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Abstract

Inbreeding depression is a genetic phenomenon associated with the loss of fitness
and mean phenotypic performance due to mating between relatives. Historically,
inbreeding coefficients have been estimated from pedigree information. However,
the onset of genomic selection programs provides large datasets of individuals
genotyped using SNP arrays, enabling more precise assessment of an individual's
genomic-level inbreeding using genomic data. One of the traits most sensitive to
issues stemming from increased inbreeding is reproduction. This is particularly
important in equine, in which fertility is only moderate compared to other live-
stock species. To explore this further, we evaluated the effect of inbreeding on five
reproductive traits (age at first foaling (AFF), average interval between foalings
(AIF), total number of foalings (NF), productive life (PL) and reproductive effi-
ciency (RE)) in Pura Raza Espafiol mares using genomic data. Residual predicted
phenotypes were obtained by purging these traits through the REML (Wggesidual)
and sSGREML (ggcsiqua) @pproaches in reproductive data of 29,847 PRE mares
using the BLUPF90+ program. Next, we used pedigree-based (F,.q) and ROH-
based genomic (Fgy) inbreeding coefficients derived from 1018 animals geno-
typed with 61,271 SNPs to estimate the inbreeding depression (linear regression).
Our results indicated significant levels of inbreeding depression for all reproduc-
tive traits, with the exception of the AIF trait when F.4 was used. However, all
traits were negatively affected by the increase in genomic inbreeding, and Froy
was found to capture more inbreeding depression than F.q. Likewise, REML
models (ssGREML) using genomic data for estimated predicted residual phe-
notypes resulted in higher variance explained by the model compared with the
models not using genomics (REML). Finally, a segmented regression analysis was
conducted to evaluate the effect of inbreeding depression, revealing that the lev-
els of genealogical and genomic homozygosity do not manifest uniformly in re-
productive traits. In contrast, the levels of inbreeding depression ranged from low
to high as homozygosity increased. This analysis also showed that reproductive
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of homozygosity.

KEYWORDS

1 | INTRODUCTION

Inbreeding is caused by mating between relatives and is
associated with a loss of fitness and average phenotypic
performance, a phenomenon known as inbreeding depres-
sion (Howard et al., 2017; Leroy, 2014). Recently, increased
inbreeding has become a concern in livestock populations,
as it can be an unwanted consequence of both artificial
selection and the widespread use of reproductive biotech-
nology. It can negatively affect economically important
traits, such as fitness, health, reproduction, adaptability,
performance and yield (Antonios et al., 2021; Azcona
et al., 2020; Doekes et al., 2020, 2021; Zhang et al., 2022).
There are three genetic mechanisms which may cause in-
breeding depression: partial dominance, overdominance
and epistasis. However, it has been shown that the major
proportion of inbreeding depression is caused by partial
dominance which is caused by the accumulation of dele-
terious recessive alleles previously hidden in the heterozy-
gosity state (reviewed by Charlesworth and Willis (2009)).
These alleles are commonly present at low frequencies in
livestock populations, but the occurrence in deleterious
recessive homozygotes is increased by the inbreeding,
thus exposing deleterious effects. In addition, it is also
demonstrated that phenotypic superiority of heterozy-
gous over homozygous genotypes exists in some particu-
lar loci, known as the overdominance effect (Crow, 1970).
In this case, the increase in inbreeding tends to reduce
the frequency of heterozygous genotypes. Finally, epis-
tasis hypothesis refers to a reduction in the combination
of favourable heterozygous genotypes across multiple loci
(Jain & Allard, 1966), but it is commonly mentioned as the
least important genetic mechanism involved in the occur-
rence of inbreeding depression.

Inbreeding depression has been assessed using differ-
ent approaches. The standard approach is to regress the
phenotype of the trait of interest on the inbreeding coef-
ficient, by including inbreeding values as a covariate in a
REML mixed model, which provides a refined inbreeding
depression estimate when correcting for the effects in the
model (Gomez et al., 2009). However, the increasing avail-
ability of genomic information currently offers an alterna-
tive way of estimating the genome-wide homozygosity in a
more accurate way. Among the different homozygosity es-
timation methods developed using genomic information,

traits are very sensitive to inbreeding depression, even with relatively low levels

fertility, genomic inbreeding, horse, runs of homozygosity, segmented regression

the assessment of autozygosity across chromosomal seg-
ments using runs of homozygosity (ROH) has emerged as
avaluable tool for estimating inbreeding, due to its overall
flexibility and its ability to quantify the contribution of
genomic homozygosity (Frop) to inbreeding depression
(Hill et al., 2023).

The rise in inbreeding is a significant concern in vari-
ous equine breeds, notably the Pura Raza Espafola (PRE)
horses. Despite a substantial global population of nearly
250,000 individuals across 60 countries, the PRE breed
exhibits high levels of inbreeding (Perdomo-Gonzélez
et al., 2022; Poyato-Bonilla et al., 2022). This trend is com-
mon in many European equine breeds due to closed popu-
lation structures, resulting in inbred matings from limited
founders and breeding animals available for trait selection
within studs.

While inbreeding depression is extensively studied in
livestock species like cattle (Baes et al., 2019; Gutiérrez-
Reinoso et al., 2022), sheep (Antonios et al., 2021) and pigs
(Saura et al., 2015; Zhang et al., 2022), research in horses
remains minor, being particularly focused in the effect of
inbreeding in morphology (Giontella et al., 2020), or ath-
letic aptitude (Hill et al., 2022; Todd et al., 2018). Previous
studies have reported inbreeding depression in body mea-
surements in the PRE breed (Gémez et al., 2009), as well
as for morphological traits and defects (Poyato-Bonilla
et al., 2020). A recent study indicated an adverse impact
on reproductive traits in the PRE (Laseca et al., 2022), but
did not quantify the magnitude of effects on phenotypic
level.

The aim of this study was to estimate and quantify the
effect of inbreeding depression on reproduction traits in
Pura Raza Esparfiol horses using a genomic approach.

2 | MATERIALS AND METHODS

2.1 | Animals and phenotypic dataset

The initial reproductive dataset included 344,707 foaling
records of 78,986 breeding mares and 8133 studs included
in the PRE studbook. Records were obtained from the
breed's studbook up to 2022, including only foaling records
from mares born after 1970, when the breed's official par-
entage control was established. Small breeders (producing
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less than 10 foals per year) and mares mainly used for lei-
sure or sports activities (first foaling after 7years old, with
an interval between first and second foaling, and last and
penultimate foaling over 5years) were also excluded to
avoid a negative bias in reproductive traits (high probabil-
ity that reproductive variables do not reflect the reproduc-
tive aptitude of the animal but rather decisions made by
the breeder), according to the methodology validated by
our group (Gomez et al., 2020). The final dataset included
29,847 breeding mares belonging to 6939 studs.

The phenotypic characterization of the mares’ fertility
was based on five reproductive traits: age at first foaling
(AFF), average interval between foalings (AIF), total num-
ber of foalings (NF), productive life (PL, calculated indi-
vidually for each mare from the age at first foaling and
the age at which the mare was culled from the breeding
herd or the age at her last foaling in the case she has not
finished her productive life) and reproductive efficiency
(RE, defined as the number of total foalings relative to
the optimal (maximal) number of foalings the mare could
have had during her entire lifetime; Perdomo-Gonzalez
et al., 2020).

2.2 | Genomic data

A total of 1018 mares belonging to the PRE breed were
genotyped. Briefly, the DNA was isolated from blood or
hair samples using DNeasy Blood & Tissue Kit (Qiagen),
following the manufacturer's protocol. The horses were
genotyped with medium density GGP Equine Array
(NEOGEN), and over 70,000 evenly distributed SNPs
were profiled. The raw genotypic data were filtered using
PLINK software v1.9. Only SNP markers showing a high-
quality genotyping rate (call-rate>0.95), with a known
genomic position located on the autosomes and X chromo-
some, were kept (61,271 SNPs). No minor allele frequency
or linkage disequilibrium filtering was used, following
the latest estimation guidelines for runs of homozygosity
(ROH) (Meyermans et al., 2020).

2.3 | Predicted residual phenotypes

The predicted residual phenotypes (equivalent to the
purged phenotype for the effects included in the model)
were obtained for each animal and reproductive trait,
using a multivariate animal model, as follows:

y=Xb+Za+e

where y is the vector of observations of reproductive traits;
b is the vector of fixed effects (coat colour, geographical area
and birth stud size and age at last foaling as covariates); a
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is the random additive genetic effect, and e is the random
residual effect; X and Z are incidence matrices relating
observations to fixed and random additive genetic effects
respectively.

The additive genetic effect was modelled using two dif-
ferent genetic covariance structures: the A matrix, denot-
ing the pedigree-based additive genetic relationship, for
the classical evaluation, and the H hybrid matrix, which
integrates the pedigree and genomic data to establish re-
lationships among individuals, for ssGBLUP. The latter
(H) was derived by blending A with the genomic relation-
ship matrix G, calculated following VanRaden (2008) as
follows:

SS’

G=095 —4M8M8M—
2y, pi(1-p)

+0.05A

where, n is the number of SNP markers, p; is the allele fre-
quency of marker i, A is the pedigree relationship matrix
and S is a centred incidence matrix of SNP markers.

This combined approach allowed us to obtain two types
of predicted residual phenotypes: one from the model with
genomics (ggesiqua) @0d the other from the model without
genomics (Wggesiqua)- Finally, variance components, esti-
mated breeding values (EBVs), genomic estimated breed-
ing values (GEBVs) and predicted residual phenotypes
(Rresidual ANd Weresiqua) Were estimated, applying restricted
maximum likelihood (REML) and ssGREML approaches
for conventional and genomic evaluations respectively.
The analyses were performed with the BLUPF90+ pack-
age (Misztal et al., 2022).

2.4 | Estimation of inbreeding and
homozygosity

Two inbreeding estimation methods were employed in
this study: the pedigree-based inbreeding coefficient
(Fpea)s and the genomic inbreeding coefficient based on
ROH (Fgop)-

The F,¢4, defined as the probability that the two al-
leles at any locus in an individual are identical by descent
(IBD), according to Wright (1922), was computed using
Endog program (Gutiérrez & Goyache, 2005). This is an
estimate of an animal's homozygosity level by the pres-
ence of common ancestors in both paternal and maternal
pathways. This parameter is a probabilistic statistic since
it measures the expected (theoretical) homozygosity level
of any animal that presents these common ancestors at
the same pedigree site (expected average homozygosity
level). In our case, the pedigree used for the estimation of
the inbreeding coefficient (F,.4) is deep and reliable. The

ped
animals considered in the study had at least 10 complete
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generations and up to 19 known ancestral generations.
Moreover, the inclusion of animals in the studbook re-
quires confirmation through molecular markers since
the early 1980s. As a result, the PRE population has over
40years of proven parental information.

The Fyopy is defined as the percentage of the genome
covered by ROH, according to McQuillan et al. (2008).
This parameter aims to estimate the level of homozy-
gosity along the genome produced by the presence of
common ancestors (identity-by-descent, IBD) by detect-
ing homozygous regions which are unlikely produced
by identity-by-state. We first estimated all the ROH for
each animal using the slidingRuns procedure in the
DetectRUNS Package (Biscarini et al., 2018) in R (R-Core-
Team, 2022), following the parameters used in the study
by Laseca et al. (2022): size of window =50, minimum
number of SNPs =100, threshold =0.05, maximum gap be-
tween consecutives SNPs=100,000bps, minimum length
of ROH=1,000,000bps, maximum number of SNP with
opposite genotype=1 and maximum number of missing
genotypes=1. Thereafter, Fyoy values were determined
for each individual using the summary. runs procedure
from the same package.

2.5 | Estimation of the degree of
inbreeding depression

The estimation of pedigree-based and genomic inbreed-
ing depression was performed by regressing the predicted
residual phenotypes Wgpesqua (predicted residual phe-
notypes applying REML) and gg.qiqua (Predicted residual
phenotypes applying ssSREML) of the trait of interest on the

pedigree-based (Fpeq) Or genomic-based (Frey) inbreed-
ing coefficients, using two methodological approaches:
classical and segmented linear (piecewise) regressions.
In the latter, the expression of each reproductive variable
is interpreted as a linear piecewise function over F4 or
Fron» With each segment separated by a breakpoint (i.e.
a point in time when the effect on the dependent variable
changes). We conducted a segmented regression analysis
to ascertain whether linear relationships exist within spe-
cific segments across the F.q and Fyoy analysis interval.
This was prompted by the observation of a predominantly
cubic relationship between the two variables. The classi-
cal linear regression was fitted with the predicted residual
phenotypes (Wggesidual 31d Zresiqua) With the Reg procedure
of SAS, while the segmented regression was performed
using only the gpegqua ONe€s, with the Nlin procedure of
SAS. In addition, the Chow breakpoint test (Chow, 1960),
based on autoregressive analysis with the autoreg proce-
dure of SAS v.9.4 (Cary, US) was used to assess statistically
whether there are any structural changes in the relation-
ship between the dependent and independent variables
(breakpoint).

3 | RESULTS

3.1 | Predicted residual phenotypes and
inbreeding coefficients

The descriptive statistics of the five reproductive traits
(predicted residual phenotypes) analysed in PRE mares
are shown in Table 1. The mean predicted residual phe-
notypes were similar in Wggegqua a0d Eresiqual i all the

TABLE 1 Descriptive statistics of the reproductive traits evaluated (predicted residual phenotypes) in 1018 Pura Raza Espaiiol mares,

estimated heritability and estimated inbreeding coefficients.

Traits Mean SD
WEResidual AFF (years) 4.93 1.68
AITF (months) 19.90 2.13
NF 5.00 3.71
PL (years) 11.76 8.14
RE (%) 52.80 11.79
SRresidual AFF (years) 4.97 1.68
AIF (months) 19.89 2.18
NF 5.00 3.77
PL (years) 11.41 8.16
RE (%) 52.80 12.25
Inbreeding Fred 0.09 0.06
Fron 0.14 0.07

Minimum Maximum CV (%) K
1.99 9.01 34.20 0.23
12.52 25.98 10.70 0.03
—0.51 16.14 74.30 0.12
—5.47 39.00 69.20 0.04
24.25 84.72 22.30 0.24
1.99 9.06 33.70 0.23
12.38 26.03 10.90 0.02
— 819 16.73 75.40 0.11
—5.62 38.27 71.50 0.04
23.79 90.72 23.20 0.22
0.00 0.37 65.90 .
0.00 0.46 49.10 -

Abbreviations: AFF, age at first foaling; AIF, average interval between foalings; CV, Coefficient Variation (%); Fped, pedigree-based inbreeding coefficient;
Frop» genomic inbreeding coefficient; gyegquap» predicted residual phenotype with a model with genomic data; h?, heritability; NF, total number of foalings; PL,
productive life; RE, reproductive efficiency; SD, standard deviation; wWgg.giquay» predicted residual phenotype with a model without genomic data.
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five traits, but the maximum values of the gg.gqua Were
slightly higher than those of Wgg.qquar» €Xcept for PL, while
the minimum values of the predicted residual phenotypes
were lower for g qqua than for wgpegqua- The coefficient
of variation ranged from 10.70% to 74.30% for Wggesidual
and from 10.90% to 75.40% for gresiqual (Table 1).

The mean pedigree-based and genomic inbreeding co-
efficients were 0.09 and 0.14, respectively, showing a mod-
erately high positive correlation of 0.78. In addition, both
inbreeding coefficients showed a remarkably narrow con-
fidence interval and a relatively wide prediction interval
(Figure 1).

3.2 | Effect of inbreeding on
reproductive traits

A significant inbreeding depression (p <0.05) was ob-
served in all reproductive traits (Wgresidual a0d ZRresidual
predicted residual phenotypes) based on Fp¢q and Frep,
except for the AIF with F.4 (Table 2). The classical re-
gression coefficient was positive for AFF and AIF and
negative for NF, PL and RE. Similar effects were ob-
served between Wggresiqual a0d Eresiqual Predicted residual
phenotypes with both coefficients (Fpeq and Fgop), but
somewhat higher with the gg.qqua» particularly for RE.
For example, a 10% of the increase in F.q and Fyey for
Wgresidual Was associated with an increase in AFF of
0.37 and 0.31years, and 0.15 and 0.28 months in AIF re-
spectively. In addition, NF decreased to 0.76 and 0.54,
PL to 2.73 and 2.98 years and RE was reduced to 3.26%
and 2.58%, for F.q and Fyoy respectively. On the other

0.5
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hand, for each 10% of the increase in Fq and Froy-
based inbreeding coefficients in the gg.gqua> a0 increase
in AFF (0.37 and 0.31years respectively), and AIF (0.24
and 0.43months respectively) were estimated. While
a 10% increase in F,q and Fyoy caused a decrease by
0.80 and 0.65 in FN, 2.79 and 3.05years in PL and 3.98%
and 3.89% in RE respectively. In addition, the percent-
age of variance explained (%Var) was slightly higher by
Fron than by F.q in most of the cases, except for NF
(WgResidual and gResidual) and RE (WgResidual)' In the same
sense, the %Var was higher using ggesidual than Wggesidual
(on average 46.97% higher, with a minimum of 1.96% for
AFF and 131.25% for AIF with F,,) (Table 2).

3.3 | Segmented regression effect of
inbreeding on reproductive traits

The segmented regression analysis determined the ex-
istence of breakpoints (changes in trends or changes be-
tween the segments) for the reproductive traits. Only the
Zresidual Predicted residual phenotypes were used, because
the estimates in the classical regression were a better fit
than with wgg.qqua Predicted residual phenotypes. Table 3
shows these breakpoints (BP), the inbreeding coefficients
and the slopes, defined as the different estimates of the in-
breeding depression detected in the regression curves. In
all cases, the analysed traits showed two breakpoints, with
the sole exception of RE using Froy as regressor, which
showed only one (p<0.05). The amplitude between the
breakpoints was greater when Frn; was used to estimate
inbreeding depression than when using F,4, except for

0.4

o

Fron = 0.0536 + 0.934*Fped = 0.7790; p = 0.0000

0.3
I
g
'
0.2
0.1
FIGURE 1 Scatterplot of the
relationship between pedigree-based
inbreeding (Fpq) and genomic inbreeding
(Frop) in 1018 mares genotyped, with a 0.0 e
95% confidence interval of the mean and 0.00 0.05

individual prediction.

0.10 0.15 0.20 0.25 0.30 0.35 0.40
Fped
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TABLE 2 Estimates of the effect of inbreeding depression on reproductive traits in pedigree-based inbreeding and genomic inbreeding

by classical linear regression in 1018 Pura Raza Espafiol mares.

Fped Fron

Predicted residual phenotypes Traits Estimate SE J%var Estimate SE %var

WEResidual AFF 3.68%¥* 1.02 1.53 3.06% 0.85 1.53
AIF 1.51 1.35 0.16 2.79* 1.14 0.75
NF —7.57%** 2.04 1.34 —5.40** 1.70 0.98
PL —27.33%* 10.40 3.39 —29.78%** 9.17 5.08
RE —32.58** 7.39 2.39 —25.84%* 6.26 2.10

SResidual AFF 3.69%%* 1.02 1.56 3171w 0.85 1.60
AIF 2.37 1.38 0.37 4.20%%* 1.16 1.71
NF —7.96%** 2.07 1.43 —6.49%%* 1.73 1.37
PL —27.95** 10.41 3.53 —30.48%** 9.18 5.30
RE —39.83%** 7.64 3.31 —38.92%** 6.43 4.42

Abbreviations: AFF, age at first foaling (years); AIF, average interval between foalings (months); F,.q, pedigree-based inbreeding coefficient; Frqy, genomic
inbreeding coefficient; gr.gqua, predicted residual phenotype with a model with genomic data; NF, total number of foalings; PL, productive life (years); RE,
reproductive efficiency (%); SE, standard error; %Var, the proportion of the variance in the response of variable that can be explained by the predictor variable;

Wgresidual, PTedicted residual phenotype with a model without genomic data.
*#**p<0.001; **p <0.01; *p <0.05.

Regressor Traits Intercept Slopel Slope2 Slope3

Fped AFF 4.66 3.94 2.99 3.61
AIF 19.69 3.89 0.53 1.52
NF 5.68 —10.40 —4.19 —6.39
PL 13.72 —17.92 —50.16 —31.53
RE 56.19 —30.87 —56.21 —41.66

Fron AFF 4.55 1.95 509 3.85
AIF 19.30 7.11 0.16 2.99
NF 5.90 —6.86 —-5.75 —6.30
PIU 15.63 —44.86 2.17 —24.75
RE 58.14 —39.44 —27.91 —

TABLE 3 Estimates of inbreeding

BP1 BE2 depression on reproductive traits in
0.15%%  0.22%%* pedigree-based and genomic inbreeding by
0.10** 0.31* segmented regression in 1018 Pura Raza
0125 (.35 Espanol mares.

0.15%%*  (.25%**

0.20%*%*  (.34%**

0.17*%*  (.38%**

0.14* 0.32*

0.17#%*  (.32%**

0.15%%*  (.25%**

0.25%* -

Abbreviations: AFF, age at first foaling (years); AIF, average interval between foalings (months); BP 1,
Breakpoint 1 for inbreeding coefficient; BP 2, Breakpoint 2 for inbreeding coefficient; Fy.q, pedigree-based
inbreeding coefficient; Fyoy, genomic inbreeding coefficient; NF, total number of foalings; PL, productive

life (years); RE, reproductive efficiency (%).
*#**p<0.001; **p <0.01; *p <0.05.

PL, which showed the same breakpoints, and for the com-
bination RE, which only presented one breakpoint with
Fron- The breakpoints in the inbreeding depression esti-
mation with F.4 ranged from 0.10 (for AIF) to 0.20 (for
RE) and from 0.22 (for AFF) to 0.34 (for RE) (BP1 and BP2
respectively). Likewise, in the inbreeding depression esti-
mation with Fgy, the breakpoint 1 ranged from 0.14 (for
AIF) to 0.25 (for RE) and breakpoint 2 ranging from 0.25
(for PL) to 0.38 (for AFF). Therefore, it was observed that
the breakpoint for inbreeding depression estimated with
Frou shifted slightly towards higher values in comparison
with the estimation obtained using Fp,q.

For AFF, a 10% increase in inbreeding affected esti-
mates of inbreeding depression more in the first segment
(0<Fpeq<0.15) (0.39) when using F,q as a regressor,
while the 10% increase in inbreeding in the second phase
(0.17 < Frp <0.38) showed a more intense effect (0.51)
using Frop, that is, the trait was more affected by inbreed-
ing after the first breakpoint. The AIF trait had a similar
trend of increasing inbreeding when using Fy.q and Fgopy.
This trait was most affected by a 10% increase in inbreed-
ing in the first phase (0.39 for F ¢ and 0.71 for Frqyy), while
after that, the effect was maintained and then rose again
in the final phase. The trend of the NF trait to heightened

85U017 SUOWILIOD BAIIES.D 8]edt|dde sy Aq peusenob ase sspiie YO ‘88N JO S8|ni Joj Areiqi 8UlUO 3|1 UO (SUORIPUOD-PUR-SWSHW0D A8 |ImAIq ! Ul |UO//:SdNY) SUORIPUOD Pue SWIB | 8U188S *[7202/50/80] U0 Ariqi]auliuo A|1M *e|(148S 8a pepsieAluN Ag 95821 BAl/TTTT 0T/I0p/wW00 8| 1M Aiq1pul|uo//Sdny Wo.j pepeojumod ‘0 ‘88E06EYT



LASECA ET AL.

: |
Animal Breeding and Genetics IJ:, o _Wl L EY

inbreeding was consistent for both inbreeding coefficients.
Although, the value of the first slope for a 10% increase in
inbreeding (—1.04) using F,,.4 was almost double that ob-
tained when using Froy (—0.69). The other two estimates
were similar for F,o4 and for Fyoy (slope 2=-0.42 and
—0.58 and slope 3=—-0.64 and —0.63, respectively, for a
10% increase in inbreeding). As for PL, when using F,
the trait was most affected by a 10% increased inbreeding
after breakpoint 1 (with a slope of —5.2). Conversely, in
the case of Fgpoy, PL was more affected (—4.49) before
breakpoint 1 (0 <Fgpy <0.15), and remained stable until
breakpoint 2, after which it exhibited a renewed increase.
Finally, RE presented only one breakpoint when using
From» showing a greater negative effect in the first segment
(0<Fgoy <0.25) of the 10% increase in inbreeding. In con-
trast, with F,.q, the three slopes were strong (—3.09, —5.62,
—4.17 slope 1, 2 and 3 respectively) with a 10% increase in
inbreeding, although the greatest negative effect arose in
the slope 2. All these trends are shown in Figures S1-S10.

4 | DISCUSSION

The objective of this study was to demonstrate how in-
breeding affects the reproductive traits of Pura Raza
Espafiola mares. The PRE breed has a closed breeding
system in which only animals belonging to the breed
can used for breeding. As a result, mating of related in-
dividuals is inevitable, leading to increased inbreed-
ing in their offspring (Perdomo-Gonzalez et al., 2022).
Additionally, many breeders have conducted intense line
breeding, seeking the maximum genetic resemblance to
outstanding animals in their studs. One case in point is
the Carthusian lineage, which due to closed breeding with
only Carthusian breeders, and the relatively small effec-
tive size, has experienced dramatic increases in inbreed-
ing throughout its history (Poyato-Bonilla et al., 2022;
Valera et al., 2005).

Several studies have shown that reproductive traits are
among the traits most affected by inbreeding depression in
several species (Charlesworth & Willis, 2009; Martikainen
et al., 2018; Saura et al., 2015). Although horses frequently
show high levels of inbreeding (e.g. in breeds such as PRE
(Poyato-Bonilla et al., 2022) or Thoroughbred horse (Hill
et al.,, 2023)) and a moderate reproductive ability, very
few studies have addressed the influence of inbreeding
on reproductive traits (Cothran et al., 1986; Klemetsdal
& Johnson, 1989; Kownacki, 1965; Miiller-Unterberg
et al.,, 2017). This may be because it is hard to find an
easily and reliably obtained estimator related to repro-
ductive performance. The main difficulty lies in differen-
tiating whether the poor reproductive performance of a
mare (e.g. a long interval between foals, a very late age

at first foaling) is due to poor genetic potential, or to the
breeder's reproductive management (e.g. not covering the
mare until she has participated in sporting competitions
or leisure activities for several years, or simply showing an
unwillingness to mate their animals to produce foals in a
particular season). But also, fertility traits are not taking
into account in selecting individuals since choosing the
pairings for mating is mostly on the basis of a combination
of sport performance (Todd et al., 2018), morphological
traits (Poyato-Bonilla et al., 2021) and pedigree lineages.
In a previous study wherein fertility traits based on ped-
igree were developed and validated in PRE, we demon-
strated that including mares from small-size studs can bias
the results, since reproductive management and breeding
decisions can mask the fertility potential of their mares
(Gomez et al., 2020). Based on these results, we applied
filters within broodmare studs (e.g. long interval between
foals, a very late age at first foaling unsustainable for a
breeding stud), and discarded a large number of mares
from studs with less than 10 active broodmares. This re-
sulted in retaining only 38% of the original available pop-
ulation and allowed us a more accurate estimation of the
genetic and non-genetic effects in the whole population.
The resulting more accurate predicted residual pheno-
types were used to estimate the level of inbreeding depres-
sion. Likewise, this estimation of the predicted residual
phenotypes was performed following the classical BLUP
REML methodology (Wggesidua)> With additional genomic
information used from a single-step BLUP (ggesiqua) With
the H relationship matrix.

Traditionally, inbreeding estimates have been based
on pedigree information, but the current availability
of genomic data enables us to make more accurate esti-
mates of homozygosity levels and employ more refined
approaches in detecting inbreeding depression. One of
the advantages of using genomic data in inbreeding de-
pression studies is that it can be estimated in populations
where the pedigree records are scarce and/or incomplete
(Cassell et al., 2003; Kardos et al., 2015), together with
the added benefit that it measures the homozygosity of
the genome (Keller et al., 2011) instead of the expected
homozygosity per offspring, as with the pedigree-based
inbreeding coefficient. The use of SNP genomic data may
be constrained by the number of genotyped individuals,
which is typically lower than the dataset from a pedigree.
In the case of the PRE horse, the advantage of genomic
information over genealogical information is to minor ex-
tent related to the depth and/or reliability of the pedigree:
All studbook entries must be confirmed with molecular
markers since the 1980s. Furthermore, the animals con-
sidered in this study had at least 10 complete generations
and up to 19 known ancestral generations. Thereby, our
results showed moderately high correlations between
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pedigree-based (F,eq) and genomic estimations Froy
(0.78) (see Table 1) in comparison with recent studies in
other breeds such as Polish Cold-Blooded horses (0.56)
(Velie et al., 2019), the Norwegian-Swedish Coldblooded
trotter (0.44) (Polak et al., 2021) or the extreme case of the
Mangalarga Marchador horse (0.02) (Bizarria dos Santos
et al., 2021). This supports that our breed has more accu-
rate and complete pedigree records in comparison to other
horse breeds. Similar results have been reported in other
species such as pigs, cattle or sheep, with a correlation be-
tween Feq and Froy of 0.63 (Saura et al., 2015), 0.66 and
0.61 (Doekes et al., 2019; Makanjuola et al., 2020) and 0.60
(Antonios et al., 2021) respectively. Furthermore, the lin-
ear correlation observed between F.q and Fgoy showed
tight confidence limits and relatively large prediction
limits (Figure 1), which is due to the very nature of both
variables, in that Fpoy measures the degree of genomic
homozygosity ‘in a real state’, whereas F,,.q is an estimator
of the probability of the degree of homozygosity obtained
by descent (Keller et al., 2011).

To evaluate the effects of inbreeding, we calculated the
classical linear regression coefficients between the differ-
ent inbreeding values of the mares (F,eq and Fgoy) and
their predicted residual reproductive phenotypes. The
challenge of obtaining reliable reproductive data at the
population level is significant, but the filters employed
guarantee the high reliability of these parameters in the
sample. Accordingly, we consider that the use of this re-
duced database will not result in less representativeness of
the broodmare population. On the other hand, the sample
of genotyped mares is derived from a larger set of approx-
imately 4000 genotyped mares by the ANCCE, collected
as part of a comprehensive genome association research
project in the PRE horse breed and for genomic selection.
Among these mares, only 1018 met the specified criteria,
being breeding livestock or mares exclusively utilized for
reproduction. Thus, the selection of genotyped animals
provides good representation of the broodmare popula-
tion within the breed. All this involves a statistical chal-
lenge in terms of having a non-uniform distribution of
Foeq and Fgoy data across the analysed interval, resulting
in heterogeneous precision in the estimates. However, the
advantage is that the results guaranteed a robust represen-
tation of the breed's variability and provided an accurate
representation of the extent of inbreeding depression ex-
perienced by the breed for these traits.

Our results showed the existence of statistically sig-
nificant inbreeding depression for all the reproductive
traits, except for the average foaling interval trait when
Foeq Was used (Wggesiqual aNd gesidual)- 10 general, the es-
timates with genomics (gpesiqua) and without (Wggesidual)
in the REML estimation model were very similar in sign
and magnitude. However, when comparing Fy.q and Froy

results, gresiqual €Stimates were 22% higher (on average).
Similarly, percentage of the variance explained (%Var)
was always higher when using gp.qaqua (0N average 47%
higher), but the total percentage of variability explained
by inbreeding was low, which could be explained by the
high variability of reproductive traits throughout the ani-
mal’s life in relation to the influence of inbreeding levels.
This great variability in the reproductive traits of mares
is probably due to external effects of the animal, such as
management, breeder's decisions and even those of a ge-
netic nature, such as imprinting (which occurs when the
expression of a gene varies with the sex of the parent from
which it was inherited and is caused by an epigenetic ef-
fect) (Perdomo-Gonzalez et al., 2023) or transmission
ratio distortion (TRD, defined as the deviation from the
expected Mendelian inheritance of alleles from heterozy-
gous parents to offspring) (Laseca et al., 2023). Similarly,
when comparing Froy and Fp, it has verified that Froy
was more suitable (standard errors are minor) for estimat-
ing inbreeding depression in all reproductive traits except
NF gresiquay @and NF and RE gWgegiqua- The increase of
%Var was on average 88% in the gp.gqua and 75% in the
SWresidual Predicted residual phenotypes. Likewise, the
increase in estimation in wWggegqua When using Frony was
5.53%, and in ggegiqual 10-74%, compared to Fey.

Previous studies on reproductive traits in other species
such as swine (Saura et al., 2015; Zhang et al., 2022) or
dairy cattle (Bjelland et al., 2013; Pryce et al., 2014) have
also supported the use of genomic inbreeding instead of
the pedigree-based inbreeding coefficient to estimate in-
breeding depression. For example, the effect of inbreeding
depression was two to three times greater when based on
genomic inbreeding compared to pedigree-based inbreed-
ing for Holstein and Jersey breeds (Pryce et al., 2014).
Doekes et al. (2019) also reported that F,.q captures less
inbreeding depression than Fypoy and suggested that this
could be explained by the random nature of recombina-
tion and segregation, which is captured by genomic mea-
sures but not by pedigree. Furthermore, since there will be
more measurement error in pedigree than in genomic in-
breeding estimates, it follows that the slope is more likely
to be attenuated or ‘flattened’ to zero for F.4, a statisti-
cal phenomenon known as regression dilution (Hutcheon
et al., 2010). Knowing the genomic relationship of par-
ents in a mating does not assure us of knowing the actual
genomic inbreeding of the offspring. Nevertheless, the
probability of more accurately determining the inbreed-
ing of potential progeny will be higher than when using
pedigree-based inbreeding coefficients. Hence, genomic
inbreeding (Frop) becomes a crucial tool for livestock
breeders.

The classical regression coefficient was positive for
AFF and AIF. According to our results, there is a clear
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trend that shows that the higher the level of inbreeding,
the lower the mare's reproductive aptitude: increased
inbreeding relates to an increase in the age at first foal-
ing and longer mean inter-foaling interval of the mare.
For NF, PL and RE, the negative regression coefficient
would be compatible with a worse breeding perfor-
mance: increased inbreeding relates to lower number
of foalings, shorter productive life and reduced repro-
ductive efficiency (Table 2). These results agree with the
study by Perdomo-Gonzalez et al. (2021), who reported
similar effects of inbreeding (sign and magnitude) on
reproductive traits in the same breed, using F,q as a re-
gressor and a classical approach with a linear regression
model. They informed that a 10% increase in inbreed-
ing was associated with an increase in AFF and AIF of
0.06 years and 0.43 months, respectively, and with a de-
crease in NF, PL and RE of 0.17 foalings, 0.76 years and
2.34% respectively. Because they used the uncorrected
phenotypic data, these results are not directly compa-
rable with our predicted residual phenotypes (Wgresidual
and gregiqua)- A study similar to ours, but not directly
focused on reproductive aspects was conducted by Hill
et al. (2023). They investigated the impact of inbreeding
on the durability (number of race starts) of the North
American Thoroughbred horse. Their findings revealed
a significant decrease in the number of race starts as
Fron increased. Specifically, a 10% increase in Fpoy was
linked to a reduction of 3.5 race starts compared to horses
with an average inbreeding coefficient. This result could
be extrapolated to our findings for the ‘productive life’
trait (a 10% increase of Fypop was associated with a de-
crease of about 3years of PL), since both traits measure
the horse's productivity, either in sport performance or
reproduction. Besides that, the increase in phenotypic
values for the ‘calving interval’ trait (CI; similar to the
average interval between foalings in the horse) caused
by increased inbreeding has been demonstrated in other
species such as cattle using the inbreeding coefficient
based on pedigree or genomic data (Doekes et al., 2019,
2020; Pryce et al., 2014).

On the other hand, our methodology presents an ad-
ditional advantage over other studies carried out to date
on this topic: it models the relationship between inbreed-
ing and the phenotypic parameter of interest without as-
suming a linear relationship. In other words, the effects
of inbreeding on the phenotype do not exhibit the same
intensity consistently as inbreeding increases. This obser-
vation is recognized by breeders in livestock management.
In our case, we performed an estimation of the second-
and third-degree polynomial regression (data not shown).
Our results showed that the cubic curve had a better fit (R*
adjusted) than the linear and quadratic curves for all the
reproductive traits except for RE and AIF with F.q and
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NF with Fgrop as regressor (data not shown). This implies
the presence of different intensities in the relationship be-
tween reproductive traits and inbreeding when inbreeding
increases, that is, different levels of inbreeding depression
can be expected with increasing levels of homozygosity.
Therefore, a segmented regression analysis was proposed
to determine the existence of different slopes in certain
levels of inbreeding depression of the reproductive trait.
To our knowledge, this study is the first to use the seg-
mented regression technique to estimate the effect of in-
breeding depression in any animal species. In this regard,
determining where a significant change in the relation-
ship between F,.4/Froy and each trait may occur indicates
greater flexibility for selecting matings.

Our results showed that reproductive traits are highly
sensitive to inbreeding depression even with relatively low
levels of homozygosity (even <0.10 with F,.4 or 0.14 with
Frog in the case of AIF). This has also been described in
the case of dairy cattle (Doekes et al., 2019). Table 3 (and
the graphs in Figures S1-S10) shows how the inbreeding
depression varied in the different stretches of homozy-
gosity. In many of these reproductive traits, a more severe
inbreeding depression was obtained as the homozygosity
section considered increased, although in some traits, a
greater intensity was observed in the first section (e.g. AFF
and AIF with F,.). Furthermore, in some traits (e.g. RE or
PL with F,y), the intermediate homozygosity stretch in-
breeding depression intensity was significantly lower than
in the earlier and later interval. Explaining the variability
in behaviour based on the type of regressor (Froy O Fpeq)
and the considered trait proves highly challenging. This
difficulty arises from the distinct nature of the homozy-
gosity parameter, which may be attributed to the common
ancestors (Fyeq and Fpopy) and the founders (Frop). These
common ancestors might be distant or recent in time,
leading to potential scenarios where the detrimental ef-
fects of consanguinity may or may not have been purged.
Another explanation is the state, where there may be other
evolutionary effects at play, such as the existence of cen-
sus bottlenecks throughout the breed's history, the very
nature of their character (which may be purified by the
simple effect of the natural selection through centuries of
inbreeding) or variations in the reproductive management
of the breed.

In this context, it is noteworthy that in a breed such
as the PRE, characterized by a closed breeding system
since the foundation of its studbook (1912), the absence
of crossbreeding with horses from other breeds has led
the loss of variability due to inbreeding, being a concern
present in the breed from its inception. In fact, until about
40-50years ago, the tendency was to gradually increase
the average level of inbreeding of the population, since the
breeders made a great effort to increase the relationship
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of their animals with the best stallions in their studs.
However, in recent decades, with the breed's genetic im-
provement program, ANCCE has made great efforts to
raise awareness among breeders about the detrimental
effects of inbreeding (Perdomo-Gonzalez et al., 2020). It
should be noted that the number of animals with high lev-
els of inbreeding is currently much lower than the number
of animals with low or intermediate levels. In addition,
those animals with high levels of inbreeding are generally
animals with a high genetic value for traits of interest to
breeders (morphology, or sporting aptitude especially),
but also with acceptable reproductive aptitudes. Thus,
nowadays, breeders are making real efforts to avoid con-
sanguineous matings and, in any case, try to ensure that
common ancestors, which are the main cause of inbreed-
ing, are animals of great relevance to the breed. Those an-
imals which have much higher levels of inbreeding, may
have managed to purge the deleterious impacts of inbreed-
ing through natural selection or, alternatively, through the
breeder's sustained artificial selection. While animals of
recent generations do not usually have high levels of in-
breeding even though they may present much more recent
inbreeding (in terms of generations in which the common
ancestor occurs). Consequently, this has resulted in a less
pronounced manifestation of the inbreeding depression
effect across numerous generations. Currently, genetic as-
sessments for inbreeding depression load have been per-
formed (Perdomo-Gonzalez et al., 2021; Poyato-Bonilla
et al., 2020). These evaluations make it possible to detect
animals that, if they act as ancestors causing inbreeding,
this is not only capable to counteract inbreeding depres-
sion and by that also causes a phenotypic improvement in
their inbred descendants when compared with the popu-
lation average.

Finally, in order to explore in greater depth, the reasons
which account for the behaviour of inbreeding depression
throughout the range of the inbreeding coefficients (Fyoy
and F,.q) used, further study is needed. With a larger
number of animals, it may be possible to differentiate
groups of animals with the same level of inbreeding but
with different recent and ancient inbreeding coefficients,
and thereby compare the inbreeding depression based on
recent and ancient inbreeding.

5 | CONCLUSION

We have demonstrated the existence of inbreeding de-
pression in reproductive traits of a large cohort of PRE
mares. All the predicted residual phenotypes analysed
(AFF, AIF, NF, PL and RE) were adversely affected by
increasing genomic and pedigree-based inbreeding. All
models that included genomic data to estimate predicted

residual phenotypes showed an improvement in estima-
tion accuracy compared to models that lacked genomic
data. In addition, the genomic inbreeding coefficient
(Fron) Was found to capture more inbreeding depression
than pedigree-based inbreeding (F,.q). The segmented re-
gression analysis provided evidences that the increase in
genomic inbreeding (including pedigree-based inbreed-
ing) does not affect reproductive traits homogeneously.
Finally, we concluded that reproductive traits are very
sensitive to inbreeding in this breed since they are affected
by low levels of homozygosity.
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