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ABSTRACT

Inbreeding depression is associated with a decrease 
in performance and fitness of the animals. The goal 
of this study was to evaluate pedigree-based and ge-
nomic methods to estimate the level of inbreeding 
and inbreeding depression for 3 semen traits (volume, 
concentration, and motility score) in the Basco-Béar-
naise sheep breed. Data comprised 16,196 (or 15,071) 
phenotypic records from 620 rams (of which 533 rams 
had genotypes of 36,464 SNPs). The pedigree included 
8,266 animals, composed of the 620 rams and their an-
cestors. The number of equivalent complete generations 
for the 620 rams was 7.04. Inbreeding coefficients were 
estimated using genomic and pedigree-based informa-
tion. Genomic inbreeding coefficients were estimated 
from individual SNP and using segments of homozy-
gous SNP (runs of homozygosity, ROH). Short ROH 
are of old origin, whereas long ROH are due to recent 
inbreeding. Considering that the equivalent number of 
generations in Basco-Béarnaise was 6, inbreeding co-
efficients for ROH with a length >4 Mb refer to all 
(recent + old) inbreeding, those with a length >17 Mb 
correspond to recent inbreeding, and the difference 
between them indicates old inbreeding. Pedigree-based 
inbreeding coefficients were also estimated classically, 
or accounting for nonzero relationships for unknown 
parents, or including metafounder relationships (esti-
mated using markers) to account for missing pedigree 
information. Finally, inbreeding coefficients combining 
genotyped and nongenotyped animal information were 
computed from matrix H of the single-step approach, 
also including metafounders. Inbreeding depression was 
estimated differently depending on the approach used 
to compute inbreeding coefficients. These 8 estimators 
of inbreeding coefficients were included as covariates 
in different animal models. No inbreeding depression 
was detected for sperm volume or sperm concentration. 

Inbreeding depression was significant for the motility 
of spermatozoa. The effect of old and recent inbreed-
ing on motility was null and negative, respectively, 
demonstrating the existence of purging by selection of 
deleterious recessive alleles affecting motility. A 10% 
increase in inbreeding would result in a reduction in 
mean motility ranging between 0.09 and 0.22 points in 
the score (from 0 to 5). Motility is unfavorably affected 
by increasing recent inbreeding but the impact is very 
small. Runs of homozygosity and metafounders allow 
us to accurately estimate inbreeding depression and 
detect recent inbreeding.
Key words: inbreeding depression, runs of 
homozygosity (ROH), metafounder, semen trait, Basco-
Béarnaise sheep

INTRODUCTION

Inbreeding depression is the reduction, due to in-
breeding, of the mean phenotypic value shown by traits 
connected with fitness. Many important traits in dairy 
cattle, such as yield, fertility (González-Recio et al., 
2007; Pryce et al., 2014), and udder health (Doekes et 
al., 2019), as well as semen quality traits (Ferenčaković 
et al., 2017) show inbreeding depression. Two alterna-
tive hypotheses may explain inbreeding depression: the 
partial dominance and the overdominance hypotheses 
in the absence of epistasis (Charlesworth and Willis, 
2009). The “dominance” hypothesis argues that in-
breeding depression is caused by the presence of reces-
sive alleles in populations. These alleles, present at low 
frequencies in populations, can contribute to inbreed-
ing depression because homozygotes are rare, except 
after inbreeding. Alternatively, the “overdominance” 
hypothesis refers to the loss of advantage from alleles 
with heterozygous superiority due to the increase of 
homozygosity. Partial dominance seems to account for 
a large proportion of the inbreeding depression (Leroy, 
2014; Curik et al., 2017; Howard et al., 2017).

Inbreeding depression can be estimated from the 
regression of the phenotype on inbreeding coefficients. 
Classically, the inbreeding coefficient is defined as 
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the probability that both alleles at any locus within 
an individual are identical by descent (IBD), and has 
been computed from pedigree information (Lynch and 
Walsh, 1998). However, pedigree information is often 
incomplete to some extent; it may contain errors and 
inbreeding may therefore be underestimated. Different 
methods are available to compute inbreeding coefficients 
for populations with missing pedigrees (VanRaden, 
1992; Aguilar and Misztal, 2008). Also, computation 
of the inbreeding coefficient from pedigree assumes an 
infinitesimal model with unrelated loci. The availabil-
ity of SNPs allows us to estimate genomic inbreeding 
coefficients from individual SNP or from segments of 
homozygous SNP (runs of homozygosity, ROH). These 
genomic inbreeding coefficients are expected to be more 
accurate because they reflect that inheritance is passed 
on in chromosomes (e.g., Baes et al., 2019; Maltecca 
et al., 2020). Genomic inbreeding coefficient estimates 
obtained from individual SNP refer to the proportion 
of homozygous genotypes (Silió et al., 2013) and do not 
use information from contiguous markers. Genomic in-
breeding coefficient estimates based on ROH provide a 
better measure of inbreeding because they contemplate 
the joint occurrence of inbreeding in neighboring mark-
ers, and the length of ROH can give insight into the 
age of inbreeding, allowing us to distinguish between 
recent and old inbreeding (Curik et al., 2017; Doekes 
et al., 2019). Old inbreeding is typically less relevant 
because it is expected to be purged from deleterious 
load, whereas recent inbreeding is not.

Two obstacles to compute inbreeding in dairy sheep 
are the lack of pedigree recording and the lack of geno-
typing. Pedigree is sometimes missing because the sire 
is (usually) not recorded except for AI offspring. Van-
Raden (1992) proposed a method to estimate inbreed-
ing coefficients compensating for missing pedigrees. 
Essentially the method consists of assigning relation-
ships to pools of missing parents. Legarra et al. (2015) 
proposed a similar idea, called metafounders, where 
these relationships were obtained based on markers of 
descendants of these pools.

Genomic methods (e.g., ROH) are powerful but re-
quire that all animals have been genotyped. This is 
rarely the case in sheep populations. Single-step meth-
ods (Aguilar et al., 2010; Christensen and Lund, 2010), 
that project genomic relationships to all nongenotyped 
members of the pedigree, alleviate such problems and 
permit us to estimate single SNP-based genomic in-
breeding coefficients (but not ROH) for all animals 
(genotyped and nongenotyped). Recently, different 
methods to efficiently compute inbreeding coefficients 
were proposed (Legarra et al., 2020) and they include 
the use of metafounders (Legarra et al., 2015; Garcia-

Baccino et al., 2017) as an option for modeling missing 
pedigrees.

In dairy sheep, AI with fresh semen is used for repro-
ductive and genetic purposes. Success of AI depends 
on male fertility and sperm quality, among other fac-
tors. In dairy cattle, several studies concluded that 
sperm quality is susceptible to inbreeding depression 
(e.g., Maximini et al., 2011; Ferenčaković et al., 2017). 
However, to date, the effect of inbreeding on semen 
traits has not been quantified in dairy sheep data. Ar-
tificial insemination rams play a major role in dairy 
sheep selection schemes, and monitoring of inbreeding 
depression on semen traits is of interest.

The goal of this study is to evaluate pedigree-based 
and genomic methods to estimate the level of inbreeding 
and inbreeding depression for semen traits (sperm vol-
ume, concentration, and motility) in Basco-Béarnaise 
rams.

MATERIALS AND METHODS

Data for this study were extracted from the French 
National dairy sheep database for the Basco-Béarnaise 
breed. Animal care and use committee approval was 
not necessary for this study because the data were ob-
tained from an existing database.

Phenotypic and Genomic Data

Due to the use of fresh semen, a large population of 
rams is held at the AI center (Centre Départemental 
de l’Élevage Ovin), in Ordiarp, Pyrénées Atlantiques, 
France). Semen production and quality data is routinely 
collected; we use data for rams born between 1997 and 
2015. Sperm volume (mL) was evaluated directly by 
reading the collection tube. Sperm concentration (×106 
spermatozoa/mL) was determined by spectrophotom-
eter. Motility score was evaluated by a technician on 
a scale from 0 (no motion) to 5 (numerous rapid and 
vigorous waves) under the microscope. Sperm quality 
data were assessed immediately after collection. Di-
luted semen was packaged in straws and stored at 15°C 
until cervical insemination (within 6 h following collec-
tion). Data comprised 16,196 phenotypic records from 
620 rams born between 1997 and 2015. Summaries of 
the whole data for different semen traits are presented 
in Table 1.

Of the 620 rams with records, genotyped animals were 
a subset of 533 rams. These rams were genotyped using 
the OvineSNP50 BeadChip (Illumina Inc., San Diego, 
CA). The distribution of rams and status (genotyped 
or not) across year of birth is shown in Figure 1. After 
quality control using preGSf90 (Aguilar et al., 2014), 
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36,464 autosomal SNP were retained for analyses and 
used to build genomic relationship matrices. In quality 
control, SNPs with a call rate <0.98, a minor allele 
frequency <0.05, and high deviation from Hardy–Wein-
berg equilibrium (absolute difference between expected 
and observed heterozygotes >0.15) were removed. Ani-
mals with a call rate <0.98 were discarded.

Pedigrees were extracted from the national database. 
There were 8,266 animals in the pedigree, composed of 
the 620 rams and their ancestors. To assess pedigree 
completeness, the number of equivalent complete gen-
erations was computed using PEDIG (Boichard, 2002) 
and it was equal to 4.95 for all animals and to 7.04 for 
the 620 rams in the analyses. In the complete pedigree, 
14 and 10% of the animals had 1 or 2 unknown parents, 
respectively. However, animals missing one or both par-
ents are females (e.g., they could be great-granddams of 
the 620 rams), and pedigree completeness of rams was 
very high: as these are elite animals, all AI rams have 
at least 2 parents and 4 grandparents known.

Genomic Inbreeding Estimation

Inbreeding coefficient based on individual SNP (FSNP) 
was defined as the proportion of homozygous SNP in 
each animal (Silió et al., 2013). Thus, for animal i 
FSNPi( ),  it was calculated for the whole genome as fol-

lows:

	 F
N N

N N NSNP
AA aa

AA Aa aa
i
=

+
+ +

, 	

where NAA, NAa, and Naa refer to the number of SNP 
classified as AA, Aa, and aa, respectively.

The inbreeding coefficient based on ROH (FROH) is 
the proportion of the genome that is in ROH. For ani-
mal i, FROHi  was calculated as

	 F
l
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k

n
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g
i
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ik= =∑ 1

 
, 	

where nROHi  represents the total number of ROH in 

animal i, lROHik  is the length of the kth ROH in animal 

i in base pairs, and lg is the length of the genome in 
base pairs. The ROH were obtained using a self-made 
Fortran program used previously in Rodríguez-Ramilo 
et al. (2015, 2019).

Several criteria exist for identifying a ROH, which 
involve the homozygous or heterozygous state of the 
SNP and its map position. The criteria and values as-

sessed in this study were as follows: (1) the minimum 
length that constituted a ROH was 4 Mb; (2) the mini-
mum number of SNP was 30; (3) the minimum density 
was 1 SNP/100 kb; (4) the maximum distance allowed 
between 2 consecutive homozygous SNP was 1 Mb; 
(5) a maximum of 2 missing genotypes was permitted; 
and (6) only one heterozygous genotype was allowed. 
Recently, Rodríguez-Ramilo et al. (2019) showed that 
this set of values is appropriate for the Basco-Béarnaise 
breed.

Runs of homozygosity due to recent inbreeding are 
expected to be longer than those due to old inbreeding 
(repeated meiosis splits homozygous segments; McQuil-
lan et al., 2008). To determine the number of genera-
tions from a common ancestor (gcA) and, consequently, 
to differentiate recent from old inbreeding, the follow-
ing formula was used (Curik et al., 2014): 
E L gcA gcAIBD H( ,− = ( )| ) 100 2  where E L gcAIBD H( − | )  is 
the expected length of an IBD haplotype. This means 
that ROH with a minimum length of 4 Mb come from 
a common ancestor occurring 12.5 generations ago on 
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Table 1. Mean, standard deviation, and range of the evaluated semen 
traits

Trait Mean SD Range

Volume (mL) 1.41 0.63 0.20–4.80
Concentration (×106 spermatozoa/mL) 3.23 0.64 1.60–5.50
Motility (score 0 to 5) 4.61 0.54 0.00–4.98

Figure 1. Distribution of total and genotyped rams in the data set 
across birth years.
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average. Accordingly, ROH with a minimum length of 
17 Mb come from a common ancestor occurring 3 gen-
erations ago on average, because ROH of a specific 
length comprise mixtures of several ancestral genera-
tions (Doekes et al., 2019). In total, 6,334 ROH were 
detected, considering all individuals and autosomes. 
Figure 2 shows the distribution of the number of ROH 
detected for each ROH category. The frequency of ROH 
between 4 and 17 Mb was 0.88 (5,565 ROH) and 0.12 
for ROH >17 Mb (770 ROH). In relation to the ex-
pected age of inbreeding, FROH>4Mb refers to all inbreed-
ing, FROH>17Mb to recent inbreeding, and FROH>4−17Mb = 
FROH>4Mb − FROH>17Mb refers to old inbreeding. In the 
next sections, FROH>4Mb, FROH>4−17Mb, and FROH>17Mb are 
called FROHTotal ,  FROHOld ,  and FROHRecent ,  respectively. 

Inbreeding coefficient estimates based on ROH were 
calculated for the whole genome.

Pedigree Inbreeding Estimation

Pedigree-based inbreeding coefficients were estimated 
using 4 methods. The first method FPED( )  used tradi-
tional pedigree-based inbreeding. The second method 
FPEDnonzero( )  used pedigree-based inbreeding but ac-

counting for nonzero relationships for unknown parents 
(VanRaden, 1992; Aguilar and Misztal, 2008). In this 
approach, animals with missing parents were assumed 
to have inbreeding coefficients equal to the mean of the 
inbreeding coefficients for animals with known parents 
born during the same year. The third method used the 
metafounder relationships in pedigree-based inbreeding 
FPEDMF( );  that is, it compensated for missing pedigrees 

by assigning nonzero relationships to metafounders. 
Metafounders are pseudo-animals that represent rela-
tionships across and within base populations. For in-
stance, unknown parents of an animal born in 2000 are 
likely offspring of animals born in 1996, but this rela-
tionship is lost if metafounders are not used. We used 5 
metafounders, as described below. The fourth method 
calculates inbreeding from a combined relationship ma-
trix (H) using pedigree and genotypes with metafound-
er relationships FHMF( ).  The diagonal element of matrix 

H − 1 gives an estimate of the inbreeding coefficient. 
For genotyped animals, it can be shown that 
2 1F FSNP HMF

= +  (Garcia-Baccino et al., 2017).

In this study, 5 metafounders were defined as a 
function of birth year of animals with unknown par-
ent: 1974–1980, 1980–1988, 1988–1994, 1994–2000, and 
>2000. Ancestral relationships or relatedness for base 
animals (matrix Γ) were estimated from pedigree and 
genotypes of the 533 genotyped rams using generalized 
least squares (Garcia-Baccino et al., 2017).

Evaluation Models

Phenotypes were analyzed using separate single-trait 
mixed models (multiple-trait analyses gave similar re-
sults). The combined effect of year-season of collection, 
daily variation (a.m./p.m.), age at collection (years), 
and the interval from previous collection (days, from 
1 to 8) were included as fixed effects. The model also 
included a random permanent effect for each ram. For 
a single trait, the linear model can be written as

	 y = Xβ + Fb + Zuu + Zpepe + e,	

where y is the vector of phenotypic records (volume, 
concentration, and motility), β is the vector of fixed 
effects, u is the vector of additive genetic effects, pe is 
the vector of permanent environmental effects 
Var pepe I( ) =( )σ2 ,  e is a residual vector Var ee I( ) =( )σ2 ,  

and X and Z are design matrices relating records to 
fixed and random effects, respectively; σpe

2  and σe
2  are 

permanent and residual variances, respectively. The ef-
fect of technician was not included because the same 
person assessed the motility score during all semen col-
lection periods in our data.

The term Fb models inbreeding depression, where  
b is the inbreeding depression parameter per unit  
of inbreeding, and the covariate F is the vector  
of inbreeding coefficients. Eight different inbreeding 
coefficients were considered, 4 genomic 
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Figure 2. Distribution of the number of runs of homozygosity 
(ROH) detected for each ROH category: with a minimum length of 
4 Mb, ROH between 4 and 17 Mb, and ROH with a minimum length 
of 17 Mb.
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F F F FSNP ROH ROH ROHTotal Old Recent
, , ,   and ( ) and 4 pedi-

gree-based F F F FPED PED PED Hnonzero MF MF
, , , .   and ( )  Ac-

cordingly, the use of these 8 inbreeding coefficients de-
fined 7 models: SNP, ROHTotal, ROHOld+ROHRecent, 
PED, PEDnonzero, PEDMF, and HMF, respectively. The 
ROHOld+ROHRecent model fitted FROHOld  and FROHRecent  

simultaneously. In addition, the models differed in the 
number of records used and in the relationship matrices 
used for Var(u) in the linear model, and this is detailed 
next.

The first 3 (genomic) models (SNP, ROHTotal, 
ROHOld+ROHRecent) included only 533 genotyped rams 
with 15,071 records, because the other rams did not 
have genotypes. In this case, Var uu G( ) = σ2,  where G is 

VanRaden (2008) genomic relationship matrix, σu
2  is 

the additive genetic variance, and a genomic (G)BLUP 
was used.

The other 4 models (PED, PEDnonzero, PEDMF, and 
HMF) included the 16,196 records from the 620 rams. In 
the models PED and PEDnonzero, Var uu A( ) = σ2,  the 
classical numerator relationship matrix. In the PEDMF 
model, Var uu A( ) = Γσ2,  a pedigree-based relationship 
matrix but including metafounders. The last model, 
HMF, was single-step GBLUP with metafounder rela-
tionships Var uu H( ) =( )Γσ2  (Legarra et al., 2015).

Programs of the BLUPF90 family (Misztal et al., 
2002) were used for the analyses and are available at 
http:​/​/​nce​.ads​.uga​.edu/​wiki/​doku​.php.

RESULTS AND DISCUSSION

Several aspects affect the identification of ROH and 
the inference of age of inbreeding that is done based on 
them. The number and length of the detected ROH is 
sensitive to genome assembly, the thresholds imposed 
during the filtering of the genotypic data, and the pa-
rameters used to define a ROH (Howrigan et al., 2011). 
Therefore, ROH-based inbreeding coefficients are af-
fected by the density of the SNP chip, the frequency of 
genotyping errors (Ferenčaković et al., 2013), and the 
number of heterozygotes allowed (Mastrangelo et al., 
2016). Additionally, the location, frequency, and size 
of ROH can be influenced by recombination and muta-
tion rates. In general, a uniform recombination rate is 
assumed but it varies across the genome (Gibson et al., 
2006). In this study, the definition of ROH was rule-
based and somewhat arbitrary, although several defini-
tions were previously studied in Rodríguez-Ramilo et 
al. (2019) and this one retained because it seemed 
empirically adequate. Alternatively, a Hidden Markov 
model approach may be used to identify homozygous 
segments and to infer the age of inbreeding (Druet and 
Gautier, 2017).

Mean inbreeding coefficients across individuals for 
each method are shown in Table 2 and Figure 3. The 
mean FSNP, FROHTotal ,  and FPED were 0.61, 0.05 and 

0.04, respectively.
Our inbreeding coefficient estimates agreed with 

values obtained in other sheep breeds: Manech Tête 
Rousse (FSNP = 0.62, FROH = 0.04, and FPED = 0.02) 
and Lacaune (FSNP = 0.62, FROH = 0.04, and FPED = 

Antonios et al.: INBREEDING DEPRESSION IN SHEEP SEMEN TRAITS

Table 2. Mean inbreeding, standard deviations, and range of the evaluated coefficients

Inbreeding coefficient   Method1 Mean SD Range

Marker-based 
(n = 533)2

  FSNP 0.6111 0.0099 0.5864–0.6519
  FROHTotal 0.0468 0.0235 0.0020–0.1444

  FROHOld 0.0337 0.0160 0.0020–0.0895

  FROHRecent 0.0132 0.0144 0.0000–0.0884

Pedigree-based 
(n = 533)2

  FPED 0.0388 0.0174 0.0000–0.1031
  FPEDnonzero 0.0432 0.0162 0.0031–0.1066

  FPEDMF 0.2287 0.0155 0.1862–0.2783

  FHMF 0.2226 0.0193 0.1747–0.3017

1Inbreeding coefficients: FSNP  = based on the proportion of homozygous SNP, FROHTotal  = based on runs of 
homozygosity (ROH) with a minimum length of 4 Mb, FROHOld  = based on ROH between 4 and 17 Mb, 
FROHRecent  = based on ROH with a minimum length of 17 Mb, FPED  = pedigree-based inbreeding, FPEDnonzero  
= pedigree-based inbreeding but accounting for nonzero relationships for unknown parents, FPEDMF  = pedi-
gree-based inbreeding including metafounder relationships, and FHMF  = inbreeding calculated from a com-
bined relationship matrix using pedigree and genotypes with metafounder relationships, respectively.
2Number of rams.

http://nce.ads.uga.edu/wiki/doku.php
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0.03; Rodríguez-Ramilo et al., 2019), Latxa Cara Rubia 
(FSNP = 0.61, FROH = 0.03, and FPED = 0.02; Granado-
Tajada et al., 2020) and Churra (FROH = 0.04; Chit-
needi et al., 2017). However, low inbreeding coefficients 
were estimated in Finnsheep population (FSNP = 0.04) 
using pedigree and SNPs (Li et al., 2011). The authors 
suggested this was due to the small sample size (99 
animals) and incompleteness of the pedigree (Li et al., 
2011).

Comparing marker-based methods, the mean FSNP 
(0.61) was greater than FROHTotal  (0.05). Note that in-

dividual SNP inbreeding is a combination of IBD and 
identical by state, whereas FROH represents only the 
IBD fraction (Curik et al., 2014; Zhang et al., 2015; 
Peripolli et al., 2017). The highest values of inbreeding 

among FROH averages correspond to FROHTotal .  This was 

expected because it includes all fragments having a 
length >4 Mb (Ferenčaković et al., 2017). As expected, 
FROHTotal  was close to the pedigree-based inbreeding 

coefficients FPED and FPEDnonzero .  Among pedigree-based 

coefficients, higher values were obtained for the meth-
ods that included metafounder relationships, FPEDMF  

and FHMF .  Inbreeding increases when considering 

metafounders (0.03 vs. 0.22; Legarra et al., 2015). How-
ever, inbreeding depression estimates are not affected, 
because adding a constant to a covariate does not 
change the regression. The inbreeding coefficients based 
on the pedigree data, FPED, were plotted against in-

Antonios et al.: INBREEDING DEPRESSION IN SHEEP SEMEN TRAITS

Figure 3. Estimations of inbreeding coefficients under genomic (F_SNP, F_ROH.Total, F_ROH.Old, and F_ROH.Recent) and pedigree-
based (F_PED, F_PED.nonzero, F_PED.MF, and F_H.MF) methods. F_SNP = based on the proportion of homozygous SNP, F_ROH.Total 
= based on runs of homozygosity (ROH) with a minimum length of 4 Mb, F_ROH.Old = based on ROH between 4 and 17 Mb, F_ROH.Recent 
= based on ROH with a minimum length of 17 Mb, F_PED = pedigree-based inbreeding, F_PED.nonzero = pedigree-based inbreeding but 
accounting for nonzero relationships for unknown parents, F_PED.MF = pedigree-based inbreeding with metafounder relationships, and F_H.
MF = inbreeding calculated from a combined relationship matrix using pedigree and genotypes with metafounder relationships, respectively.
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breeding coefficients based on the genomic data, FSNP 
(see Supplemental Figure S1; https:​/​/​doi​.org/​10​.3168/​
jds​.2020​-18761), and followed the expected relation-
ship. All methods had similar variation in the estimates 
(Figure 3).

The correlations between the inbreeding coefficients 
for the 533 genotyped animals are shown in Figure 4. 
As expected, a high correlation was obtained between 
FSNP and FROHTotal  (0.86), because short ROH contain 

small fragments of continuous SNP. The correlation 
varied from 0.91 to 0.97 between pedigree-based in-
breeding coefficients: FPED, FPEDnonzero ,  and �FPEDMF .  

The highest correlation was between FSNP and FHMF  

(1.00) because the corresponding block of HΓ is propor-
tional to an identical-by-state relationship G matrix 
(Garcia-Baccino et al., 2017). Pedigree-based inbreed-
ing (FPED) was moderately correlated with FSNP (0.59) 
and FROHTotal  (0.60). A lower correlation was found 

between FROHOld  and FROHRecent  (0.19) because they 

reflect different ages of inbreeding. In recent inbreed-
ing, recombination and mutation have not yet frag-
mented the homozygous segments. Ignoring FSNP, in-

breeding coefficients obtained from the H matrix in-
cluding metafounder relationships FHMF( )  were mainly 

correlated with FROHTotal  (0.86) with, in second and 

third place, FROHOld  (0.68) and FROHRecent  (0.65) in-

breeding, respectively.
Estimates of inbreeding depression for the 3 evalu-

ated traits are shown in Table 3. No inbreeding depres-
sion was detected for sperm volume or concentration. 
Inbreeding depression for motility was significantly 
different from zero (P < 0.05) in SNP, ROHTotal, 
ROHRecent, PEDMF, and HMF (Table 3). The reduction 
in mean motility score ranged between 0.9 and 2.2% for 
100% inbreeding. This means that a 10% increase in 
inbreeding would result in a reduction of the motility 
mean of around 0.1 points on the scale (from 0 to 5) 
and a slight deterioration in semen quality. The rate 
of inbreeding in this breed is 1% per generation. Thus, 
our results would not have a sensible economic impact 
for breeders.

No inbreeding depression was detected for motility 
with ROHOld (which refers to old inbreeding). Note that 
recent and old inbreeding were fitted simultaneously to 
provide more accurate estimates. Similar results (not 
shown) were obtained when long or short ROH were in-
cluded separately. A purging effect of deleterious alleles 
in old generations could explain this result (Mc Parland 
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Figure 4. Correlations between different inbreeding coefficients: 
F_SNP = based on the proportion of homozygous SNP, F_ROH.Total 
= based on runs of homozygosity (ROH) with a minimum length of 
4 Mb, F_ROH.Old = based on ROH between 4 and 17 Mb, F_ROH.
Recent = based on ROH with a minimum length of 17 Mb, F_PED = 
pedigree-based inbreeding, F_PED.nonzero = pedigree-based inbreed-
ing but accounting for nonzero relationships for unknown parents, F_
PED.MF = pedigree-based inbreeding with metafounder relationships, 
and F_H.MF = inbreeding calculated from a combined relationship 
matrix using pedigree and genotypes with metafounder relationships, 
respectively.

Table 3. Inbreeding depression and standard error (in parentheses) 
for semen traits using different models

Model1

Semen trait2

Volume Concentration Motility

SNP −0.901 (1.419) −0.752 (1.589) −2.230 (0.954)*
ROHTotal −0.931 (0.609) −0.247 (0.684) −0.905 (0.413)*
ROHOld −1.064 (0.933) 0.860 (1.032) −0.556 (0.624)
ROHRecent −0.797 (0.943) −1.072 (1.064) −1.534 (0.643)*
PED −0.096 (0.880) 1.104 (0.978) −1.241 (0.681)
PEDnonzero −0.290 (0.996) 1.056 (1.108) −1.259 (0.771)
PEDMF −0.979 (1.006) 1.617 (1.103) −1.676 (0.768)*
HMF −0.248 (0.703) 0.545 (0.807) −1.115 (0.557)*

1The models SNP, ROHTotal, ROHOld, ROHRecent, PED, PEDnonzero, 
PEDMF, and HMF, were defined according to the inbreeding coefficients 
used: FSNP  = based on the proportion of homozygous SNP, FROHTotal  
= based on runs of homozygosity (ROH) with a minimum length of 4 
Mb, FROHOld  = based on ROH between 4 and 17 Mb, FROHRecent  = 
based on ROH with a minimum length of 17 Mb, FPED  = pedigree-
based inbreeding, FPEDnonzero  = pedigree-based inbreeding but account-
ing for nonzero relationships for unknown parents, FPEDMF  = pedi-
gree-based inbreeding including metafounder relationships, and FHMF  
= inbreeding calculated from a combined relationship matrix using 
pedigree and genotypes with metafounder relationships, respectively.
2Values are expressed as the change in phenotypic mean per 100% 
increase in inbreeding.
*P < 0.05.
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et al., 2009). This purging effect has been identified in 
plants and animals (Leroy, 2014). Purge occurs if selec-
tion for a specific trait is strong relative to drift, leading 
to elimination of the deleterious alleles. The difference 
between the old inbreeding depression and the new may 
be due to the fact that old deleterious alleles have been 
purged compared with new ones. To confirm the purge 
effect, recent and old inbreeding were analyzed based 
on pedigree using Kalinowski’s inbreeding coefficients 
(FKAL; Doekes et al., 2019; 2020). However, the vari-
ance of FKAL was very small (0.000052) compared with 
the variance of FPED (0.0003). Thus, including FKAL as 
a covariate in a mixed model has no power to detect 
inbreeding depression in this data set. Our results are 
in line with Hinrichs et al. (2007), where only recent in-
breeding seems to cause an inbreeding depression effect 
due to purge. However, Doekes et al. (2019) recently 
showed that both long and short ROH contributed 
to inbreeding depression for yield, fertility, and udder 
traits in Dutch Holstein-Friesian dairy cattle.

Inbreeding had a detrimental effect only on motility. 
This finding may lead us to think that the estimated 
effect of inbreeding on motility is an artifact due to, for 
example, lack of variation in motility scores. However, 
the absence of variation in motility scores is due to 
the high quality of ejaculates produced by AI rams. 
Furthermore, even if the method is subjective, only one 
technician assessed motility score during the annual se-
men collection period, which ensures the quality of the 
data. Other evidence that motility scores are reliable 
is the strong relationship between mass sperm motil-
ity and fertility (lambing rate) shown in several sheep 
breeds, including Basco-Béarnaise (David et al., 2015). 
The consistency of results from this latter study across 
different breeds confirms that motility score is an ap-
propriate test despite its apparent subjectivity. In the 
future, it would be interesting to use an objective mea-
sure of sperm motility, such as computer-assisted sperm 
analysis (CASA), to select ejaculates for insemination.

Several studies indicate that inbreeding depres-
sion reduces semen quality traits (Gage et al., 2006; 
Fitzpatrick and Evans, 2009; Maximini et al., 2011; 
Ferenčaković et al., 2017). As in this study, Maximini 
et al. (2011) showed that inbreeding depression reduced 
sperm motility of Fleckvieh bulls. Sperm quality seems 
to be susceptible to inbreeding depression due to the 
dependence of spermatogenesis on highly regulated 
developmental genes and to the appearance of deleteri-
ous alleles or loss in heterozygosity (Gage et al., 2006; 
Fitzpatrick and Evans, 2009). Recently, Dorado et al. 
(2017) indicated that high inbreeding had a moder-
ate effect on semen quality with an increased level of 
nonprogressive spermatozoa despite its high activity. 
These studies were carried out in wild populations 

(Gage et al., 2006; Fitzpatrick and Evans, 2009) or in 
cattle (Maximini et al., 2011; Ferenčaković et al., 2017; 
Dorado et al., 2017). We are not aware of other studies 
on the effect of inbreeding on semen quality in sheep.

In sheep, complete pedigrees are difficult to obtain 
because of the use of natural mating. Metafounders 
help with missing pedigree information, because ances-
tral relationships are invariable to depth and complete-
ness of the pedigree. Missing parents were modeled as 
animals coming from base populations that might be 
related and inbred. Inclusion of metafounders in classi-
cal pedigree-based or single-step genetic evaluation 
methods (PEDMF and HMF) allowed us to capture recent 
inbreeding that causes inbreeding depression in motility. 
Thus, suitable methods to estimate inbreeding and in-
breeding depression in Basco-Béarnaise are (1) single-
step GBLUP with regression on inbreeding coefficient 
FHMF ,  obtained jointly for genotyped and nongeno-

typed individuals with metafounder relationships; or 
(2) GBLUP with joint regression on 2 inbreeding coef-
ficients: FROHOld  and FROHRecent .

Motility was unfavorably affected by increasing 
inbreeding in the Basco-Béarnaise breed. Even if the 
small decline in semen quality does not imply a nega-
tive economic effect for breeders, this opens the ques-
tion of inbreeding management. Today, inbreeding is 
managed through mating plans in the Basco-Béarnaise 
breed, and the rate of inbreeding is currently 1% per 
generation, which is low. Genomic selection has been 
applied in Basco-Béarnaise since 2015. We could expect 
an inbreeding rate higher than that with pedigree-based 
selection. Thus, inbreeding coefficients combining geno-
typed and nongenotyped animals could be incorporated 
in an optimum contribution selection strategy (Meu-
wissen, 1997). In addition, instead of global inbreed-
ing, it would be interesting to identify individuals that 
differ in inbreeding loads (Casellas, 2018; Varona et 
al., 2019). Individuals with less inbreeding depression 
load may be selected to avoid inbreeding depression in 
future generations.

CONCLUSIONS

Runs of homozygosity allowed us to accurately es-
timate inbreeding depression and to detect “recent” 
inbreeding. However, the use of ROHs is restricted 
to genotyped animals. Inbreeding occurring in recent 
generations affects inbreeding depression. The use of 
metafounders is an interesting method to estimate 
inbreeding depression caused by recent inbreeding 
in incomplete pedigrees, including genotyped and 
nongenotyped animals. No inbreeding depression was 
detected for sperm volume or concentration. Motility 
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of spermatozoa was unfavorably affected by increased 
inbreeding in the Basco-Béarnaise breed. However, the 
effect of old inbreeding on motility was null, perhaps 
showing the existence of purging of deleterious recessive 
alleles affecting motility. A 10% increase in inbreeding 
would result in reduction in the mean motility of 0.1 
point in the 0 to 5 motility scale. Given the low increase 
of inbreeding, this small decline in semen quality does 
not imply a negative economic impact for breeders.
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