0.66 ± 1.23 a 1.97 ± 1.67 a

Females 0.07 ± 0.19 b −0.26 ± 0.48 b −0.88 ± 0.91 b 0.53 ± 1.23 a 1.76 ± 1.69 b

Nonbreeding 0.08 ± 0.20 a −0.32 ± 0.48 a −0.96 ± 0.91 a 0.60 ± 1.22 a 1.82 ± 1.66 b

Breeding 0.08 ± 0.22 a −0.20 ± 0.47 b −0.83 ± 0.88 b 0.58 ± 1.31 a 1.96 ± 1.81 a

BA
Stallions 0.08 ± 0.23 a −0.16 ± 0.52 b −0.76 ± 1.01 b 0.56 ± 1.37 a 1.99 ± 2.21 a

Mares 0.07 ± 0.20 b −0.20 ± 0.46 a −0.84 ± 0.85 a 0.61 ± 1.29 a 1.95 ± 1.73 b

Age
2 years 0.08 * ± 0.21 a −0.32 ± 0.48 a −1.00 ± 0.90 a 0.63 ± 1.23 a 1.96 ± 1.68 a

3 years 0.06 * ± 0.16 b −0.23 ± 0.46 b −0.78 ± 0.90 b 0.47 ± 1.20 b 1.55 ± 1.68 b
4 years 0.04 * ± 0.15 c −0.13 ± 0.41 c −0.55 ± 0.85 c 0.32 ± 1.21 b 1.26 ± 1.59 c

Total 0.08 ± 0.19 −0.29 ± 0.47 −0.94 ± 0.90 0.58 ± 1.23 1.85 ± 1.69

E2, earnings at 2 years; log10 $, base 10 logarithm to dollars; BT301, best time at 301 m; s, seconds; BT402, best
time at 402 m; TC301, time class at 301 m; pt, points; TC402, time class at 402 m; sd, standard deviation; BA,
breeding animal; different letters a, b or c indicate significant differences p-value < 0.05; *, values obtained by the
EBV of the pedigrees that started at age 3 years and 4 years or more.

The genetic trends over 44 years (1971 to 2014) obtained by univariate trait analyses
and according to year of birth of the animals is presented in Figure 1. The negative genetic
trends for BT301 and BT402 are favorable (Figure 1a) since lower values of BT are desirable.
Oscillations were observed in animals born in the first 10 years (until 1980), followed by
considerable improvements until the beginning of the 21st century (Figure 1a,c,e). Analysis
of the last 10 years of birth (Figure 1b,d,f) showed values opposite to all equestrian years
evaluated, indicating an annual decrease in the EBVs of the racing population of the QH
breed in Brazil.
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Figure 1. Linear genetic trends over 44 equestrian years of birth (1971 to 2014) and the last 10 years
(2005 to 2014) for univariate traits Earnings at 2 years (E2) in (a,b); Best time at 301 m (BT301) and
402 m (BT402) in (c,d); and Time class at 301 m (TC301) and 402 m (TC402) in (e,f) obtained for
racehorses of the Quarter Horse breed in Brazil.

4. Discussion

The h2 estimates of the present study, obtained through single-trait analysis (Table 2),
are close to those reported in studies evaluating the performance of QHs. The earnings trait
obtained an h2 of 0.16 to 0.28 [5]. For final time, h2 estimates of 0.20 to 0.38 [2,22], of 0.26 to
0.41 [4], and of 0.17 [3] were reported. Using multi-trait analysis [6], an h2 of 0.45 to 0.56
was estimated for TC. Earnings, a trait used to evaluate the performance of Thoroughbred
racehorses in Italy [23], France [24], Germany [25] and the Czech Republic [26], had h2

estimates of 0.12 to 0.13, 0.02 to 0.06 and 0.10 to 0.19, respectively, which are equally low as
those obtained in the present study (Table 2).

The higher h2 estimates obtained in the two-trait analyses of BT402 × E2 and TC402 × E2
(Table 2) suggest that a combined evaluation provides more genetic information. The
bivariate models are theoretically more accurate given that they consider the information
on both traits to simultaneously estimate the random effects [27].

Evaluating BT in Thoroughbred racehorses obtained high (0.58 to 0.77), moderate
(0.32 to 0.40) and low (0.10 to 0.23) h2 estimates for 2 years, 3 years and considering all
ages, respectively [28]. In Brazil, a low h2 was reported (0.12) for BT in Thoroughbred
animals [29]. Using earnings and BT data of Arabian racehorses also yielded low (0.14 to
0.17) and moderate (0.23 to 0.36) h2 estimates, respectively [30].

The BT and E2 traits use racing performance, but with different definitions, which we
can consider to be complementary to each other; i.e., it does not matter if a horse is the
fastest without making money (qualifying) or if it earns a lot of money without being the
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fastest. By evaluating in model bivariate, they complement each other and allow for the
obtaining of major h2 values (Table 2). in addition to making the genetic values available to
breeders for both traits and considered the value of genetic correlation (Table 3).

The h2 estimates reported in the literature and those of the present study (Table 2)
were similar, suggesting that the differences were possibly due to the different analysis
methods, models and populations used in each study. The higher standard deviations in
the analysis of the TC402 trait are possibly due to the greater variability in the competitors
in the 402 m race, which has the highest participation; that is, due to the visibility of this
event, owners strive to ensure that their animals win these races through the best training,
nutrition and veterinary care. At the same time, however, there are breeders who do not
carry out such preparation for the competition resulting in horses who finish with greater
time differences from the winners. Thus, placing animals without the capacity to win in the
same races as highly competitive horses results in greater variability when we evaluate data
from the longest distance races (402 m). Among the characteristics evaluated, those with
higher h2 values (Table 2) indicate a greater possibility of genetic gains over the generations,
suggesting their use as a selection criterion in the breeding programs of speed racing horses.

The repeatability estimates reported for QH in Brazil evaluating the distances of
301 and 402 m were 0.28 and 0.42, respectively, for the speed index, and 0.36 and 0.68,
respectively, for final time [4]. In the United States, Mexico and Canada, the repeatability
estimates at the distance of 402 m were 0.32 for final time; the authors did not provide
results for the distance of 301 m but reported a repeatability of 0.36 evaluating animals
at 2 years of age [2]. The moderate repeatability estimates obtained in the present study
(Table 2) and in the cited literature indicate that the capacity of the animal to repeat the
phenotypic value at each distance was moderate. For the selection and culling of animals,
the largest number of possible measures should be taken into consideration [4]. On the
other hand, multi-trait analysis of TC at different distances and the evaluation of a large
number of repeated measures per QH animal [6] obtained high repeatability estimates
(0.78 to 0.97), ensuring greater accuracy at the time of selection and culling of racehorses
when compared to the results of single- and two-trait analyses of TC in the present study.
These results indicate a more robust analysis can be obtained when including repeated
records of horses in different distances. Considering that only 101 m (average difference
of 5 s) separates the shortest (301 m) and the longest (402 m) distance, it is normal for the
same animal to compete in both distances. Thus, it is common for animals, progenies and
ancestors of QHs to have records at different distances.

Correlation estimates allow the behavior of a trait to be evaluated when selection is
performed for another trait, and thus, to obtain genetic gain (indirect selection) in one
trait through another that is difficult to measure or whose heritability is low [31]. The
high genetic correlations (rg) observed in the present study (Table 3) were also observed
in the literature [3–5] evaluating the racing performance of QHs. The high rg estimates
suggest that selection for E2 can have benefits for BT at both distances and for TC at the
longer distance. Considering the direct selection for BT and TC traits, this is the most
efficient way to obtain improvement in these traits. Furthermore, joint selection with the E2
characteristic, in addition to increasing the values of both BT and TC, allows the selection
of animals early.

The magnitudes of the residual correlations (Table 3) suggest that the same environ-
mental factors affect the evaluated traits in different ways. The phenotypic correlations
(rp) followed the trends of rg (Table 3), but the estimates were lower. The results obtained
indicate that genetic factors exert a greater influence than environmental factors in QH
racehorses in Brazil.

The performance of an elite horse is the sum of its genetic capacity (transmitted by its
ancestors) and environmental influences (management, nutrition, training, horseman and
other random effects). The EBVs are estimates of the animal’s genetic capacity and can be
used for the calculation of sports performance [6], morphology [32], health [33] and for the
selection and culling of breeding animals.
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The EBVs obtained (Table 4) indicate variability in the QH population, confirmed by
the standard deviations. Faria et al. [6] suggested that QHs with superior EBVs would not
be selected for breeding in view of the lower EBVs of breeding stallions compared to the
average of the QH population. In the present study, this statement can be confirmed for
breeding stallions by BT301, BT402 and TC301; for the remaining traits (E2 and BT402),
EBVs were higher for males. Differences presented in Table 4 indicate that breeding
females, compared to stallions, have genetic equality or superiority, possibly given the
higher number of offspring per stallion, diluting their genetic gain. In the case of brood
mares, the evaluation of EBVs for single traits (E2, BT301 and BT402) indicated that the
best females are not being selected as breeding animals. However, analysis of the repeated
measures (TC301 and TC402) showed that females with higher EBVs produce offspring in
the population, i.e., they are selected as breeding animals. The results obtained for TC in
the present study indicate that it is a valuable trait for the assessment and selection of elite
QH racehorses for breeding.

The lack of selection of horses with superior EBVs for breeding impairs the evolution
of racehorses of the QH breed, as observed in the present study by the EBV values between
non-breeding and breeding animals (Table 4) and by the analysis of the genetic trends
observed in the last 10 years (Figure 1). Breeding animals should be selected based on
the correct and precise evaluations of horses, and breeders should request the help of
researchers in the evaluation and selection of breeding animals, thus ensuring phenotypic
improvements in QHs whose sprint race records have stagnated since 2009 [34].

There was a decrease in EBVs for all traits with advancing equestrian age (Table 4),
suggesting that the animals can be selected early for breeding, i.e., immediately after
completing 2 years of equestrian age. This approach makes it possible to reduce the long
generational intervals (>10 years) of this population [12]; in fact, the generational interval
is one of the limiting factors in the genetic improvement of horse breeding programs.

The genetic trends (Figure 1) indicated greater genetic progress in the longer distance
races (BT402 and TC402). In North America [35], the authors reported opposite results,
with greater progress at the shorter distance evaluated (320 m) and lower progress at 402 m.
The difference between the shorter and longer distances in North America was explained
by the large number of records at 320 m, suggesting that the training of the animals focused
on this distance. In the present study, the same reason possibly explains the higher genetic
trends at the distance of 402 m, which possessed a larger number of records (Table 1).

The genetic trends have decreased over the last 10 years (2005 to 2014) (Figure 1),
a finding that suggests possible stagnation in the genetic evolution of the racing line of
the QH breed in Brazil, comparable to that reported for the Thoroughbred breed [7]. The
stagnation and genetic losses observed in the last decade (Figure 1) must be recovered
through targeted mating, with an increase in the number of breeding animals with origins
different from the ancestors of the QH breed in Brazil, as suggested in the populational
study [36], who observed a genetic bottleneck in the current population of the racing line
of the QH breed in Brazil.

5. Conclusions

Overall, this study emphasizes the lack of genetic response in recent years of the
selection/evaluation of QHs bred in Brazil. The decline in genetic response was confirmed
by the absence of significant genetic gains for the traits analyzed. The earnings trait exhibits
genetic variability and genetic correlations favorable with a racing performance trait (best
time and time class), suggesting that including the earnings trait in selection programs
along with other racing performance traits may resulting in positive changes for the genetic
trends. Quarter Horse associations, technicians and breeders must apply different strategies
in selection and improvement programs that will allow for the genetic evolution of this
population in conjunction with the monetary gains of the owners.
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Table 1 by traits E2, earnings at 2 years of equestrian age; BT301 and BT402, best time at 301 and
402 m; TC301 and TC402, time class at 301 and 402 m.
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Morpho-Functional Traits in Pura Raza Menorquina Horses:
Genetic Parameters and Relationship with Coat Color Variables
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Simple Summary: In this study, we estimated genetic parameters of 46 linear morpho-functional
traits, and analyzed the relationship between two coat color traits (quality of black coat color
[QB] and the quantity of white marks [WM]) and other linear morpho-functional traits within
the breeding program of Pura Raza Menorquina horses, whose studbook only permits the use of
black-coated animals with a small quantity of white marks as breeding stock. A total of 772 records
from 333 animals were analyzed to estimate genetic parameters for 46 linear traits scored by four
appraisers using seven classes. Heritability values for morpho-functional traits were low to medium
and matched the range in the bibliography. Medium heritability values were obtained for both coat
color traits (0.36 for QB and 0.23 for WM). Genetic correlations between coat and morpho-functional
traits ranged between 0.015 and 0.816 in absolute value for QB and between 0.014 and 0.638 in
absolute value for WM. The highest correlation values were obtained between QB and upper neck
line (0.816) and between WM and form of the hoof (0.638). It was observed that the animal group
with low and the group with high breeding values for QB and WM had a clear differentiation of the
other mor-pho-functional traits.

Abstract: The studbook of Pura Raza Menorquina horses only permits the use of black-coated
animals with a small quantity of white marks as breeding stock. Its breeding program uses linear
morpho-functional traits as selection criteria. Our aim was to estimate the genetic parameters of linear
morpho-functional traits, and reveal relationship of quality of black coat color (QB) and percentage
of white marks (WM) with the other morphological and functional linear traits in this breed. A total
of 46 linear traits were scored by four appraisers using seven classes, with a total of 772 records
from 333 animals (≥4 years old). Univariate animal models using a Bayesian approach were used,
with a pedigree of 757 animals. Sex (two) and appraiser-season (13) were included as fixed effects,
age as a linear covariate, and permanent environmental and additive genetic as random effect. The
heritabilities of the morpho-functional traits were low to medium (0.09–0.58) and matched the range
in the bibliography. Heritabilities for coat color traits were 0.36 for QB and 0.23 for WM. The highest
genetic correlations were obtained between QB and upper neck line (0.816) and between WM and
form of the hoof (0.638). The negative signs of most of the genetic correlations between WM and
the functional traits is also remarkable, contributing to the selection of functional traits against the
presence of white marks in this population. A clear genetic differentiation was observed between
animals with better breeding values for QB and WM, corroborated by a study on founders. In
conclusion, QB and WM could show different genetic backgrounds.

Keywords: conformation; equine; genetic correlations; heritability; linear type traits
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1. Introduction

The current conformation of horses is the result of both natural and breeders’ selection,
and the traits evaluated for each breed depend on their breeding purposes [1]. Conformation
has long been a driving force in horse selection and breed identification, particularly as a
predictor of performance and susceptibility to injury [2]. However, it is also important for
aesthetics, wellness, and the durability and functionality of horses [3] because conformation
defines the limits of the range of movement and function of the horse and its ability to
perform [4]. Estimated relative economic values of selection criteria for riding horses, which
are based on sale prices, indicate that conformation and movement are the most important
traits in horse breeding [5,6] and achieve the highest prices. Conformation traits can be
conditioned by several factors (e.g., breed, nutrition, age, or sex) and also coat color [7]. In
addition, coat color is one of the most noticeable animal features and has interested and
intrigued horse breeders for centuries [8].

The genetic evaluation of conformation traits is of major importance in horse selection
because it is a tool for indirect performance selection. This is because the heritability
estimates for conformation traits are often higher than those estimated for performance
traits. Some authors [9] have affirmed that the efficiency of indirect selection for performance
traits depends on genetic variability of the conformation traits and is also related to genetic
associations between conformation and functional performance traits [10,11].

The current trend for breeding sport horses combines selection for conformation
and performance. Unfortunately, most of the information on sport performance only
becomes available later in the horse’s life. For this reason, the selection of riding horses
is based primarily on other related traits, which are available at a younger age and have
higher heritability values and adequate correlations with the selection traits [9] (such
as conformation traits). In this context, to economize money and time, Gómez et al. [2]
reco-mmended the use of a two-stage selection program, with a first selection based on
the morphological features of the animal and a second selection based on the animal’s
performance in equestrian events for Spanish horses.

The Pura Raza Menorquina horse (PRMe) is an endangered native breed established
in 1988. However, they were traditionally bred and located on the island of Menorca
(Ba-learic Islands, Spain). Originally, they were mainly used as draught animals in
agriculture and forestry. However, it is a highly versatile breed with excellent qualities
(beauty, boldness, intelligence, nobility, agility, and resistance) that make it a highly-prized
animal whether for dressage or as a saddle horse, a work horse, a light cart-horse or even a
sport horse [12]. Nowadays, they are mainly used in Classic and Menorcan Dressage with
very good results.

The last official update of the Spanish Ministry of Agriculture database [13] reported a
population size of 3798 active individuals, including 624 stallions and 764 mares, of which
only 2906 were located in Spain. The remaining 23.5% of the PRMe population is located in
foreign countries, contributing to the ex-situ conservation of its genetic diversity, mostly in
other European countries such as France, Germany, and Italy. Although some PRMe horses
are also located in the USA and Russia.

The official breeding program of PRMe horses (with conservation and selection aims)
and their current uses have probably influenced their body conformation and type, as well
as their movements and performance. Thus, Menorcan breeders tend to select animals
based on conformation to achieve good performance for Menorcan and Classic dressage [12].
From a morphological point of view, they are a medium-sized breed (1.60 m average height
at the withers) with a sleek silhouette and a sub-convex to straight profile. According to
breeding regulations, only black animals with a small quantity of white marks can be used
as breeding stock [14].

The main objective of this study was to estimate genetic parameters of morphological
and functional traits, and analyze relationship of quality of their black coat color (QB)
and the percentage of white marks (WM) with the other morphological and functional
linear traits.
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2. Materials and Methods

2.1. Materials

For this analysis, we used the linear morpho-functional data of PRMe horses provided
by the Asociación de Criadores y Propietarios de Caballos de Raza Menorquina (ACPCRMe).
To avoid subjectivity to an ideal type in the comparison, the overall score was replaced by
several simple traits, which are linearly evaluated on a scale from one biological extreme
to the other; in this way, linear evaluation does not grade an animal, but rather describes
it [15].

Linear type traits scored by four skilled horse appraisers with the same evaluation
criteria over nine years of evaluation (2013–2021) were considered in the current analysis.
A total of 772 records from 333 animals (188 males and 145 females from 118 different studs)
were recorded for 46 linear morpho-functional traits in the studs, in sport competitions, and
in morphological events held for PRMe horses. Thus, the average number of records per
animal was 2.32 and the average number of records per stud was 5.51. The animals were
at least four years old, and the average age of the recorded animals was 8.44 years. The
animals analyzed represented 12.9% of the population registered in the official Menorca
Horse Studbook, which were active and located in Spain in 2021, thereby constituting
the nucleus for selection and the majority of the population of PRMe horses all around
the world. In this way, the results obtained in this study can be considered descriptive of
the current status of this genetic resource and can be used to control its development in
future years.

To collect the information, a structured score sheet with a scale of seven categories
(from one to seven, without half points) was used by appraisers, in which the extremes
represented the biological extremes of the population for the linear traits (see Table 1). Both
extremes and the central class were defined on the sheet. The traits can be grouped into
two coat color traits (QB and WM), 35 morphological traits (nine for the head and neck
region, 14 for the body region, and 12 for the limbs), and nine functional traits evaluated
with the horse led by hand at walk (four) and trot (five).

For data collection, the QB was defined using the same criteria as Smith [16], who
described two different types of black coat: non-fading (jet black, which is charcoal black
with a metallic shine) and fading (black coat color without shine, fading to a reddish-brown
tinge). In PRMe horses, the appraisers used seven levels for black coat, according to
their quality, which covered the whole range of both types of black coat defined by the
authors cited above. The WMs were defined by seven classes using the ranking of penalties
established in the official PRMe Horse studbook by their locations and extensiveness.

2.2. Methods

Preliminary analyses of variance were carried out using the univariate GLM procedure
in SAS software v.9.4 [17] to assess the relative importance of the non-genetic effects
that could influence the morpho-functional traits analyzed in PRMe horses. Permanent
environment, sex (two levels: male and female), the combination of appraiser and the
season (13 levels), quality of the black coat color (grouped into three levels: good [6,7],
normal [4,5], and bad [1–3] quality), and percentage of white marks (grouped into three
le-vels: without WMs [1,2], few WMs [3,4], and many WMs [5–7]) were included as fixed
effects; the age was also included as a linear covariate.

The owner stud of the animals was not included in the model because no statistically
significant differences were detected for most of the analyzed traits. This could be caused
by (1) the similar management systems of the animals in the different studs (females were
free in the countryside throughout the year with ad libitum feeding, except when they
were close to giving birth, and males were in individual stables with temporal access to
a paddock and controlled feeding) and (2) the geographic nearness of the different studs
because all of them were located on Menorca island with approximately 700 km2 of surface
and the same weather conditions.
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The heritability values were calculated based on the variance components estimated
using univariate animal models with a Bayesian approach via Gibbs sampling using the
GIBBSF90+ module of the BLUPF90 software [18]. The following model was fitted to
estimate the genetic parameters for all of the traits:

y = 1μ + Xb + Zu + Wpe + e

where y was the vector of observations for a particular trait of the analyzed traits; μ was
the overall mean; 1 is the vector of ones; b was the vector of the fixed effects (sex,
appraiser-season and fixed regression on age at evaluation); u was the vector of random
additive genetic effect; pe was the vector of random permanent environmental effect of
the animal; and e was the vector of random residual effect. X was the incidence matrix
relating observations to fixed effects, Z was the incidence matrix relating observations
to additive effects, and W was the incidence matrix relating observations to random
permanent environmental effects.

Also, bivariate models were implemented to estimate the genetic correlations between
the two coat color traits (QB and WM) and the other morpho-functional linear traits. The
bivariate models fit the same effects as the univariate models.

The Gibbs sampler was run for 1,000,000 rounds, with the first 100,000 considered as
burn-in and then every 10th sample saved for later analysis. Posterior means and standard
deviations were calculated to obtain estimates of (co) variance components. Convergence
of the posterior parameters was assessed by visual inspection of trace plots of posterior
distributions generated by the Coda R package [19].

The pedigree data for the estimation of the genetic parameters was composed of
757 animals born between 1961 and 2018 (341 males and 416 females), constituting a total
of five generations of animals registered in the official Studbook of PRMe horses managed
by the ACPCRMe.

Finally, four subpopulations of animals were created according to their EBVs for each
coat trait analyzed. Subpopulation A included animals with an EBV belonging to the better
25% for each trait (quality of the black coat color, A_, and white marks, _A); subpopulation
B included the remaining animals with an EBV belonging to the lower 75% (quality of
black coat, B_, and white marks, _B). To estimate the EBVs of WMs, a change of the scale
was needed because it varied between 1 (without white marks, the desirable option) and 7
(with a lot of white marks, the least desirable option). Finally, ENDOG software [20] was
used to estimate the Mahalanobis distances between the four groups (AA, AB, BA, and
BB) using the EBVs of all the linear morpho-functional traits included in the analysis, both
morphological and functional, to evidence the relationship between the groups.

3. Results and Discussion

3.1. Descriptive Statistics of the Data

Descriptive statistics of the 46 linear traits analyzed in PRMe horses are reported
in Table 2. Coat color traits showed mean values ± standard error ranging between
1.51 ± 0.036 for WM and 4.80 ± 0.046 for QB. For the morphological traits, the mean
values ± standard error ranged between 3.21 ± 0.025 for the cannon bone perimeter
(trait code 29) and 5.23 ± 0.042 for the head width (3), with a global average of 4.22,
which was close to the central value of the scale. For the functional traits, the average
values ± standard error ranged between 4.04 ± 0.031 for walking activity (38) and
4.71 ± 0.038 for walking clarity (39), with a global average of 4.46, which was also close to
the central value of the scale.

In the morpho-functional evaluation of the PRMe horses, a total of seven classes were
used by the appraisers to assess the traits, the same number as was used for morpho-
functional evaluations in Thoroughbred horses [4] and for American Quarter Riding
horses [21]. Also, the whole classes were used in 47.83% of the linear analyzed traits,
being 6 of more classes used in 89.13% of the analyzed traits. Therefore, we can consider
that the complete scale was used in the population analyzed, as has occurred in other
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horse po-pulations (Czech-Moravian Belgian horses and Silesian Noriker [22]; Old Kladrub
horses [23,24]; Pura Raza Español horses [25,26]; and sport horses in the Czech Republic [9]).
All of the variables met the assumption of a normal distribution.

Table 2. Basic statistics of the 46 linear traits analyzed in Pura Raza Menorquina horses.

Trait Mean ± s.e. CV (%) Range Trait Mean ± s.e. CV (%) Range

CT
1 4.80 ± 0.046 26.49 7

MT

24 5.01 ± 0.046 25.63 7
2 1.51 ± 0.036 64.95 7 25 4.83 ± 0.039 22.69 6

MT

3 5.23 ± 0.042 22.45 7 26 4.01 ± 0.027 18.78 6
4 4.80 ± 0.038 21.72 6 27 3.55 ± 0.025 19.68 5
5 4.48 ± 0.033 20.30 6 28 3.67 ± 0.029 21.80 6
6 4.49 ± 0.032 19.53 7 29 3.21 ± 0.025 21.43 5
7 4.82 ± 0.032 18.68 6 30 3.50 ± 0.022 17.36 5
8 4.84 ± 0.037 21.27 7 31 4.16 ± 0.029 19.10 6
9 3.91 ± 0.040 28.11 7 32 3.98 ± 0.027 18.50 5

10 5.16 ± 0.028 15.31 6 33 3.42 ± 0.027 21.81 6
11 4.12 ± 0.030 20.52 6 34 4.30 ± 0.035 22.38 6
12 4.76 ± 0.043 25.32 6 35 4.03 ± 0.024 16.79 6
13 4.40 ± 0.052 32.89 7 36 4.40 ± 0.035 22.23 6
14 4.95 ± 0.034 19.10 6 37 4.00 ± 0.038 26.51 7

15 3.95 ± 0.042 29.18 7

FT

38 4.04 ± 0.031 21.42 7
16 4.66 ± 0.037 21.81 6 39 4.71 ± 0.038 22.20 6
17 3.99 ± 0.029 19.87 5 40 4.35 ± 0.034 21.62 7
18 3.45 ± 0.030 23.77 6 41 4.38 ± 0.037 23.19 7
19 3.85 ± 0.030 21.36 7 42 4.59 ± 0.036 21.76 7
20 4.23 ± 0.031 20.53 7 43 4.33 ± 0.038 24.08 7
21 4.48 ± 0.042 25.77 7 44 4.70 ± 0.041 24.02 7
22 3.52 ± 0.037 29.52 7 45 4.50 ± 0.037 22.85 6
23 3.89 ± 0.039 28.06 7 46 4.52 ± 0.042 25.45 7

CT are coat color traits (1 and 2), MT are morphological traits (3–11 related to head and neck, 12–25 related to
body regions and 26–37 related to limbs), and FT are functional traits (38–41 related to walking and 41–46 related
to trotting). Traits names are shown in Table 1.

The coefficient of variation (CV) is considered the most important measure of variation.
It generally assumes that the higher the phenotypic variation of traits, the greater the
genetic variation, which guarantees a sufficient selection response in populations [23]. The
estimated CV in PRMe horses was of a medium–high level, with 26.49% for QB (1) and
64.95% for WM (2).

For morpho-functional traits, the lowest CV was observed for the upper neckline
(10; 15.31%) within the morphological traits and for walking activity (38; 21.42%) within
the performance traits, showing that their phenotypic variation is limited biologically in
this population. On the other hand, the highest CV was estimated for the form of the
withers (13; 32.89%) within the morphological traits and trotting suspension (46; 25.45%)
within the performance traits, showing that there is higher phenotypic variation in these
traits than in other traits. The CVs obtained were in the range of those reported for linear
traits in Dutch Warmblood Riding horses (10.14–26.04% [10]), Heavy Draught horses
(11.38–38.54% [1]), Old Kladrub horses (2.39–40.14% [22–24]), Pura Raza Español horses
(6.94–51.68% [25–27]), and sport horses in the Czech Republic (2.91–20.27% [9]). In general,
the analyzed population showed sufficient variability.

The influences of the different non-genetic effects are shown in Table S1. All of the
analyzed non-genetic effects were statistically significant (p < 0.05) for some analyzed
traits. Permanent environment, combination of the appraiser and the season, and sex were
significant for most of the analyzed traits and were therefore included in the genetic model
used in this study. The coefficient of determination (R2) was also estimated for all of the
traits, with values higher than and close to 0.55. In this way, the model accounted for
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over 60% of the variance for most of the linear morpho-functional traits analyzed in the
PRMe population.

3.2. Genetic Parameters

Coat color is one of the most noticeable animal features and has interested and
intrigued breeders for centuries [8]. It is believed that most of the phenotypes currently
observed in the modern horse are the result of domestication and selective breeding, and
different breeds exist that are mainly defined by the color and patterns of their coats as a
result of breeders’ selection criteria, such as Paint and Appaloosa horses [28,29]. This is also
the case of PRMe horses, in which black is the only coat color authorized for the breeding
stock registered in the official population studbook. However, the pattern of white spots is
also a major attribute, and it determines breeding practices in the PRMe production system
because individuals showing large white marks on the head, limbs, or the rest of the body
are barred from being used as breeding stock for the official studbook.

A horse’s coat color is generally understood as a qualitative trait with Mendelian
inheritance. Here, black coat color is determined by a recessive homozygote genotype at
the Agouti locus and at least one dominant allele at the EXTENSION locus (aa E-) [30].
However, there are remarkable differences in color phenotypes that are not explainable
by Mendelian inheritance. Different authors [16,31] indicated that there are two different
types of black coat color (which they termed non-fading and fading black coats), in which
the genetic determination is unknown, but age, sex, season, feeding, housing system, and
body part are environmental effects that could significantly affect their expression. One
plausible reason for this could be that the estimations of heritability for overall coat color
reveal the dominant effect of environmental factors on total variability [31].

The heritability values of the 46 linear morpho-functional traits analyzed in the PRMe
population are shown in Table 3. Although the data set may seem small, it includes the
selection nucleus of the Menorca horse population and the majority of the horses all around
the world.

Medium heritability values were obtained for the linear coat color traits, 0.36 for QB (1)
and 0.23 for WM (2), which evidenced the level of selection that can be carried out for both
linear traits related to the coat color in PRMe horses. These values were in the range of
those reported for the quality of black coat color in Old Kladrub horses (0.14–0.37 [16]) and
for the white marks in Hucul horses (0.68–0.69 [32]), Lipizzan horses (0.23–0.71 [33]), Swiss
Franches-Montagnes horses (0.52–0.69 [34]), and Arabian horses (0.77 [35]).

A previous study [16] postulated that differences in the genetic determination of
fa-ding and non-fading black coat color could be influenced by modifying genes with
only a minor effect, but which could be cumulative. Different hypotheses about the
inheritance of white marks have also been postulated. First, Woolf [35] concluded that
complex genetic systems and non-genetic factors determined the presence of common white
marks in Arabian horses. Also, Stachurska and Ussing [36] postulated about the polygenic
inhe-ritance of white marks that the ultimate extension of markings was influenced by
genes, as well as by intrauterine factors. These authors concluded that the high heritability
and QTLs involved mean that selection both towards and against white marks is effective.
However, the polygenic inheritance makes it impossible to completely eradicate them
because the genes affecting white marks might be recessive and marked by dominant genes
and may therefore be difficult to identify. The medium heritability values obtained in
PRMe horses evidenced that the influence of external factors is also very important in the
phenotypic expression of these coat traits.

Besides the existence of possible pleiotropic effects associated with specific coat color
and some conformation [7], performance [37], health [38], and temperamental traits [39],
our results evidenced the need to analyze the relationship between QB and WM traits in
PRMe horses and the linear morpho-functional traits included in this study.
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Heritability values estimated with the univariate animal models for the morphological
traits obtained in the present study were of low to medium range (0.09–0.58), showing the
higher values of 0.58 for head profile (6), 0.44 for head length (4), and 0.41 for thorax depth
(16). In general, the heritability values we obtained were in the range of those reported for
linear conformation traits in other horse breeds, which ranged between 0.03 and 0.68 (in
Italian Heavy Draught Horses [1], Old Kladrub horses [24,40], sport horses in the Czech
Republic [9], Belgian Warmblood horses [41], and the Pura Raza Español [7,25]).

The population of PRMe horses analyzed in this study showed similar heritability
values to Belgian Warmblood and Pura Raza Español for head-neck junction (0.26 and
0.14–0.23, respectively [25,41]), to the Old Kladrub horse breed and Pura Raza Español for
height of the withers (0.17 and 0.19–0.21, respectively [24,25]), to the Belgian Warmblood
for shoulder length (0.31 [41]), to Pura Raza Español for loin length (0.10–0.14 [25]), form
of back-loin line (0.12–0.19 [25]), and croup length (0.17–0.19 [25]), to Pura Raza Español
and the Old Kladrub horse breed for chest width (0.31 [27,40]), to the Old Kladrub horse
breed for forelimb side view (0.10 [40]), and to Pura Raza Español horses for hock side view
(0.04–0.09 [25]). Also, the shoulder angle slope, the croup angle, and the hock rear view
also showed a similar heritability value to a previous study carried out in the PRMe horses’
population (0.10, 0.23, and 0.21, respectively [12]).

The heritability values estimated for the functional traits obtained in the present
study were also of low to medium range, with values of 0.09 for walking activity (38) and
walking clarity (39), 0.32 for walking suppleness (41), and 0.33 for walking amplitude (40).
The values obtained for these kinds of linear traits were lower than those reported in the
reviewed bibliography for linear functional traits in other horses, ranging between 0.18 and
0.52 in sport horses in the Czech Republic [9] and Belgian Warmblood horses [41]. Only
walking amplitude showed a similar heritability value to Belgian Warmblood horses and
trot amplitude was similar to sport horses in the Czech Republic and the PRMe horses
analyzed (0.38 [41] and 0.20 [9], respectively).

Genetic parameters such as heritability are influenced by gene frequency, estimation
method, statistical model, and trait nature. Since there may have been differences in the
factors used in each study, the slight variations in values between the present study and
previous studies might be attributable to those differences. The medium to high estimated
heritability for the traits in the current study indicates that genetic improvement would
be possible in these traits and allow us to foresee the possibility of making good genetic
progress through the breeding program.

Understanding the relationships between morphological traits is extremely useful
in animal breeding for determining both the breeding criteria and the possible breeding
response of selection programs [25]. However, unfavorable correlated responses with
other important or economic characters of the breed must also be avoided. Therefore, the
correlations between the linear traits need to be estimated before including the morpho-
functional traits into the breeding selection programs of these horses.

For several centuries, behavior, conformation, performance, and suitability characteristics
of horses have been attributed to coat color in different populations. For example, coat color
influences the conformation traits analyzed in Old Kladrub horses [23] and in Pura Raza
Español horses [2,7]. In previous analyses on the same breeds, it has also been associated
with certain conformation defects such as cresty neck [27] and ewe neck [42] and diseases like
vitiligo or melanoma [7]. However, this is not exclusive to these populations. Its effects on
horse behavior [43–45], temperament [39], and performance [37,46] have also been reported.
In addition, there is still a strong belief among horse breeders that these traits account for
differences between horses of different colors [47,48].

Table 4 shows the genetic correlations estimated with bivariate models for the coat
color traits (QB and WM) and the other 44 morpho-functional traits analyzed in PRMe
horses. Estimated genetic correlations had large standard errors as shown by large
stan-dard deviation of the posterior samples.
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Table 4. Genetic correlations (rg) obtained for the traits related with coat color (1: quality of
black coat color and 2: white marks) and the 44 morpho-functional traits analyzed in Pura Raza
Menorquina horses.

Trait rg1 (s.d.) rg2 (s.d.) Trait rg1 (s.d.) rg2 (s.d.)

MT

3 −0.114 (0.209) −0.065 (0.410)

MT

25 0.099 (0.243) −0.155 (0.465)
4 0.186 (0.206) −0.443 (0.372) 26 0.015 (0.268) −0.177 (0.504)
5 −0.090 (0.224) 0.295 (0.377) 27 0.047 (0.275) 0.084 (0.479)
6 0.609 (0.184) −0.204 (0.382) 28 −0.349 (0.430) 0.617 (0.402)
7 0.154 (0.355) −0.030 (0.584) 29 −0.738 (0.225) 0.448 (0.444)
8 0.337 (0.234) −0.404 (0.399) 30 −0.170 (0.270) −0.175 (0.484)
9 −0.325 (0.270) 0.074 (0.503) 31 0.366 (0.255) −0.269 (0.524)

10 0.816 (0.171) −0.434 (0.393) 32 0.226 (0.272) 0.069 (0.505)
11 −0.441 (0.302) 0.227 (0.534) 33 0.094 (0.445) −0.807 (0.235)
12 −0.493 (0.323) 0.469 (0435) 34 0.311 (0.418) −0.603 (0.414)
13 −0.767 (0.216) 0.577 (0.372) 35 0.025 (0.325) 0.076 (0.560)
14 0.187 (0.219) 0.224 (0.430) 36 0.310 (0.428) 0.098 (0.598)
15 −0.419 (0.327) 0.638 (0.365) 37 0.185 (0.398) −0.110 (0.574)

16 0.269 (0.203) 0.329 (0.349)

FT

38 0.123 (0.244) 0.396 (0.420)
17 0.618 (0.298) 0.336 (0.529) 39 0.318 (0.231) −0.574 (0.316)
18 0.292 (0.299) −0.045 (0.573) 40 0.325 (0.247) −0.078 (0.492)
19 −0.224 (0.340) −0.379 (0.484) 41 0.243 (0.257) −0.206 (0.475)
20 0.307 (0.263) −0.295 (0.479) 42 0.376 (0.226) −0.115 (0.502)
21 −0.459 (0.296) 0.139 (0.483) 43 0.224 (0.254) −0.199 (0.482)
22 0.229 (0.346) −0.576 (0.405) 44 0.241 (0.296) −0.379 (0.498)
23 −0.371 (0.320) 0.159 (0.518) 45 0.099 (0.243) −0.155 (0.465)
24 0.411 (0.227) 0.014 (0.446) 46 0.015 (0.268) −0.177 (0.504)

MT are morphological traits (3–11 related to head and neck, 12–25 related to body regions and 26–37 related to
limbs) and FT are functional traits (38–41 related to walking and 41–46 related to tro-tting). rg1 is the genetic
correlation obtained for the quality of the black coat color -QB- and rg2 is the genetic correlation obtained for the
white marks -WM-; s.d. is standard deviation; Traits names are shown in Table 1.

In general, both color traits showed low to high correlations with the 44 morpho-
functional traits. The highest values obtained for QB were with upper neck line (10; 0.816),
shape of the withers (13; −0.767), cannon bone perimeter (29; −0.738), back length
(17; 0.618), and head profile (6; 0.609). The highest correlations estimated for WM were
with form of the hoof (33, −0.807), shoulder angle slope (15, 0.638), fore knee perimeter
(28, 0.617), fore-hoof front view (34, −0.603), shape of the withers (13, 0.577), buttock length
(22, −0.576), and walking clarity (39, −0.574). The existence of an important relationship
between the coat color traits and other linear traits could be caused by a pleiotropic effect,
which should be analyzed with the adequate tools.

It is important to note that for QB (1), 37.14% of the genetic correlations with
morphological traits were negative, and none of them were correlated with functional
traits. For WM (2), 48.57% of the phenotypic correlations with morphological traits were
negative whereas 88.89% of the correlations with functional traits were negative. However,
in the PRMe population, animals with or without a lower percentage of white marks are
required as breeding stock. Therefore, these negative correlations are very interesting in the
breeding program.

The genetic correlation between both coat color traits (QB and WM) was −0.272. That
means that selection to improve the quality of black coat color implies a decrease in the
percentage of white marks, as is desired in this population.

Finally, for the graphic representation of Mahalanobis distances, animals were
grouped by their EBVs for both traits related to coat color included in the analysis,
taking into account all of the morpho-functional linear traits analyzed. The population’s
average relatedness was 2.28%, the average inbreeding was 0.6%, and 8.1% of all the
pedigreed animals presented some level of inbreeding. The results are shown in Figure 1,
where individuals showing the 25% best EBVs for QB color (A_) and WM (_A) were

130



Animals 2022, 12, 2319

compared with the remaining 75% for the same traits (B_ and _B, respectively). A clear
differentiation can be observed between animals included in the group of individuals
with the top 25% of EBVs for QB and WM (AA) and the other analyzed groups because
they were represented in clearly separated clusters. Also, a clear relationship can be
observed between animals included in the groups of individuals in the remaining 75%
for QB (B_), which are included in the same cluster, and they are also related to the
animals in group AB. These results show that there is a clear differentiation of the animals
transmitting a better coat color (A_) compared with the animals transmitting a worse coat
color (B_), which is independent of the presence or absence of white marks. This could
be explained by the existence of different founders in the different groups. Therefore,
the genetic inheritance of both coat traits is independent and could be determined
by different genes, although the genetic correlation obtained between both coat traits
analyzed (−0.272) confirms the existence of relationship between them. Perhaps the
different phenotypes for coat color can be explained by the influence of modifying genes
having only a minor effect, which can be cumulative [16]. In this context, the inheritance
of the quality of black coat color can have a polygenic component, while the inheritance
of white marks is independent and could be determined by genetic and intrauterine
effects [32,33,36,49] according to the reviewed bibliography.

Figure 1. Mahalanobis distances between animals using their breeding values for all the
morpho-functional traits analyzed in Pura Raza Menorquina Horses. Animals which have obtained
the better 25% breeding value for quality of coat color (A_) and white marks (_A); animals which
have obtained the remaining 75% for quality of coat color (B_) and white marks (_B).

4. Conclusions

The heritability values obtained for the morpho-functional traits related to coat color
in PRMe horses indicate that selection is feasible, and that these traits could be improved
in the official Breeding Program. The genetic correlations of coat color traits with linear
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morpho-functional traits evidence the existence of genetic and physiological mechanisms
controlling them, showing that selection for one of these traits could have an influence on
(e.g., increase or decrease, according to the sign and value) the other traits of interest. The
existence of pleiotropic effects between the coat color traits and some morpho-functional
linear traits could be also suspected because of the high genetic correlations obtained
between some morpho-functional and coat color analyzed traits. The study of Mahalanobis
distances showed that the inheritance of the quality of coat color could be linked to the
genetic group and determined by modifying genes. In this sense, a genomics analysis could
have an interesting contribution to confirming our results in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12182319/s1, Table S1: Analysis of the influence of the
different effects on 46 morpho-functional linear traits analyzed in Pura Raza Menorquina horses
using a univariate GeneralLinear Model analysis of variance with a permanent environmental effect
(p values).
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32. Pasternak, M.; Krupiński, J.; Gurgul, A.; Bugno-Poniewierska, M. Genetic, historical and breeding aspects of the occurrence of the
tobiano pattern and white markings in the Polish population of Hucul horses—A review. J. Appl. Anim. Res. 2020, 48, 21–27.
[CrossRef]

33. Grilz-Seger, G.; Dobretsberger, M.; Brem, G.; Druml, T. Study on distribution of coat color related alleles and white markings in a
closed population of Lipizzan horses. Zuchtungskunde 2020, 92, 76–86.

34. Rieder, S.; Hagger, C.; Obexer-Ruff, G.; Leeb, T.; Poncet, P.-A. Genetic Analysis of White Facial and Leg Markings in the Swiss
Franches-Montagnes Horse Breed. J. Hered. 2008, 99, 130–136. [CrossRef]

35. Woolf, C.M. Multifactorial Inheritance of Common White Markings in the Arabian Horse. J. Hered. 1990, 81, 250–256. [CrossRef]
36. Stachurska, A.; Ussing, A.P. White markings in horses. Med. Wet. 2012, 68, 74–78.

133



Animals 2022, 12, 2319

37. Fegraeus, K.J.; Velie, B.D.; Axelsson, J.; Ang, R.; Hamilton, N.A.; Andersson, L.; Meadows, J.; Lindgren, G. A potential regulatory
region near the EDN3 gene may control both harness racing performance and coat color variation in horses. Physiol. Rep. 2018,
6, e13700. [CrossRef]

38. Bellone, R.R. Pleiotropic effects of pigmentation genes in horses. Anim. Genet. 2010, 41, 100–110. [CrossRef] [PubMed]
39. Abdel-Azeem, N.M.; Emeash, H.H. Relationship of horse temperament with breed, age, sex and body characteristics:

A questionnaire-based study. J. Basic Appl. 2021, 10, 45. [CrossRef]
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Simple Summary: Equine breeding is often based on conformation traits, describing the proportions,
shape and joint angles of a horse. These conformations traits are, however, mostly subjectively judged
and not measured objectively, affecting the response of selection through lower heritabilities and
precision. In this study, we measured joint angles, quantified the variation in shape of 608 Swiss
Franches-Montagnes (FM) horses and estimated the heritability of these traits. We found that the
poll angle had the highest heritability of all joint angles (h2 = 0.37), and variation in shape describing
the type (heavy–light) was also fairly heritable (h2 = 0.36–0.37). Furthermore, the shape of the FM
stallions has clearly evolved towards a lighter type from 1940 to 2018 without stabilisation in recent
years, risking the loss of the light draught horse type. Phenotyping based on photographs allowed us
to improve the accuracy of certain joint angle traits, and to monitor the conformational development
of the FM breed.

Abstract: Conformation traits such as joint angles are important selection criteria in equine breeding,
but mainly consist of subjective evaluation scores given by breeding judges, showing limited variation.
The horse shape space model extracts shape data from 246 landmarks (LM) and objective joint angle
measurements from triplets of LM on standardized horse photographs. The heritability was estimated
for 10 joint angles (seven were measured twice with different LM placements), and relative warp
components of the whole shape, in 608 Franches-Montagnes (FM) horses (480 stallions, 68 mares and
60 geldings born 1940–2018, 3–25 years old). The pedigree data comprised 6986 horses. Genetic vari-
ances and covariances were estimated by restricted maximum likelihood model (REML), including
the fixed effects birth year, age (linear and quadratic), height at withers (linear and quadratic), as well
as postural effects (head, neck, limb position and body alignment), together with a random additive
genetic animal component and the residual effect. Estimated heritability varied from 0.08 (stifle joint)
to 0.37 (poll). For the shape, the type was most heritable (0.36 to 0.37) and evolved from heavy to
light over time. Image-based phenotyping can improve the selection of horses for conformation traits
with moderate heritability (e.g., poll, shoulder and fetlock).

Keywords: horse; breeding; heritability; conformation; joint angles; geometric morphometrics

1. Introduction

Conformation traits are important in equine breeding as they have been associated
with health, longevity and performance [1–8]. Conformation is a phenome and encom-
passes relatively objective traits such as the length of a body segment or an angle between
joints, but also highly subjective traits such as the type (breed type, sex type) and the shape
of the head, withers, back or croup. Many horse breeding associations perform conforma-
tion evaluations at breeding shows by subjective assessment by breeding experts on scoring
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sheets (e.g., subjective valuating scores, linear profiling) and/or through measurements
made on the living animal (e.g., withers height, croup height, limb length). These data
commonly provide the basis for the analysis of variance components and subsequent
breeding value estimation in European sport horse breeds [9,10].

Despite their widespread use, essentially due to their simple implementation, confor-
mation traits based on subjective assessments, including linear profiling, exhibited certain
limitations. In many studies, the scale of the scoring scheme was not used in full, leading
to poorly distributed data tending towards the optimum, while the lower extreme of the
scale was avoided [11–13]. Furthermore, the inter-rater reliability between experts on the
breed (judges) who routinely assessed conformation traits in horses was highly variable
depending on the breed: the repeated assessments of linear profiling traits in the Pura
Raza Español were highly correlated based on intra-class correlation coefficients (ICCs;
0.96 < ICC < 0.99) [14], indicating reliable data. However, the repeatability of conformation
traits that were judged on 4306 Finnhorse and 294 Standardbred trotter foals was estimated
using a correlation coefficient (r) that only ranged from 0.06 to 0.48 in Standardbred trotters
and from 0.24 to 0.38 in Finnhorses [15], respectively. Furthermore, multiple experts simul-
taneously assessing the same Lipizzaner horses showed poor inter-rater reliabilities based
on the kappa statistic (0.06 < κ < 0.49) [16,17]. The reliability of expert scores is seldom
reported as many horse breed associations only assess the conformation of horses once in
their lifetimes. Hence, specific reliability studies are rare, making it difficult to assess the
quality of the scoring data.

The Franches-Montagnes (FM) horse is the last native Swiss breed. In its history that
spans over one hundred years, the breed has evolved from a draught horse used for tilling
fields to the light draught horse breed used for leisure known today [18]. To be able to
perform these different functions, the conformation of the FM had to adapt over time, and
conformation traits were used empirically to move towards modern breeding goals. Since
1990, three-year-old FM horses have been presented in hand and scored for 19 conformation
and five locomotor traits on a linear profiling scale by experts of the breed. However, the
distribution of the scores does not always follow a normal distribution, with the lowest
scores being avoided, and the mean tending towards the perceived optimum (9) instead of
the scale median (5) [19]. The same trend could be observed for gait quality traits [20,21].
Furthermore, FM experts scoring the same horses simultaneously, either in hand or on the
treadmill over video recordings, had poor agreement (ICC < 0.50) for all scored gait quality
traits [20,21]. The heritability for conformation traits in the FM ranged from 0.09 (length of
shoulder, hind limb muscle) to 0.79 (height at withers, measured) [22].

The heritability of conformation traits naturally depends on the breed, the sample
size used for the calculation, the method of data collection (subjective evaluation, linear
profiling score or measurement), and the underlying genetic architecture. However, some
tendencies are similar between breeds. Based on a meta-analysis of 30 studies on genetic
parameter estimates of conformation traits in horses, height at croup and height at with-
ers had the highest heritability for measured conformation traits (h2 = 0.61 for height
at croup and h2 = 0.58 for height at withers) and were highly genotypically correlated
(rg = 0.94) [23]. The size of the horse is routinely measured, with data available from many
horses and breeds, and the genetic architecture has also been shown to be highly responsive
to selection as most of the variation in the height at withers is essentially determined by
four genes [24]. Furthermore, objective measures are generally more heritable compared to
corresponding scored traits [23]. This may be at least partially due to lower subjectivity
in the data collection. However, one key source of error in measuring conformation traits
is the landmark definition, i.e., which anatomical structures should be used as reference
points, and whether they can be easily identified [25].

The horse shape space model proposed by Druml et al. [16] uses standardized pho-
tographs to extract shape data from landmarks on fixed anatomical structures, and semi-
landmarks equidistantly placed on curves so that they can then be analysed as landmarks.
This method was first developed in the Lipizzaner [16,17] and then applied to the FM
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horse [26]. While only the overall shape was initially analysed, joint angle measurements
were later extracted from the initial landmarks. When comparing linear profiling traits
describing, e.g., the shoulder or croup incline with objectively measured joint angles from
the horse shape space model, the two corresponding traits were not significantly associated,
suggesting that the expert scores do not represent the variation that is objectively quantified
using the horse shape space model [26]. In the initial horse shape space model [16], the
majority of landmarks used to extract joint angle measurements were placed on the surface
of the horse (i.e., in front of the joint), as that made them easier to place. However, placing
the landmarks in the centre of the joint is expected to improve the predictive relationship
between conformation and joint movement, provided they can be placed as accurately as
those placed in front of the joints can.

The aims of the study were to estimate variance components and heritability for
conformation traits extracted from the horse shape space model in the FM horse breed.
Using different landmark settings, joint angles were evaluated both for their heritability
and repeatability. Finally, the evolution of the conformation of the FM breed was visualized
for the period from 1940 to 2018.

2. Materials and Methods

2.1. Phenotypes

One photograph for each of the 608 FM horses was selected from the archives of the
Swiss National Stud Farm or collected on farms under the permits VD3096 and VD3527b.
The horses were born between 1940 and 2018 (median = 2005) and aged between 3 and
25 years on the photographs (median = 3). Age was unknown for 133 horses. In total,
480 stallions, 68 mares and 60 geldings were included in the analysis. The horses were
positioned in an open posture for the photograph (Figure 1). To account for individual
variation, the posture of the horses on the photographs was classified based on previously
described criteria [26]: head height, head position in relation to the camera, front limb
position, hind limb position and body alignment to the camera.

 
(a) 

Figure 1. Cont.
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(b) 

Figure 1. Example of the initial horse shape space model with both curves and angles derived from
landmarks (a), and the newly proposed landmarks and additional joint angles (b).

Conformational data were extracted from the photographs based on the horse shape
space model published by Druml et al. [16], consisting of both curves and landmarks,
using the digitising tool tpsDig2 version 1.78 [27]. The semi-landmarks on the curves
were placed at equal distances within each curve, with the final horse model consisting
of 246 landmarks (Figure S1). All photographs were digitised by the same person. The
raw landmark coordinates were first normalised using a Generalised Procrustes Analysis
(GPA). We then used a principal component analysis (PCA) of the normalised landmarks
to convert the shape data into relative warp scores (PCs; the principal components of the
partial warp matrix), explaining the main variation in the data. We considered only the
first five PCs for the analysis of variance components, which were visualised in warp grids
using tpsRelw version 1.70 [28].

From the proposed 246 landmarks, 10 joint angle measurements can be extracted:
namely the poll angle, neck–shoulder blade angle, shoulder joint angle, elbow joint angle,
carpal angle, the fetlock joint angle of the front limb, hip joint angle, stifle joint angle,
hock joint angle, and fetlock joint angle of the hind limb (Figure 1a). The landmarks for
measuring the limb angles (from elbow to fetlock in the front limb and from hip to fetlock in
the hind limb) were placed in front of the joint [26]. As an extension to the initial model, we
proposed seven additional landmarks, to measure the same angles of the limbs, but with the
landmarks located in the centre of the joints when looking from the side (Figure 1b, Table 1).
All angles were calculated in R [29] using a custom-made script. Mean differences in joint
angle measurements due to landmark placements were analysed using a paired t-test. To
evaluate the repeatability of landmark placements for the old versus the new proposed
joint angle measurements, the photographs of 480 horses were digitised in triplicate by the
same digitiser. The repeatability of the joint angle measurements was estimated with an
intra-class correlation coefficient (ICC). For these 480 horses, the mean landmarks were
calculated before performing the GPA with the rest of the horses digitised only once.
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Table 1. Landmark placement determining the pairs of joint angles calculated from the horse shape
space data.

Trait
Landmark Placement in Front of the

Limb [26]
Landmark Placement within the Limb

Elbow joint angle

Greater tubercle of the humerus (point of
shoulder)—lateral epicondyle of the

humerus—anterior aspect of the metacarpal
tuberosity of the 3rd metacarpal bone

Greater tubercle of the humerus (point of
shoulder)—lateral epicondyle of the

humerus—lateral aspect of the carpal
ulnar bone

Carpal joint angle

Lateral epicondyle of the humerus—anterior
aspect of the proximal tuberosity of the 3rd

metacarpal bone—anterior aspect of the
fetlock joint

Lateral epicondyle of the humerus—lateral
aspect of the carpal ulnar bone—lateral

aspect of the fetlock joint

Fetlock joint angle of the
front limb

Anterior aspect of the proximal tuberosity of
the 3rd metacarpal bone—anterior aspect of

the fetlock joint—anterior aspect of
the coronet

Lateral aspect of the carpal ulnar
bone—lateral aspect of the fetlock—lateral

aspect of the coronet

Hip joint angle
Sacral tuber of the ilium (highest point of
the croup)—tuber of the ischium (point of

buttock)—apex of the patella

Sacral tuber of the ilium (highest point of
the croup)—tuber of the ischium (point of

buttock)—lateral condyle of the tibia

Stifle joint angle
Tuber of the ischium (point of

buttock)—apex of the patella—anterior
aspect of the tarsus

Tuber of the ischium (point of
buttock)—lateral condyle of the tibia—4th

tarsal bone

Hock joint angle
Apex of the patella—anterior aspect of the
tarsus—anterior aspect of the fetlock joint

Lateral condyle of the tibia—4th tarsal
bone—lateral aspect of the fetlock joint

Fetlock joint angle of the
hind limb

Anterior aspect of the tarsus—anterior
aspect of the fetlock joint—anterior aspect of

the coronet

4th tarsal bone—lateral aspect of the fetlock
joint—lateral aspect of the coronet

The effects of posture, age, sex and year of birth on the measurements were evaluated
using a linear model; each joint angle and PC as outcome variables; and all posture variables
(head height, head position in relation to the camera, front limb position, hind limb position
and body alignment), age, sex (mare, gelding or stallion) and year of birth, as fixed effects.

2.2. Evolution of Conformation Traits over Time

Finally, the evolution over time of the different measurements in stallions (to avoid
the sex effect) was evaluated. A second set of linear models was computed for the stallion
subsample with the effects of posture, age and year of birth as fixed effects (excluding sex).
Each of the joint angles and PCs was plotted against the year of birth over time, with a
trend line computed in ggplot2 as a loess function (local polynomial regression fitting).
Pairs of joint angles were plotted in the same graph for comparison.

2.3. Animal Model

The following multivariate individual animal model was applied to estimate variance
components (VC) for 17 joint angles. The same model was used to estimate VC for the five
principal components:

yijklmnopqr = YOBi + Agej + WHk + Head_cameral + Head_heightm + Front_limbn +
Hind_limbo + Bodyp + aq + eijklmnopq

with:

yijklmnopq consecutive observation on a trait

fixed effects:
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YOBi year of birth

Agej
age of horse at collection in years (linear and
quadratic)

WHk height at withers (linear and quadratic)
Head_cameral head position in relation to the camera
Head_heightm head height
Front_limbn front limb position
Hind_limbo hind limb position
Bodyp body alignment to the camera

random effects:

aq horse q
eijklmnopq random residual

Phenotypic and genetic variance components were estimated by REML using the
software ASReml 4.2 [30]. For each trait, heritability (h2) was calculated as follows:

h2 = σ2
a/

(
σ2

a + σ2
e

)

where σ2
a is the additive genetic variance and σ2

e is the residual variance.
For the PCs, the ASReml US variance structure was used for the assessment of genetic

and residual variance. The use of the US variance structure for the joint angle traits did
not result in positive definite variance structure, which is why the model did not converge.
Therefore, an ASReml XFA4 variance structure was used for the additive genetic variance.

In total, the pedigree file contained 6986 horses, with 1663 sires (219 founders) and
4991 dams (436 founders). The mean pedigree completeness, considering 1 to 5 generations,
was 71.59%.

3. Results

3.1. Descriptive Statistics and Comparisons between Joint Angle Measurements

The two types of fetlock joint angles of the hind limb exhibited the broadest range
(42.50–43.30◦, difference between maxima and minima), while both types of carpal joint
angles had the smallest range of the joint angles (14.40–15.50◦, Table 2). The highest
repeatability was for the poll angle (ICC = 0.99), while the lowest was for the fetlock joint
of the front limb (ICC = 0.66). For the pairs of joint angles (elbow joint, carpal joint, fetlock
joint of the front limb, hip joint, stifle joint, hock joint, and fetlock joint of the hind limb), the
joint angles measured with the new landmarks within the joints were significantly larger
(less acute, p < 0.0001) than the initial measurements based on a paired t-test.

Table 2. Descriptive statistics and repeatability for photographs analysed in triplicate for each trait as
an intra-class correlation coefficient with their 95% confidence intervals, for the joint angles.

Trait Mean SD Min Max Range ICC (N = 480) Low CI High CI

Poll 103.35 5.27 85.90 120.98 35.08 0.99 0.98 0.99
Neck–shoulder blade 83.12 5.47 66.72 101.51 34.79 0.95 0.94 0.95

Shoulder joint 103.87 4.43 90.71 118.24 27.53 0.81 0.79 0.84
Elbow joint 137.90 4.42 120.70 151.40 30.70 0.86 0.84 0.88

Elbow joint (in) 143.00 4.53 126.20 156.40 30.20 0.86 0.83 0.88
Carpal joint 180.50 1.98 173.10 187.50 14.40 0.68 0.64 0.72

Carpal joint (in) 181.30 2.06 172.00 187.50 15.50 0.67 0.63 0.71
Fetlock joint of the front limb 148.90 4.07 136.80 161.90 25.10 0.66 0.62 0.70

Fetlock joint of the front limb (in) 151.10 4.27 138.40 165.20 26.80 0.74 0.71 0.77
Hip joint 78.72 3.10 70.58 91.04 20.46 0.90 0.88 0.91

Hip joint (in) 95.88 3.49 106.24 117.19 10.95 0.92 0.91 0.93
Stifle joint 100.65 4.08 86.56 113.24 26.68 0.89 0.87 0.90

Stifle joint (in) 135.50 3.86 123.00 148.50 25.50 0.89 0.87 0.90
Hock joint 153.30 2.32 144.10 160.50 16.40 0.83 0.80 0.85

Hock joint (in) 161.80 2.78 152.00 171.70 19.70 0.78 0.75 0.81
Fetlock joint of the hind limb 157.20 5.07 135.30 177.80 42.50 0.77 0.74 0.80

Fetlock joint of the hind limb (in) 160.60 5.00 138.90 182.20 43.30 0.82 0.79 0.84
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3.2. Postural Effects on the Joint Angles

Each joint angle was significantly affected by at least one postural variable (Table 3).
Pairs of joint angle measurements (differing only in the landmark placement) were not
affected by the same combination of postural variables, except the two types of elbow and
hip joint angles.

Table 3. Summary table of the significance of the postural variables, sex, age and year of birth on the
different joint angles based on linear regression.

Trait
Head
height

Head in
relation to

camera

Position
of front

limb

Position of
hind limb

Body
alignment

Sex
(gelding)

Sex
(stallion)

Age
Year of
Birth

Poll *** ***
Neck–shoulder blade *** *** *** *** ***

Shoulder joint *** *** * ***
Elbow joint *** *** * *** ** ***

Elbow joint (in) *** *** * *** ** ***
Carpal joint *** *** ** ***

Carpal joint (in) *** * *** **
Fetlock joint of the front limb ** ** ***

Fetlock joint of the front limb (in) ** *
Hip joint *** *** *** ***

Hip joint (in) *** *** *** ***
Stifle joint *** *** *** * *** ** *

Stifle joint (in) ** ** *** *** ** *
Hock joint * *** *

Hock joint (in) ** *** ** ** *** *
Fetlock joint of the hind limb ** **

Fetlock joint of the hind limb (in) * ** *

* = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001.

3.3. Visualisation of the Principal Components of Shape Variation

Based on the visualisation of the minima and maxima of the PCs, we can infer that
PC1 represents the shape variation due to head height, and PC2 the variation due to the
angle at the poll (flexion-extension) (Figure 2). PC3, PC4 and PC5 essentially represent the
musculature of the neck. In addition, PC3 also represents the shape of the withers and back,
PC4 and PC5 the shape of the croup and the position of the front and hind limbs.

Figure 2. Representation of the extreme shapes describing the first five relative warp axes on warp
grids from low (left) to high (right), with the percentage of explained variance under the arrow.
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3.4. Postural Effects on the Principal Components of Shape Variation

In the shape variation (PC1 to PC5), there were no significant differences between
mares and geldings, but highly significant differences between mares and stallions (Table 4).
Head height significantly affected the first four PCs, while the position of the front limb,
hind limb and body alignment had a significant effect on all PCs presented here. PC1, the
principal component explaining most of the variance in this dataset (41%), was significantly
affected by all posture variables.

Table 4. Summary table of the significance of the postural variables, sex, age and year of birth on the
different joint angles based on linear regression.

Trait
Head

Height
Head in Relation

to Camera
Position of
Front Limb

Position of
Hind Limb

Body
Alignment

Sex
(Gelding)

Sex
(Stallion)

Age
Year of
Birth

PC1 *** * * * * *** ** **
PC2 ** *** * *** *** ***
PC3 *** *** *** *** * ***
PC4 *** *** *** *** ***
PC5 * *** *** ***

* = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001.

3.5. Evolution of the Breed

We recalculated the linear regression models for postural and other variables with only
stallions (File S1). Based on the linear regression models, year of birth most significantly
affected PC3, which increased linearly over time, meaning that the stallions are evolving
towards a lighter type (Figure 3). Year of birth also significantly affected PC1, showing a
sigmoid curve, and PC5, slightly increasing from the 2000s (Figure S2).

Figure 3. Evolution of the third relative warp score (PC3) in stallions born from 1940 to 2018 (YOB),
with the extreme shapes on relative warp grids, with the trend line (in blue, with the confidence
interval in light grey) from local polynomial regression fitting.

Year of birth had a significant effect on all joint angles except the carpal angle, the
fetlock joint of the hind limb and the stifle joint (both measured with the landmarks inside
the joint) as well as the hock joint (measured in front of the joint, Figures S3–S5). The poll
angle decreased until the mid-1990s and then increased again slightly up to 2018. The
neck–shoulder blade angle increased almost linearly over time. The shoulder joint angle
increased slightly up to the mid-2000s, when it reached a plateau. Both types of elbow joint
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angles followed a parallel trend line, increasing from 1940 to 1960 and decreasing until
2000 to reach a plateau. The carpal joint angle (measured in front of the joint) decreased
until 1980, increased until 2000, and has been decreasing again until 2018. The fetlock joint
of the front limb (measured in front of the joints) and both types of hip joint measurements
remained stable until the 2000s, with a decrease in recent years. The stifle joint (measured
in front of the joints) increased slightly until the 1980s, decreased until the mid-2000s and
is currently on a slight uphill tendency. The hock joint (measured in front) appeared to
decrease around 1990 and stabilise at a lower level. The fetlock joint of the hind limb
(measured in front) appeared to remain stable over time, with a slight decrease after
2000 and up to recent years. The individual plots of all measurements in stallions against
the year of birth were summarised in Figures S2–S5.

3.6. Genetic Analyses of Joint Angle Measurements

For the joint angles, the highest heritability was found for the poll angle
(h2 = 0.37 ± 0.09) and the lowest for the hock joint (with landmarks within the joints,
h2 = 0.08 ± 0.05, Table 5). Most genetic, phenotypic and residual variances are >1, except
the genetic additive variance for both types of carpal joint, the stifle joint (with landmarks
in front of the joint) and both types of hock joint.

Table 5. Heritability with corresponding standard errors, additive genetic (σa), phenotypic (σp) and
residual (σe) variances.

Trait h2 SE σa σp σe

Poll 0.37 0.09 8.75 23.96 15.21
Neck–shoulder blade 0.20 0.08 4.26 21.62 17.36

Shoulder joint 0.18 0.06 2.85 15.64 12.79
Elbow joint 0.20 0.07 3.55 17.93 14.38

Elbow joint (in) 0.19 0.07 3.67 18.95 15.28
Carpal joint 0.13 0.07 0.17 1.39 1.21

Carpal joint (in) 0.27 0.09 0.52 1.88 1.36
Fetlock joint of the front limb 0.29 0.08 4.35 15.71 11.18

Fetlock joint of the front limb (in) 0.31 0.08 4.65 18.08 12.43
Hip joint 0.23 0.07 1.82 7.95 6.13

Hip joint (in) 0.17 0.07 1.50 8.66 7.16
Stifle joint 0.08 0.05 0.98 11.79 10.81

Stifle joint (in) 0.12 0.06 1.49 12.15 10.66
Hock joint 0.16 0.07 0.77 4.86 4.09

Hock joint (in) 0.06 0.04 0.41 6.58 6.17
Fetlock joint of the hind limb 0.19 0.07 4.17 21.99 17.82

Fetlock joint of the hind limb (in) 0.09 0.05 2.05 21.98 19.93

The highest genotypic and phenotypic correlations were between the two elbow an-
gles, representing virtually the same trait (rp = 0.99, rg = 0.99, Table 6). Relatively high
(0.70–0.90) phenotypic correlations were also present between the same joint angles mea-
sured differently (hip, stifle, hock and fetlock joint of the hind limb), except between the two
carpal joint angles and the two front limb fetlock joint angles (0.45 and 0.69, respectively).
The highest phenotypic correlation between two different joints was between the shoulder
and elbow joints (measured from the centre of the limb, rp = 0.64). In absolute values,
the lowest genotypic correlation was between the hip and hock joint angles measured
in front of the joint (rg = 0.01). Apart from the near perfect correlation between the two
elbow angles, the highest genotypic correlation was between the hip and stifle joint angles
(rg = 0.96).
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Table 6. Genetic correlations (above the diagonal), heritabilities (in the grey-coloured diagonal) and
phenotypic correlations with their standard errors in subscript below the diagonal, for joint angle
data derived from the horse shape space model.

Poll Neck Shoulder Elbow
Elbow

(in)
Carpal
joint

Carpal
Joint
(in)

Fetlock
Front

Fetlock
Front
(in)

Hip
Hip
(in)

Stifle
Stifle
(in)

Hock
Hock
(in)

Fetlock
Hind

Fetlock
Hind
(in)

Poll 0.370.09 −0.340.18 0.020.15 0.280.18 0.260.18 −0.120.19 −0.080.17 0.100.18 0.210.17 −0.360.18 −0.240.20 −0.280.22 −0.040.21 0.050.22 0.130.25 0.140.19 0.140.22
Neck −0.230.04 0.200.08 −0.140.21 −0.620.21 −0.580.21 0.310.27 0.060.23 −0.330.23 −0.420.21 0.180.25 −0.110.27 0.100.34 −0.430.26 0.250.27 −0.030.36 −0.010.25 −0.110.30

Shoulder −0.070.04 0.250.04 0.180.06 0.400.19 0.430.18 −0.370.18 −0.370.18 0.200.23 0.370.20 0.300.23 0.320.23 0.400.23 0.370.22 0.250.25 0.280.24 −0.180.22 0.110.25
Elbow −0.110.04 −0.050.04 0.630.03 0.200.07 0.990.00 −0.600.25 −0.570.19 0.180.24 0.570.19 0.130.26 0.300.27 0.360.36 0.600.27 0.250.29 0.280.38 −0.440.24 −0.040.32
Elbow

(in)
−0.110.04 −0.050.04 0.640.03 0.990.00 0.190.07 −0.630.24 −0.610.19 0.220.24 0.620.19 0.180.26 0.320.27 0.410.35 0.600.27 0.320.29 0.350.36 −0.410.24 0.020.32

Carpal
joint

−0.020.04 0.000.04 −0.040.04 −0.140.04 −0.130.04 0.130.07 0.510.22 −0.510.26 −0.710.22 −0.340.31 −0.430.32 −0.490.34 −0.560.31 −0.340.31 −0.530.28 0.020.29 −0.400.29
Carpal
joint
(in)

0.020.04 0.020.04 −0.110.04 −0.220.04 −0.250.04 0.450.03 0.270.08 −0.110.22 −0.490.17 −0.240.20 −0.160.25 −0.450.30 −0.240.28 −0.710.19 −0.570.25 0.250.23 −0.170.28

Fetlock
front

0.000.04 −0.060.04 0.020.04 0.030.04 0.030.04 −0.150.04 −0.070.04 0.290.08 0.830.08 0.300.22 0.510.22 0.300.32 0.610.22 −0.090.27 0.530.33 0.620.17 0.870.15
Fetlock

front
(in)

0.050.04 −0.100.04 −0.010.04 0.010.04 0.020.04 −0.020.04 −0.160.04 0.690.02 0.310.08 0.260.21 0.420.23 0.400.30 0.610.22 0.320.25 0.730.23 0.330.21 0.760.18

Hip −0.110.04 0.080.04 0.120.04 0.070.04 0.070.04 −0.040.04 −0.020.04 −0.020.04 −0.030.04 0.230.07 0.930.05 0.960.09 0.730.19 0.010.29 0.110.39 −0.350.24 0.020.32
Hip
(in)

−0.100.04 0.080.04 0.090.04 0.010.04 0.000.04 −0.060.04 −0.010.04 −0.030.04 −0.020.04 0.840.01 0.170.07 0.880.18 0.920.11 −0.210.30 0.080.41 −0.250.27 0.110.33
Stifle 0.000.04 0.050.04 0.050.04 0.000.04 −0.010.04 −0.010.04 0.060.04 0.060.04 0.050.04 0.520.03 0.240.04 0.080.05 0.750.17 0.240.38 0.280.42 −0.420.33 0.050.40
Stifle
(in)

0.030.04 0.020.04 0.020.04 −0.050.04 −0.060.04 −0.030.04 0.090.04 0.090.04 0.090.04 0.390.04 0.410.03 0.800.02 0.120.06 −0.220.34 0.150.40 −0.220.29 0.170.35
Hock 0.040.04 −0.020.04 0.050.04 0.010.04 0.000.04 0.000.04 0.070.04 0.050.04 0.130.04 0.150.04 0.110.04 0.360.04 0.370.04 0.160.07 0.680.23 −0.080.29 0.240.35
Hock
(in)

0.080.04 −0.080.04 0.030.04 0.050.04 0.040.04 −0.010.04 0.060.04 0.090.04 0.110.04 0.100.04 0.080.04 0.340.04 0.540.04 0.740.03 0.060.04 0.370.37 0.720.30
Fetlock

hind
0.050.04 0.080.04 −0.060.04 −0.060.04 −0.060.04 −0.030.04 0.000.04 0.190.04 0.120.04 0.040.04 0.020.04 0.030.04 0.000.04 −0.090.04 −0.070.04 0.190.07 0.830.11

Fetlock
hind
(in)

0.060.04 0.070.04 −0.020.04 −0.080.04 −0.080.04 −0.050.04 −0.010.04 0.150.04 0.200.04 0.120.04 0.090.04 0.110.04 0.060.04 0.050.04 −0.140.04 0.780.02 0.090.05

3.7. Genetic Analyses of the Principal Components of Shape Variation

For the relative warp components, the variance components were very small (Table 7).
PC5 had the highest heritability (h2 = 0.37 ± 0.09), and PC1 the lowest (h2 = 0.13 ± 0.08).

Table 7. Heritabilities with corresponding standard errors, additive genetic (σa), phenotypic (σp) and
residual (σe) variances of the first five relative warp scores (PC1–PC5).

Trait h2 SE σa σp σe

PC1 0.13 0.08 4.59 × 10−5 3.64 × 10−4 3.18 × 10−4

PC2 0.14 0.08 3.80 × 10−5 2.71 × 10−4 2.33 × 10−4

PC3 0.36 0.09 2.89 × 10−5 7.97 × 10−5 5.08 × 10−5

PC4 0.29 0.10 3.04 × 10−5 1.04 × 10−4 7.31 × 10−5

PC5 0.37 0.09 2.58 × 10−5 6.93 × 10−5 4.35 × 10−5

The highest phenotypic correlation was between PC1 and PC3 (rp = 0.41, Table 8). The
fourth and fifth PCs showed low phenotypic correlations to the other PCs. The highest
genetic correlation was between PC1 and PC2 (rg = −0.55). The genotypic correlations
ranged from 0.06 to 0.55 in absolute values.

Table 8. Genetic correlations (above the diagonal), heritabilities (in the grey-coloured diagonal) and
phenotypic correlations with their standard errors (below the diagonal) for the relative warp scores
derived from the horse shape space model.

PC1 PC2 PC3 PC4 PC5

PC1 0.130.08 −0.550.43 0.270.28 −0.360.39 0.340.30
PC2 −0.090.04 0.140.08 0.310.29 0.280.34 −0.510.28
PC3 0.410.04 0.060.04 0.360.09 −0.240.34 −0.140.21
PC4 0.120.04 0.090.04 −0.090.04 0.290.10 −0.060.23
PC5 0.080.04 −0.070.04 −0.060.04 −0.130.04 0.370.09

4. Discussion

The joint angles with the highest heritability (h2) were the poll and the fetlock joint
of the front limb (Table 5). The high h2 of the poll angle was consistent with results from
a multi-breed genome-wide association study of the same joint angles from 300 FM and
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224 Lipizzaner horse photographs [31]. The best-associated quantitative trait locus (QTL)
was the poll angle on equine chromosome (ECA) 28, near the gene ALX1, associated with
cranial morphology [32]. The genome-wide h2 for the poll angle in the two breeds was
h2 = 0.38, nearly equal to the pedigree-based h2 estimated here. In contrast, the highest
genome-wide h2 for Lipizzaner and FM was for the fetlock joint of the hind limb (h2 = 0.58)
and a suggestive QTL on ECA 27, whereas this trait had a much lower pedigree-based
h2 = 0.19 in the FM.

The placement of the landmarks for the calculation of the joint angles changed the
acuteness of the joint angles. For all pairs of joint angles, the landmark placement inside the
joint was significantly larger (less acute) than when the landmarks were placed in front of
the joint (old model). However, the phenotypic correlation is more relevant to understand
whether the landmark placement affects the anatomical meaning of the measurement. For
example, the elbow joint remained virtually identical whether the third landmark was
placed in front or within the carpal joint, as shown by near-perfect genetic and phenotypic
correlations between the two elbow joint measurements (Table 6), and a nearly identical
repeatability (ICC, Table 2) and h2 (Table 5). The two types of elbow joint angles were
also significantly affected by the same combination of posture and other external variables
(age, sex and year of birth, Table 3). For this angle, it makes no difference which landmark
placement to use. The two types of carpal joint angles were the least phenotypically
correlated of the paired joint angles (Table 6), the angle from the old model (landmark
in front of the joint) was significantly different between mares and stallions, while with
the new landmark placement inside the joint, the sex difference was between mares and
geldings (Table 4). The heritability for the new landmark placement was higher (Table 5),
with a nearly identical ICC (Table 2). In this case, it makes more sense to measure the carpal
joint with the new landmark placement. For the fetlock angle of the front limb, h2 (Table 5)
and ICC (Table 2) were higher with the new landmark placement, affected by the age of
the horse and not by the birth year (Table 4), as was the case for fetlock angle measured
with the old landmark placement. For the joint angles of the front limb (elbow, carpus and
fetlock), the new landmark placement increases h2 (Table 5) and ICC (or at least does not
negatively affect the latter; Table 2).

The trends were less clear in the hind limbs. For the stifle and hock, ICC (Table 2) and
h2 (Table 5) concurred, so that the angle that was measured the most accurately was also
the one with the highest h2 (stifle with landmarks within the joints, hock with landmarks
outside the joints). The results were more difficult to interpret for the hip and fetlock joint
of the hind limb. For the hip joint, the ICC was only slightly higher, but the h2 lower,
when using the centre of the stifle joint as the third landmark. However, the hip joint angle
measured with the landmarks in front of the patella was additionally affected by the head
height and the sex (mares were significantly different from geldings; Table 4) which suggests
that the angle is more affected by the posture (i.e., environmental effects). While the ICC
was lower for the fetlock joint of the hind limb (Table 2), the h2 was higher when using
the landmarks in front of the joints (Table 5). Deciding which measurement is better for a
particular joint is complicated in the case when h2 and ICC are not in lockstep. Another way
to choose the most informative landmark placement might be to compare the joint angles
with kinematic parameters, to assess whether one set of landmarks is a better predictor
for movements associated with gait quality traits such as hind limb protraction [33], i.e.,
whether a certain joint angle measurement is more functionally relevant. Considering the
low amount of additional effort involved in placing the supplementary landmarks, we
currently recommend assessing the ICC and h2 of both types of joint angle measurements
in other breeds using the two landmark settings, in order to optimise the results.

The first and second relative warp scores (PC1 and PC2) represented the shape varia-
tion induced by the head-neck position (PC1: head height, PC2: flexion-extension at the
poll, Figure 2), which is why the posture variable head height was so strongly associated
with PC1. For PC2 (as well as the poll angle), when the horse has its head turned towards
the camera, the angle decreases, which explains the significant association between the
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variable “head in relation to camera” with PC2 and poll angle. In practice, the variation due
to the head and neck position is hard to avoid, and this result was consistent with several
previous horse shape space studies on FM and Lipizzaner horses [16,17,26]. While PC1 and
PC2 explain most of the shape variation, they are less heritable than the three following
PCs, reflecting the fact that the variation in shape mainly originates from the posture, which
is an “environmental” effect. The moderate h2 of PC3, PC4 and PC5 is consistent with
previous findings that the body type (heavy–light), quantified by bone thickness up to
now, is the second highest source of conformational variation in the horse after height [34].
However, these PCs are also affected by posture, especially by the position of the front
and hind limbs. Therefore, posture variables should always be considered when working
with conformational data, although considering all the posture variables as fixed effects in
the model of analysis might have caused an over-parameterization of the model, thereby
affecting the accuracy of the estimates. The majority of additive genetic, phenotypic and
residual variances were large (>1; Table 5), in contrast to other studies that included several
thousand horses to estimate genetic parameters [12–15,23]. Furthermore, the standard er-
rors for the genetic correlations, in particular, were large as well (Tables 6 and 8). Reducing
the postural variance in the data when photographing the horses and increasing the sample
size should improve the accuracy of the estimates on the long term.

The current accuracy of data extracted from the horse shape space model still shows
potential for selection on conformation traits based on this method, especially if a horse
breeding association routinely records these traits. Of the 19 linear conformation traits
routinely assessed by breeding experts in the FM, five describe joint angles we quan-
tified here. We can therefore compare our h2 estimated for measured joint angles on
608 horses against the h2 estimates for 18,297 horses tested between 1994 and 2013 [22]. The
scored trait “shoulder incline” (straight–inclined) had h2 = 0.09 [22], while the measured
shoulder joint angle’s h2 was twice as high (Table 5). The trait “front limb” (back-at-the-
knee–over-at-the-knee) had h2 = 0.14 [22], compared to the measured carpal joint angles
(h2 = 0.13 measured in front of the joint, h2 = 0.27 within the joint), suggesting that this
trait has the potential for improvement when using the measurement within the joint. As
the range of the measurement is limited for both carpal joint angles, any slight error in
landmark placement has a disproportionate effect on the accuracy of the measurement,
as is shown by the lower ICC compared to, e.g., the hip joint angles (Table 2). The scored
“croup incline” (horizontal–sloping) had h2 in the same range as the hip joint angles
(h2 = 0.20 [22]). The measured hock joint angles exhibited a lower h2 than the “hock angle”
trait (straight–angulated, h2 = 0.19, [22]). These traits were also not associated with each
other in a previous direct comparison between measurements and scores [26]. In this case,
the linear profiling score may be considered more useful for selection than the hock joint
measurement. The final linear profiling trait with an equivalent joint angle is the “fetlock
angle” (straight–weak). However, whether this score described the front limbs only, or a
combination of front and hind limbs, is not specified. Both measurements of the fetlock
joint of the front limb had a higher h2 than the scored “fetlock angle” (h2 = 0.11, [22]), while
the fetlock joint of the hind limb was less heritable when measured within the joint, and
more heritable when measured in front of the joint (Table 5). At minimum, selection on
shoulder and fetlock angles might therefore be improved by applying the horse shape
space model.

Furthermore, it was demonstrated that horse shape space data can be successfully
applied to assess the evolution of a breed over time. The FM stallion population evolved
from a heavy to a light draught horse type. The absence of a plateau in more recent years
is a cause for concern, as the breed may lose its breed-specific type of a light draught
horse. Some changes in the trajectories of the trend lines seemed to coincide with recent
introgressions from lighter breeds. More specifically, the changes in the poll angle starting
in the 1980s may be a consequence of the Swedish Warmblood introgression in the 1970s,
while changes in most of the measurements from the 1990s onward in most of the mea-
surements may be due to the two Swiss Warmblood stallions that were introgressed in
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1990. The current favoured use of stallions with high admixture proportions from the last
introgressions in FM breeding may accelerate the observed changes in conformation.

Apart from the small sample size, there were some additional limitations to our
study. Some stallions from the 1940s and 1950s were only distantly related to the more
recent population, which might affect estimates of the variance components due to gaps
in the pedigree. Furthermore, all the horses born before 2004 were stallions, due to the
low availability of mare photographs in the archives of the Swiss National Stud Farm.
However, this allowed us to increase our sample size and to retrace the evolution of the
FM conformation traits over time. Whether the FM breeding association will implement
the horse shape space model in their selection programme depends on several points:
social acceptance by the breeders, practical considerations (time to take the appropriate
photographs) and technical feasibility (automation of landmark placement). One further
limitation to this study is that we could not provide in-depth analysis of the type of
conformation favourable to specific disciplines, as was investigated in other morphometric
studies [35,36]. This could be the subject of a future study.

5. Conclusions

Joint angles such as the shoulder and fetlock angles had higher heritability based on
the horse shape space model than when based on the scores from linear profiling. In the
front limbs, landmark placement within the centre of the joints yielded more reliable and
heritable results, while the results were less consistent for the hind limb joint angles. The
FM horse breed has evolved from a heavy draught breed to a much lighter type. Care must
be taken to not lighten the breed beyond the breeding goal of a light draught horse.
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Simple Summary: The centuries-old patronal festivals in Menorca (Spain) represent an alternative
to the common use of horses. During festivals, horses are exposed to potential sources of transient
stress. This study aimed to evaluate the variations in salivary cortisol concentrations to estimate
the physiological stress response in horses at the Menorca patronal festivals. For this purpose,
the salivary cortisol variations before, during, and after the celebrations were assessed using an
enzyme immunoassay. All the samples collected during festivals were significantly higher than
the control group samples (p < 0.05). Within twenty-four hours after the end of the celebrations,
cortisol concentrations returned to baseline levels and did not differ significantly from the control
group (p > 0.05). Overall, the study found that the horses’ participation in the festivals resulted in a
transitory and measurable stress response.

Abstract: In many countries, horses remain involved in traditional equestrian events such as those
celebrated in Menorca (Balearic Islands, Spain) every year since at least the 14th century. The present
study aimed to evaluate the variations in salivary cortisol concentrations to estimate the physiological
stress response in horses at the Menorca patronal festivals. Two different editions (years 2016 and
2018) of the festivals in honor of the Virgin of Grace in Maó (Menorca, Spain) were studied. Nineteen
and seventeen Pure Breed Menorca stallions were included in the study, respectively. The stallions
were aged between seven and twelve years. During celebrations, samples were collected before
the start of the festivals between 8–9 a.m. and during the festivals at 8–9 p.m. On the second
day of celebrations, the samples were collected at 8–9 a.m. and 3–4 p.m. Finally, on the day after
the festivals, one sample was collected at 8–9 p.m. Additionally, a control group was sampled at
8–9 a.m., 3–4 p.m., and 8–9 p.m. Salivary cortisol concentrations were assessed by using a commercial
enzyme immunoassay kit specially validated to quantify salivary cortisol in horses. Salivary cortisol
concentrations did not show significant differences between sampling hours in the control group
(p > 0.05). All the samples collected during festivals were significantly higher than samples of the
control group (p < 0.05). Within the twenty-four hours after the end of the celebrations, cortisol
concentrations returned to baseline levels and did not differ significantly from the control group
(p > 0.05). Hence, the present study describes that the participation of the horses in these particular
acts generate an acute and transitory stress response. Overall, the current work provides a reasonable
basis for future research on the stress physiology and well-being of horses participating in traditional
celebrations or similar events.

Keywords: saliva; equid; festivals; stress; hypothalamic–pituitary–adrenal axis

1. Introduction

In many countries, particularly in the Mediterranean region, equestrian celebrations,
games, and tournaments originating from religious and historical events represent an alter-
native to the common use of horses [1]. In Menorca (Balearic Islands, Spain), every summer,
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cavalry events have been held in honor of the town’s patron saints since at least the XIV
century. These events are popularly known as patronal festivals or celebrations, and their
origin remains to be clarified. However, the principal accepted hypothesis dates their origin
during the Medieval period and is strongly related to the creation of the commissions in
charge of the churches. Those commissions had the purpose of going around the town, riding
horses, and collecting money to upkeep the town’s ecclesiastic building and celebrate acts
in honor of their patron saint. At present, the main characters of the celebrations are the
horses, and the most commonly used breed is the Menorca Purebred horse. This native breed
is excellent for riding and performing Classical and Menorca dressage, a distinctive type of
dressage in which the horse practices exercises and movements similar to those performed
during the patronal festivals [2]. The centuries-old celebrations have helped to maintain and
improve this endangered native horse breed, and currently, there is a census of approximately
3700 individuals, mainly located in Menorca. In the last decade, the social interest in the
welfare of the participant horses has grown substantially, since the animals must face poten-
tially stressful situations during the acts. Hence, evaluating their stress response could be
the primary approach to success in the horses’ performance and well-being, as described in
other common equestrian disciplines [3]. As well documented in athletic animals such as
horses, following physical exercise, specific changes in metabolic reactions occur in athletes
leading to several changes in the body, mainly in the circulatory, respiratory, endocrine, and
neuromuscular systems. Changes taking place in these systems simultaneously and in an
integrated manner are aimed at maintaining homeostasis in the body [4,5].

The stress response evaluation in horses can be performed by assessing behavioral
and/or physiological indicators [6]. Cortisol, the final product released into the blood
after activating the hypothalamic–pituitary–adrenal axis (HPA), has become one of the
most used physiological indicators to measure the stress response, not only in horses
but also in other species [7–9]. Different studies have reported a positive correlation
between cortisol concentrations and heart rate, respiratory rate, rectal temperature [10],
eye temperature [11,12], or blood lactic acid [13], all of them indicators of the intensity and
effort of the exercise, and therefore indicators of the physiological stress response in horses.
Cortisol secretion is characterized by a circadian rhythm that peaks in the early morning,
with the nadir phase occurring in the evening [14,15]. Furthermore, cortisol has many
supportive and advantageous physiological roles, including maintaining and restoring
body homeostasis [8,9]. Hence, cortisol participates in the tolerance and adaptation of the
horse to short-term exercise demands [3,9].

The measurement of blood cortisol in horses has long been the most common method
for measuring the HPA axis activity. However, salivary cortisol analysis has recently become
increasingly popular to assess the adrenocortical response [7,16,17]. Salivary cortisol represents
the biologically active form of the hormone [7,18], and a strong association between levels
in blood and saliva has been described in horses. After an adrenocorticotropic hormonal
challenge in horses, Peeters et al. [16] described that total blood cortisol concentrations might
account for 80% of salivary cortisol concentrations and vice versa. Additionally, the salivary
cortisol measurement offers a non-invasive and easy tool to perform a repeated and “non-
disturbing” sampling for the animal [19,20], ideal in cases where blood collection may be
difficult or impossible. Furthermore, compared to blood sampling, saliva sampling does not
require trained and qualified personnel to collect the samples [19,20].

The stress response in horses exposed to different exercises and sports activities such
as competition [21–23], recreational activities [24–26], and training [27–29] has been well
studied, including the measurement of salivary cortisol concentrations. To date, no studies
have been performed to investigate the physiological stress response of the horses at the
Menorca patronal festivals. Interestingly, Pazzola et al. [1] explored the stress-related
physiological changes in horses of the “Sa Sartiglia” tournament (Sardinia, Italy), also
celebrated since centuries ago and with some similarities with the Menorca festivals.

The present study aimed to evaluate the variations in salivary cortisol concentrations to
estimate the stress response in stallions at the Menorca patronal festivals. We hypothesized

151



Animals 2023, 13, 396

that the participation of the horses in the celebrations would produce an acute and transitory
stress response that would be reflected by an increase in the salivary cortisol concentrations
during the celebration days.

2. Materials and Methods

2.1. Celebrations

Every year on September 7 and 8 September, more than a hundred stallions and their
riders participate in the patronal festivals in honor of the Virgin of Grace in Maó (Menorca,
Spain) in the presence of thousands of people. The festivals are celebrated once a year
and include different religious and popular events. Both days of the celebrations follow
a similar structure. The horses are transported into the event site by trailer or walking,
depending on their proximity. The festivals begin with the horses’ parade to the church
(Figure 1a), where religious events are celebrated. When the masses are held, the horses
rest for approximately 1.5–2.5 h (Figure 1b), depending on the day of the festival. Shaded
areas and ad libitum running water are available for the horses during the resting periods.
Once the religious acts are ended, the horses head towards the village’s main square, where
the most popular event, named “jaleo”, is celebrated (Figure 1c). All the riders and horses
pass through the main square in groups of five and make the horses rear up several times
for a few seconds (Figure 1c), performing the “bot” (walking courbette). The horses enter
the square three times (per day), and this process is popularly known as “jaleo round”. As
established by the authorities, each horse during the jaleo round must remain less than
1.5 min in the square. Between jaleo rounds, horses rest for approximately 1–1.5 h.

(a) (b) (c)

Figure 1. (a) Horses and riders during the parade to the church. Photo credits by Trevor Fryatt.
(b) Horses resting during the celebration of the mass. Photo credits by Trevor Fryatt. (c) Horse
performing the “bot” in the middle of the crowded main square during a jaleo round. Photo credits
by Catalina Pasqual.

2.2. Animals, Sampling, and Ethics

The design of the study was planned according to the different phases and necessities
of the patronal festivals. Two different years of the festivals were studied (2016 and 2018,
named A and B, respectively). Nineteen and seventeen Pure Breed Menorca stallions aged
between seven and twelve years were included in the study for the A and B editions,
respectively. Animals included in the study were regular participants in the festivals. All
individuals were healthy and lacked any history of illness during the studied period. The
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body condition score (BCS) was evaluated using the 0 (emaciated) to 5 (extremely fat) BCS
scale [30]. For all the stallions evaluated, the BCS was 3 (moderate to good body condition).

Saliva was collected using sterile mounted swabs (Sugi®, Eschenburg, Germany),
specially designed to absorb secretions, rubbing the cheek mucosa and under the tongue
for approximately twenty seconds. Saliva was recovered from the swab, placing it into
a sterile syringe, and pressing the plunger until the obtention of the maximum possible
volume. Samples were stored under freezing at −20 ◦C and processed and analyzed within
six months from collection. We followed the timeline presented in Figure 2. The first sample
was taken on the morning of 7 September, between 8–9 a.m. (F1), before the start of the
festival. The following sample was collected between 8–9 p.m. (F2). On 8 September, the
samples were taken between 8–9 a.m. (F3) and between 3–4 p.m. (F4). Finally, the last
sample was collected the day after the festival, on 9 September, between 8–9 p.m. (F5). The
same protocol and timeline were followed in both studied editions. The horses stayed at
their stables when the samples were collected before and after the celebrations (F1 and F5).
In contrast, during the patronal festivals (F2, F3, and F4), the samples were collected in situ,
trying to avoid the disturbance of the events.

Additionally, a control group of ten stallions, regular participants at the patronal
festivals, was sampled to set the salivary cortisol baseline values. The sampling days in
the control group were kept apart from any housing- and handling-related changes or
disturbances. All the stallions included in the control group were healthy and lacked
any history of illness during the studied period. The body condition score (BCS) was
evaluated using the 0 (emaciated) to 5 (extremely fat) BCS scale [30]. For all the stallions
evaluated, the BCS was also 3 (moderate to good body condition). From the control group,
two replicates (one in August and another in September of 2019) were collected to avoid
potential intra-seasonal influence on salivary cortisol concentrations [15]. Samples were
collected between 8–9 a.m. (C1), 3–4 p.m. (C2), and 8–9 p.m. (C3). The followed sampling
procedure was the same as the abovementioned. Sample C1 was used as a control for
samples F1 and F3, C2 was used as a control for sample F4, and C3 was used as a control
for samples F2 and F5 (Figure 2).

Figure 2. Schematical representation of the sampling timeline. Control samples were taken between 8
and 9 a.m. (C1), 3 and 4 p.m. (C2), and between 8 and 9 p.m. (C3). During patronal festivals samples
were taken the morning of 7 September, before the start of the festivals, between 8 and 9 a.m. (F1),
and during the festivals between 8 and 9 p.m. (F2). On 8 September, samples were taken between 8
and 9 a.m. (F3) and 3 and 4 p.m. (F4). Finally, the last sample was collected the day after the festivals,
on 9 September, between 8 and 9 p.m. (F5). The same sampling scheme was followed in both studied
editions (A and B).

During the study, all animals were managed following the principles and guidelines
of the Ethics Committee on Animal and Human Experimentation from the Universitat
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Autònoma de Barcelona (Barcelona, Spain) and following the Directive 2010/63/EU on the
protection of animals used for scientific purposes. No other manipulation different from
the salivary collection was performed. Additionally, informed consent from the owners of
the horses was obtained before the start of the study.

2.3. Cortisol Quantification and Biochemical Validation of the Enzyme Immunoassay

For horses’ salivary cortisol analysis, a commercial Enzyme-Linked ImmunoSorbent
Assay (ELISA) kit (Neogen Corporation©, Ayr, UK) was used. According to the manufac-
turer, cross-reactivity of the ELISA cortisol antibody with other steroids was prednisolone
47.4%, cortisone 15.7%, 11-deoxycortisol 15.0%, prednisone 7.83%, corticosterone 4.81%,
6β-hydroxycortisol 1.37%, 17-hydroxyprogesterone 1.36%, and deoxycorticosterone 0.94%.
Steroids with a cross-reactivity <0.06% are not presented. Salivary samples were analyzed
at 1:1 dilution and the optical density was read using a microplate reader (SunriseTM basic
microplate reader, Tecan Austria GmbH, Grödig/Salzburg, Austria) at 450 nm.

The ELISA kit was biochemically validated for horses and saliva by following the
criteria of precision, specificity, accuracy and sensitivity [31]. The validation tests were
performed using a constituted pool created with 30 μL from each of the salivary samples
included in the study. The precision of the test was assessed by calculating the intra-assay
and inter-assay coefficients of variation from all the duplicated samples. The specificity
of the test was evaluated by calculating the linearity of the dilution using 1:1, 1:2, 1:5, and
1:10 dilutions of the salivary pool diluted with the ELISA buffer provided by the kit. The
accuracy was assessed through the spike-and-recovery test, calculated by adding to 100,
75, and 25 μL of the salivary pool volumes of 25, 75, and 100 μL of three different cortisol
concentrations provided by the ELISA kit (0.2, 0.4, and 1 ng/mL). Finally, the sensitivity
was given by the smallest cortisol concentration that the assay could detect and measure.
For the present study, the intra-assay and inter-assay coefficients of variation were 6.2% and
12.2%, respectively. In the dilution test, the obtained and expected cortisol concentrations
for saliva were significantly correlated (r = 0.99, p < 0.01). In the spike-and-recovery test,
the average of recovery percentage was 107.6 ± 10.0%, and the obtained and theoretical
concentrations were significantly correlated (r = 0.99, p < 0.01). The assay’s sensitivity for
salivary cortisol was 0.07 nmol/L. The biochemical validation of the assay showed reliable
results and demonstrated the precision, specificity, accuracy, and sensitivity of the assay in
measuring horse salivary cortisol.

2.4. Statistical Analysis

Data were analyzed using R Studio software (R version 3.4.4) and graphically repre-
sented using Graph Pad Software Inc. (GraphPad Prism, version 8.0.2; Graph Pad Software
Inc., San Diego, CA, USA). The significance level in all data was set at p < 0.05. For the data
obtained in the dilution test and the spike and recovery test of the ELISA kit biochemical
validation, a Pearson’s Product Moment correlation was applied between the expected and
obtained values. The normality of the data was evaluated using a Shapiro–Wilk test and
salivary cortisol concentrations were log transformed to achieve the normal distribution
(p > 0.05). To analyze the effect of the month and the sampling hour in the salivary cortisol
concentrations of the control group, a Linear Mixed Effect model was used considering the
sampling day (D1 or D2) and the sampling hour (samples C1, C2, and C3) as fixed factors
and the individuals as random factors followed by an ANOVA performed on the fitted
model. To evaluate the changes in salivary cortisol concentrations during the festivals a
Linear Mixed Effect model was used, setting the edition of the celebration (A and B) and
the sampling hour (samples F1A,B, F2A,B, F3A,B, F4A,B, and F5A,B) as fixed factors and the
individuals as random factors. An ANOVA was performed on the fitted model. Finally, the
Dunnett’s post hoc test was performed between the control and the patronal festival group.
Hence, sample C1 was compared with F1A,B and F3A,B, C2 was compared with F4A,B, and
finally, C3 was compared with F2A,B and F5A,B.
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3. Results

Salivary Cortisol Concentrations

Changes in salivary cortisol concentrations are presented in Figure 3. Salivary cortisol
concentrations were not influenced by either the sampling day or the sampling hour
(p > 0.05) in the control group. A significant effect of the sampling hour (p < 0.05) on
salivary cortisol concentrations was detected in the patronal festival group, while no
influence of the edition (A and B) was stated (p > 0.05). The Dunnett’s post hoc test showed
that samples collected in F1 (8–9 a.m.) were not statistically significant in comparison to C1
samples (8–9 a.m.) (p > 0.05). The first sample collected at the festivals, F2 (8–9 p.m.), was
significantly different from the control group C3 (8–9 p.m.) in both editions of the study, A
(p < 0.001) and B (p < 0.05). Salivary cortisol concentrations were higher in F3 (8–9 a.m.)
(p < 0.001) compared to the control group C1 (8–9 a.m.). Sample F4 differed significantly
from C2 in A (p < 0.001) and B (p < 0.05). Finally, within the twenty-four hours after the
end of the celebrations, F5 (8–9 p.m.) samples were not significantly different (p > 0.05)
compared to the samples obtained from the control group C3 (8–9 p.m.).
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Figure 3. Mean ± SEM salivary cortisol concentrations (nmol/L) from the evaluated horses during
the festival days (Fx) and the control group (Cx). Upper asterisks indicate significant differences
between obtained salivary cortisol concentrations.

4. Discussion

The aim of the present study was to evaluate the physiological stress response in horses at
the Menorca traditional equestrian celebrations by measuring the salivary cortisol variations.
The authors hypothesized that horse’s participation results in an acute and transitory stress
response reflected in an increase in the salivary cortisol values during the festivals. The
results corroborated the authors’ hypothesis. For the first time, the generated physiological
stress response in these stallions was described. Furthermore, the present results showed
that cortisol levels returned to baseline within the first twenty-four hours, suggesting the
participation of the horses in these festivals as an acute and transitory stressor.

To set the salivary cortisol baseline levels, a control group of ten stallions was sampled
at three different hours (8–9 a.m. (C1), 3–4 p.m. (C2), and 8–9 p.m. (C3)), repeating the
process in two different days (once in August and another in September of 2019). This
was performed to avoid potential sources of intra-seasonal variations [32–34]. Baseline
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salivary cortisol concentrations detected in the present study showed similar values to
other jumping and dressage horses [20,35]. Additionally, salivary cortisol concentrations of
the control group were not significantly influenced by the sampling day or the sampling
hour. Thus, results suggested the absence of circadian rhythm in the evaluated horses,
contrary to what was reported in other investigations [14,36]. Different authors have
suggested that changes in handling, habitat, generalized disease, and intensive exercise can
disturb the cortisol circadian secretion pattern in horses [15,37,38]. All abovementioned
disturbing factors can be discarded in this study, since during the sampling day, the horses
of the control group were kept apart from any housing- and handling-related changes
or disturbances, and they were clinically healthy during the studied period. Hence, the
management conditions may not have driven the absence of circadian rhythm. Decreasing
the interval time between sample collection could help to accurately measure the presence
of a possible circadian rhythm in these stallions [14,33]. Further research is needed to clarify
these findings.

Various studies have shown how horses anticipate a potential stressful event such as
loading transport vehicles [39], race competitions in comparison to regular training [40], or
trekking courses [41]. In the present study, the morning sample obtained before the start
of the festivals (F1A,B) did not differ significantly from sample C1. This finding suggests
no anticipatory stress response, partially explained because the horses remained in their
stables while the samples were taken.

In exercised horses, salivary cortisol has been demonstrated to be a valuable indicator
of stress levels [20,21,42]. In the present study, salivary cortisol concentrations obtained
during festival days (F2A,B, F3A,B, and F4A,B) were significantly higher than those obtained
from the control group (C1, C3, and C2). The observed increase is intended to compensate
for the effects of the physical and environmental stressors to which the horses were exposed
during those days (e.g., activity increase, crowded places, change in their habitual habitat,
presence of other stallions, transport from their origin place to the town or music, among
others). The results also showed that cortisol concentrations increased in parallel to the
duration of the festivals, suggesting that that cortisol’s increase was related to the duration
and intensity of the exercise [9,42]. Compared to the control group, salivary cortisol
increased from ~100% on the first day of the celebrations to ~300% (edition A) and ~200%
(edition B) on the second day’s morning. In addition, a similar physiological stress response
to the festivals was found in both studied editions. The observed variations during the
festivals can be compared to the results obtained by Kedzierski et al. [27], which showed
an increase of ~150% immediately after a short exercise of moderate intensity (800 m
galloped distance) in Arabian horses. Furthermore, Peeters et al. [22] showed that salivary
cortisol was ~340% higher after a cross-country road trip than just before the start. Other
studies have reported higher increases in cortisol concentrations than those observed in the
present study, as for example the results reported by Schmidt et al. [39], who documented a
salivary cortisol increase higher than 600% during road transport. Based on these studies,
it is likely that both high- and low-intensity exercise (long or short) induce a cortisol
increase. However, most studies have yet to have an exact measure of exercise intensity or
a standardized time and frequency of post-exercise cortisol measurements. Overall, the
results of the present study suggest that the stress response generated during the festivals
was not exceeding the stress response generated in other activities to which domestic horses
are regularly exposed.

Throughout the year, the evaluated horses are trained to be in their best physical
condition to ensure a successful performance and human safety during the celebration
days. Trainings include practicing the typical gaits and movements performed during
the festivals. The results of the present study are aligned with results obtained in our
preliminary study (unpublished data), in which the stress response of horses during a
festivals’ training session was evaluated. Salivary cortisol concentrations increased ~240%
after one hour of training. Therefore, the regular training of these horses would allow them
to properly prepare for the festivals’ demands.
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Different investigations have suggested that cortisol, the main glucocorticoid in horses,
plays an essential role in metabolism and energy balance [43]. In medium–short-term action,
cortisol acts as a catabolic hormone, increasing the energy production and restoring horses’
homeostasis during and after exercise [9,44,45]. Hence, exercise’s homeostasis disturbance
would be compensated by activating the HPA axis, increasing circulating cortisol, among
other hormones [9]. The present study showed that salivary cortisol concentrations were
highly variable between individuals during the celebrations. This result follows other reported
results of horses exposed to different types of exercise and conditions (e.g., [1,16,22,23,25]).
The interindividual variability detected in salivary cortisol concentrations could be partially
explained by the genetic conditioning of the horses [27], the interaction with their rider [23,46],
or the experience of the animals participating in the festivals.

Sample F5 (24 h post-festivals) did not show significant differences compared to sample
C3 of the control group. Thus, cortisol returned to baseline levels within the first twenty-four
hours following the event. The return to salivary cortisol baseline levels has been reported
to be different depending on the stimulus the horse has been exposed to. For example, after
an exogenous adrenocorticotropic stimulation, salivary cortisol concentrations returned to
baseline levels after 180 min [16], between 30 min and 1 h after a jumping course [20,47], or 2 h
after unloading from a trailer, irrespective of the transport’s duration [48]. On the other hand,
we observed in our preliminary study (unpublished data) that horses returned to salivary
cortisol baseline levels after a training session to participate in the festivals within two hours
after finishing the exercise. In addition, in line with the present study’s findings, Pazzola
et al. [1] reported the return to cortisol baseline values within the day after the end of the
traditional tournament of “Sa Sartiglia” (Oristano, Italy). Altogether, the return to basal levels
within 24 h after the end of the event suggests the restoration of the homeostatic balance and
therefore the absence of a chronic stress situation produced by the participation of these horses
in the festivals.

5. Conclusions

Overall, the current study provides a basis for future research on the stress physiology
of horses participating in traditional celebrations or similar events. For the first time, this
study describes that the participation of the horses at the Menorca patronal festivals gener-
ates an acute stress response reflected by a transitory salivary cortisol increase. The results
of the present study show how salivary cortisol concentrations increased progressively,
reaching the maximal concentrations on the second day of the festivals, and returning to
the baseline levels within the day after the acts. The authors encourage future studies to
investigate the possible long-term consequences on the health and welfare of the horses
participating in these events.
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