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Abstract

Background In spite of the availability of single nucleotide polymorphism (SNP) array data, differentiation

between observed homozygosity and that caused by mating between relatives (autozygosity) introduces major
difficulties. Homozygosity estimators show large variation due to different causes, namely, Mendelian sampling,
population structure, and differences among chromosomes. Therefore, the ascertainment of how inbreeding

is reflected in the genome is still an issue. The aim of this research was to study the usefulness of genomic information
for the assessment of genetic diversity in the highly endangered Gochu Asturcelta pig breed. Pedigree depth varied
from O (founders) to 4 equivalent discrete generations (t). Four homozygosity parameters (runs of homozygosity, Fpop
heterozygosity-rich regions, Fyeg Li and Horvitz's, F,,; and Yang and colleague’s Fy,,) were computed for each individ-
ual, adjusted for the variability in the base population (BP; six individuals) and further jackknifed over autosomes. Indi-
vidual increases in homozygosity (depending on t) and increases in pairwise homozygosity (i.e., increase in the par-
ents'mean) were computed for each individual in the pedigree, and effective population size (N,) was computed

for five subpopulations (cohorts). Genealogical parameters (individual inbreeding, individual increase in inbreeding,
and N,) were used for comparisons.

Results The mean F was 0.120+0.074 and the mean BP-adjusted homozygosity ranged from 0.099+0.081 (F,,)

t0 0.152£0.075 (Fyup). After jackknifing, the mean values were slightly lower. The increase in pairwise homozygosity
tended to be twofold higher than the corresponding individual increase in homozygosity values. When compared
with genealogical estimates, estimates of N, obtained using f,, tended to have low root-mean-squared errors.
However, N, estimates based on increases in pairwise homozygosity using both Fpoyy and f g, estimates of genomic
inbreeding had lower root-mean-squared errors.

Conclusions Parameters characterizing homozygosity may not accurately depict losses of variability in small popula-
tions in which breeding policy prohibits matings between close relatives. After BP adjustment, the performance

of Fpo and Fpge was highly consistent. Assuming that an increase in homozygosity depends only on pedigree depth
can lead to underestimating it in populations with shallow pedigrees. An increase in pairwise homozygosity com-
puted from either Fpy, OF Fypg is @ promising approach for characterizing autozygosity.

Background
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(IBD), or coefficients of coancestry (f) [2], defined as

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12711-023-00846-7&domain=pdf
http://orcid.org/0000-0001-6710-4208
http://orcid.org/0000-0003-3142-2356
http://orcid.org/0000-0002-6052-8881
http://orcid.org/0000-0002-6872-1045

Arias et al. Genetics Selection Evolution (2023) 55:74

the probability that two alleles sampled at random
in two different individuals are IBD. However, how F
and f coefficients are reflected in the genome remains
unclear. Although genealogical analyses assume that
each individual in the base population has unique
alleles at each locus, genomic data are subject to finite
sampling and, thus, homozygosity at a locus can occur
by chance. In other words, two alleles at a locus can
be identical-by-state (IBS) rather than IBD. Therefore,
estimating homozygosity due to IBD in an individual
(autozygosity sensu, Cotterman [3]) has major diffi-
culties because estimates widely vary from expecta-
tions as a consequence of Mendelian sampling [4] and
the variance in IBD sharing per chromosome [5]. In
this scenario, genomic estimates of homozygosity tend
to measure the ‘realized inbreeding’ of an individual
rather than the effect of autozygosity [6].

Ascertainment of the relationships between genea-
logical and genomic estimates of F has usually been
approached using either simulated [7-13] or real [14—
17] data with deep pedigrees. However, inconsisten-
cies between these two sources of information may be
greater in the case of small populations with shallow
pedigrees and high proportions of full and half-siblings.
Such scenarios could lead to weak correlations between
pedigree-based and genomic estimates of inbreeding [8].
Moreover, mating policies can also affect the informa-
tiveness of genomic estimators. When matings between
close relatives are avoided, allele frequencies tend to
remain balanced across years and generations [18, 19]. In
such scenarios, parameters that characterize homozygo-
sity may not show clear trends [15].

There is consensus that the use of genomic estima-
tors of inbreeding (homozygosity) may be beneficial to
conservation programmes by allowing them to main-
tain the largest possible amount of genetic diversity [20,
21]. However, their efficiency could be affected by the
genotyping platform[10, 19, 22], as well as by the char-
acteristics of the population [13, 23-25]. Furthermore,
genomic coefficients of inbreeding are highly dependent
on the assumptions underlying their definition and do
not always provide useful estimates of inbreeding due to
inconsistent results in terms of gain and loss of genetic
variability [15].

The rate of inbreeding computed using genealogi-
cal information is a standard criterion considered in
conservation programmes, as it translates to the effec-
tive population size (N,) of a population [22, 26]. It can
be efficiently estimated using the individual increase
in inbreeding coefficients (AF;) [27, 28]. The parameter
AF; is not affected by changes in mating policy, allows a
flexible definition of the reference population in a pedi-
gree, and gives useful estimates of N, even with shallow
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pedigrees [28, 29]. However, similar approaches have not
been attempted using genomic data.

The Gochu Asturcelta breed is an extremely endan-
gered Celtic—Iberian pig population [30, 31] for which a
conservation programme was started with six founders,
only four of which provided viable offspring [32]. The
start of the recovery programme has been well docu-
mented [32, 33]: its first stages were affected by incor-
rect management practices, including full-sib matings
[34], causing a sudden increase in inbreeding. Immedi-
ately thereafter, a strict mating policy prohibiting matings
between close relatives and prolonging the reproductive
career of the founders and their direct descendants as
much as possible was implemented to keep founder con-
tributions balanced across generations and to preserve
their genetic background in the present population [32].
The mating policies generated a complex pedigree use-
ful for testing different hypotheses on the relationship
between pedigree and genomic information and the pres-
ervation of genetic diversity [32, 33, 35].

The main objective of this research was to obtain
empirical evidence on the usefulness of genomic infor-
mation for the assessment of genetic diversity in small
populations with shallow pedigrees using a sample of
Gochu Asturcelta pigs. The performance of four estima-
tors of homozygosity and the influence of genomic vari-
ability in the base population will be assessed, as well as
the partitioning of genomic diversity into autosomes. An
increase in homozygosity will be estimated at the indi-
vidual level following two approaches: (a) computation
of individual increases in homozygosity as an extension
of the genealogical approach proposed by Gutiérrez et al.
[27] and (b) computation of the increase in homozygo-
sity of an individual over the mean homozygosity of its
parents. Based on these estimates of increase in homozy-
gosity, genomic estimates of N, will be computed and
further compared with genealogical estimators (AF; and
realized N,). Insights for programmes aimed at the pres-
ervation of genetic variability in small animal populations
will be discussed.

Methods

SERIDA is associated with the Ethical Committee in
Research of the University of Oviedo (Spain), which
ensures that all research with biological agents follows
Good Laboratory Practices and European and Spanish
regulations on biosecurity (Regulation of February 13th,
2014; BOPA no.47, February 26th, 2014). Tissue and hair
root samples used in this project were collected by vet-
erinary practitioners working for the Gochu Asturcelta
Breeders’ Association (ACGA), with the permission and
in the presence of the owners of the animals. For this rea-
son, permission from the Ethical Committee in Research



Arias et al. Genetics Selection Evolution (2023) 55:74

of the University of Oviedo was not required. In all
instances, ACGA veterinarians followed standard proce-
dures and relevant national guidelines to ensure appro-
priate animal care.

Samples and genotyping

The analysed pedigree included 534 genotyped individu-
als, forming 526 parents—offspring trios, corresponding
to 76 families (descendants of the same boar—sow pair)
and 95 litters registered between 2000 and 2010. Data
include the genotypes of 24 boars, 42 sows, and their off-
spring. Family size (offspring per family) varied from 1
to 34, with 48 families having 5 offspring or more. Based
on pedigree, up to 105 genotyped individuals were non-
inbred (F=0). Two genotyped founders and four full-sib
individuals (born from 2003 to 2005 and direct descend-
ants from two non-genotyped founders with offspring
in the dataset [32]) were considered as the base popula-
tion (BP); their genotypes were used to calculate genomic
estimators of inbreeding relative to the BP.

Individuals were genotyped with Axiom-PorcineHDv1
of Affymetrix (658,692 single nucleotide polymor-
phisms, SNPs). The software Axiom Analysis Suite v4.0.3
(Thermo Fisher Scientific, Waltham, MA, USA) was used
to create standard.ped and.map files. The genotyped
SNPs were mapped using the Sscrofa genome build 11.1
[36]. Only SNPs on autosomal chromosomes with known
positions were considered. To avoid the presence of null
and false alleles, genotypes were only filtered on the basis
of Mendelian errors [37]. In total, 503,043 SNPs (151,226
of them monomorphic) with a minimum call rate of 0.97
were retained for further analysis.

Pedigree analyses
The pedigree data were analysed using the program
ENDOG v4.8 [38]. The pedigree was described by com-
puting the number of fully traced generations (G) and
the equivalent discrete generations (¢) for each individ-
ual. G is defined as the number of generations separating
the offspring from the farthest generation where the two
ancestors of the individual are known, while ¢ is the sum
of (1/2)", where n is the number of generations separating
the individual from each known ancestor [39].
Inbreeding coefficients (F;) were computed for
each individual i in the pedigree following Meuwis-
sen and Luo [40]. The increase in inbreeding (AF))
was computed as proposed by Gutiérrez et al. [28]
as AF;,=1- YA —F). The realized effective
population size was computed for each cohort by
averaging the individual increase in inbreeding coef-
ficients of the # individuals included in the cohort as
Ner, = 1/2AF; [27, 29]. As a complementary approach,
N, was also computed from the increase in pairwise
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coancestry [41] as Nec, = 1/(2AC), with AC being
the mean value of the increase in pairwise coancestry
ACyj =1— @pR/(1 — Cy), where Cj; is the coancestry
coefficient between individuals i and j and ¢; and ¢ are
their respective equivalent discrete generations.

Reference subpopulations

For descriptive purposes, most analyses were presented
for both the whole genotyped population and the sub-
population of individuals with two or more equivalent
discrete generations (¢) in their pedigree (¢-subset; 480
individuals). Furthermore, different cohorts were defined
according to (a) the year of birth (C2007, 112 offspring;
C2008, 208 offspring; and C2009, 125 offspring, includ-
ing 20 individuals born in 2010) and (b) the number of
complete generations in their pedigree (two complete
generations—CG2, 325 offspring; and three complete
generations—CG3, 149 individuals).

Estimates of homozygosity
Four parameters that characterize homozygosity (Frox,
Frrgr, Fry, and Fyyn) were computed:

(a) From is the proportion of the genome covered by
stretches of homozygous sites, usually referred to
as runs of homozygosity (ROH) [42]. Frop for indi-

LroH;
Lauro
>~ Lron, is the length of the genome covered by

ROH in individual i and Laro is the length of the
autosomal genome [42]. Identification of ROH for
each individual was carried out using the consecu-
tive runs approach implemented in the package
detectRuns in R [43], using the following parame-
ters: a maximum number of five heterozygous SNPs
and a maximum number of five missing SNPs in
a run; a minimum number of 20 SNPs in a run; a
minimum length of 1 kb; and a maximum distance
of 1 Mb allowed between consecutive SNPs. These
parameters are expected to allow almost complete
detection of ROH [44] and to avoid bias caused by
recombination events [45]. For descriptive purposes
only, the ROH segments identified in each individ-
ual were summarized into ROH regions using the
intersectBed function of the BedTools version 2.28.0
software [46], and the results were plotted as an idi-
ogram using the package RIdeogram of R [47].

(b) Frgrr is the proportion of the genome covered by
heterozygosity-rich regions (HRR; formerly known
as runs of heterozygosity) [48]. Fyrr for individual

vidual i was computed as Frop, = , where

i was computed as Fpypr, =1 —

>~ Lygg, is the length of the genome covered by
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HRR in individual i. Identification of HRR for
each individual was performed using the consecu-
tive runs approach implemented in the package
detectRuns in R [43]. Given that HRR segments are
expected to be less frequent and shorter (<1 Mb)
than ROH and that the main parameter leading to
their identification is the number of homozygous
SNPs allowed in a segment [17, 44, 49], the follow-
ing parameters were used to detect HRR: a maxi-
mum number of five homozygous SNPs in a run; a
maximum number of five missing SNPs in a run; a
minimum number of 10 SNPs in a run; a minimum
length of 1 kb; and a maximum distance of 1 Mb
allowed between consecutive SNPs. For descrip-
tive purposes, the HRR segments identified in each
individual were summarized into HRR regions
using the intersectBed function of the BedTools ver-
sion 2.28.0 software [46], and the results were plot-
ted as an idiogram using the package RIdeogram of
R [47].

(c) Fry isthe Liand Horvitz [50] estimator of the devia-
tion of the observed frequency of homozygotes from
that expected in the BP under Hardy—Weinberg pro-
portions. The diagonals of the Li and Horvitz [50]
relationship matrix were computed using custom R

SENE =k [1-2P10) 1=Pk0))]

$=421 [1-2p00) 1—Pr0))]
is the number of loci, Fngy is the proportion of loci
homozygous in individual i [51] and pg(q) is the fre-
quency of the reference allele of SNP & in the BP. Fry
is equivalent to Fjs [52, 53] after correction for the
homozygosity in the BP and, therefore, gives infor-
mation in terms of IBD.

(d) Fyan is equal to the diagonals of the genomic rela-
tionship matrix constructed using the Yang et al.
[54] approach based on the correlation between
uniting gametes. Using custom R code, Fyan was

g — (142100287 o)

2pi0) 1 =Pk (o))
where x; is the genotype of the individual for SNP

k. Yang et al’s [54] estimator gives more weight to
homozygotes for the minor allele than to homozy-
gotes for the major allele.

code as Fi g = , where S

computed as Fyany = %Zi:l

The four parameters computed are expected to char-
acterize differences: (a) in the length of homozygous
genomic stretches (Froy); (b) in the length of non-
random heterozygous genomic segments (Fpgr); (c) in
expected homozygosity (Fry); and (d) on the diagonal
of the genomic relationship matrix (Fyan). Unlike Froy
and Frpgpr, both Fry and Fysn account for allele fre-
quencies in a previously defined BP.
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For descriptive purposes, possible trends in homozy-
gosity estimates by pedigree depth (¢) were assessed by
computing regression coefficients using the package
STAT of R [55].

Adjustment of estimates of homozygosity

To improve robustness in the estimates of Frop, FHRR
Fr g and Fysp for each individual in the dataset, two con-
secutive adjustment strategies were applied:

(a) Following Powell et al. [56], individual estimates of
homozygosity were adjusted for the mean homozy-
gosity in the BP as Fj; = ?:f;f , where F;, is the
individual homozygosity estimate adjusted for the
BP, F; is the homozygosity estimate (Frow, FHRR,
F;p or Fyayn) for individual i and Fpp is the mean of
the BP for each corresponding homozygosity esti-
mate. Note that this BP adjustment is independent
of the use of the allele frequencies in the BP for the
computation of Fypr and Fyan.

(b) Considering the partitioning of genomic diversity
into chromosomes, BP-adjusted estimates were also
computed for each autosome and further averaged
at the individual level by jackknifing over autosomes
[57].

Hereafter, references to unadjusted estimates will be
referred to as ‘raw’ estimates, estimates adjusted for the
mean homozygosity in the BP will be referred to as ‘BP-
adjusted’ estimates, and those computed with additional
jackknifing over autosomes as ‘jackknifed’ estimates.

Increases in genomic inbreeding and N,
For the four parameters used, the increase in homozygo-
sity was computed at the individual level in two ways:

(a) Individual increase in homozygosity, computed
as AtF; =1 — /1 — F;, where F; is either the BP-
adjusted or the jackknifed estimate of homozygosity
and ¢ is the equivalent discrete generations in the
pedigree of the individual.

(b) Increase in pairwise homozygosity, computed as

Fi—[0.5(Fj+Fx)]

T-[05(F+F0)]

either the BP-adjusted or the jackknifed estimates

of homozygosity of offspring i, parent j, and parent

k, respectively.

ApFi = , where F;, F; and Fj are

Note that both these approaches are applied for each
individual in the dataset as the deviations from either
an “ideal” population with £ = 0 (individual increase in
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Table 1 Mean (+standard deviation) of genealogical parameters (inbreeding, f; individual increase in inbreeding, AF;, and equivalent
discrete generations, 1) and estimates of homozygosity (From, FHre, Fir, and Fyay) and their increase computed from genomic

information
Genealogical Whole population t-subset
information
Fi 0.120 + 0.074 [0.00;0.250] 0.134 + 0.066 [0.0000.250]
AF; 0.066 + 0.048 [0.00;0.250] 0.074 + 0.045 [0.000;0.250]
t 2.8+0.7[0.0,4.0] 2.9+0.5[2.0,4.0]
Raw values BP-adj d values Jackknifed values Raw values BP-adj d values Jackknifed values
Homozygosity estimates
Fron 0.522+0.052[0.390;0.661]  0.123 £0.095 [-0.118;0.379]  0.116 £ 0.096 [-0.136;0.407] 0.530 = 0.047 [0.399;0.661]  0.139 = 0.085 [-0.102;0.379] 0.131 = 0.086 [-0.123;0.407]
Frrr 0.887 4+ 0.013 [0.854;0.922]  0.111 £0.104 [-0.155;0.382] 0.104 +0.104 [-0.18;0.428]  0.889 £ 0.012 [0.855;0.922]  0.127 + 0.095 [-0.149;0.382]  0.120 + 0.094 [-0.180;0.428]
Fru -0.041 +0.093 [-0.283;0.226] 0.099 +0.081 [-0.110;0.330]  0.092 = 0.081 [-0.127;0.384] -0.026 = 0.083 [-0.264;0.226] 0.112 £0.072 [-0.094;0.330] 0.105 = 0.073 [-0.121;0.384]
Fyan 0.030 + 0.086 [-0.230;0.296]  0.152 +0.075 [-0.076;0.384]  0.148 + 0.072 [-0.059;0.359]  0.043 + 0.078 [-0.145;0.296]  0.163 = 0.069 [-0.001;0.384] 0.159 + 0.065 [0.008;0.359]
Individual increase in homozygosity
AtFron 0.243 +0.054 [0.153;0.521]  0.046 £ 0.041 [-0.112;0.196]  0.043 +0.042 [-0.136;0.23]  0.234 £ 0.043 [0.153;0.406]  0.052 + 0.036 [-0.044:0.196]  0.049 + 0.036 [-0.053;0.230]
AtFurr 0.556 +0.087 [0.416;0.883]  0.041 £0.044 [-0.097;0.198]  0.038 = 0.045 [-0.149;0.244] 0.537 +0.063 [0.416;0.715]  0.047 = 0.039 [-0.064;0.198]  0.045 £ 0.039 [-0.076;0.244]
AtFin -0.018 + 0.045 [-0.269;0.120] 0.037 £ 0.035 [-0.098;0.181]  0.034 + 0.036 [-0.122;0.215] -0.009 + 0.032 [-0.110;0.120] 0.042 +0.031 [-0.041;0.181]  0.039  0.031 [-0.052;0.215]
AtFyan 0.010 £0.037 [-0.182;0.131]  0.060 = 0.032 [-0.034;0.183]  0.058 = 0.031 [-0.038;0.178]  0.016 = 0.030 [-0.052;0.131]  0.061 = 0.030 [0.000;0.182]  0.060 + 0.029 [0.002;0.178]

Increase in pairwise homozygosity

ApFronu 0.087 £ 0.106 [-0.204;0.368]  0.087 £ 0.106 [-0.204;0.368]  0.090 = 0.102 [-0.201;0.387]  0.098 = 0.101 [-0.204;0.368] 0.098 = 0.101 [-0.204;0.368]  0.101 = 0.095 [-0.150;0.387]
ApFrirr 0.091 +0.112 [-0.222;0.385]  0.090 + 0.112 [-0.222;0.385]  0.092 + 0.109 [-0.205;0.421] 0.102 + 0.107 [-0.222;0.385]  0.102 + 0.107 [-0.222;0.385]  0.104 + 0.101 [-0.194;0.421]
ApFru 0.065 +0.090 [-0.211;0.291]  0.065 = 0.090 [-0.211;0.291]  0.067 £ 0.088 [-0.219;0.322]  0.075 +0.083 [-0.158;0.291]  0.075+0.083 [-0.158;0.291] 0.078 £ 0.08 [-0.127;0.322]
ApFyan 0.071 4 0.088 [-0.160;0.352]  0.071 £ 0.088 [-0.160;0.352] 0.071 + 0.083 [-0.158;0.357] 0.077 + 0.084 [-0.156;0.352] 0.077 + 0.084 [-0.156;0.352] 0.077 + 0.08 [-0.131;0.357]

Minimum and maximum values are given in brackets. Genomic parameters are presented as raw values as well as values adjusted for the mean homozygosity in
the base population (BP) and values obtained via jackknifing over autosomes. Data are given for the whole population as well as for the individuals with two or
more equivalent discrete generations in their pedigree (t-subset). AtF values correspond to the individual increase in inbreeding computed for each of the four
homozygosity parameters tested, while ApF values indicate the corresponding increase in pairwise homozygosity values

homozygosity) or the mean genomic inbreeding of the
parents of the individual, assumed to be a “reference
population” from which each offspring is differentiated
(increase in pairwise homozygosity).

Effective population sizes were subsequently computed
by averaging AtF; and ApFjj among all individuals in a

_ 1 N _ 1
N7 and N Fjk — 2ApFy’

cohort and computed as ﬁep_

respectively. Uncertainty of the N, and N, estimates
i ijk

obtained for the two yearly and genealogical cohorts
defined were measured via root-mean-squared error

— 2
(RMSE) as RMSE = |/ =N Ne )

the estimate of N,F; or of N,Cj; obtained from genealogi-

, where N, is either

cal information, N, is the corresponding estimate of
effective population size computed from either AtF; or
ApFijk for Frow, Frarr, FrH or Fyan, and 7 is the Sample
size (5, in this case).

Results

A full description of the pedigree of the Gochu
Asturcelta pig used is given in association with the esti-
mates of genomic parameters computed for each indi-
vidual as Additional files (see Additional file 1: Tables
S1, S2, S3, S4). Table 1 gives mean values for the genea-
logical parameters describing the pedigree. The mean
pedigree-based inbreeding level of the population was
0.120+0.074, with a mean pedigree depth of 2.8+0.7
equivalent discrete generations (f). These values were
only slightly higher (mean F; = 0.134+£0.066; t = 2.9+0.5)
for the z-subset, which included 90% of the individuals in
the dataset.

Raw homozygosity estimates

In total, 1,411,686 and 2,176,412 ROH and HRR seg-
ments, respectively, were identified across the 534 geno-
typed individuals. These segments were summarized into
3017 ROH areas covering 1.04 Gb and 4646 HRR areas
covering 290.7 Mb over the 18 autosomes (Fig. 1).

Figure 2a illustrates the dispersion of the raw estimates
of homozygosity by autosome in the individuals belong-
ing to the BP. The raw estimates showed wide dispersion
and evident differences in scale among homozygosity
parameters. Raw estimates of the four parameters used
(Frow, Frrr, Fry and Fysn) computed at the individual
level are given in Additional file 1: Table S1 and summa-
rised in Table 1. As expected, before BP adjustment of
the estimates for each individual, Froy and Fyrr always
took positive and high mean values (0.522 and above,
[see Additional file 1: Table S3]). However, both F;y and
Fyan took significantly lower (Fyan = 0.030+0.086) and
even negative (Fry = — 0.041+0.093) mean values. Raw
estimates for both Frp and Fyan took negative values in
a substantial number of individuals (355 individuals, 66%,
and 203 individuals, 38%, respectively), including those
belonging to the BP.

BP-adjusted homozygosity estimates

Figure 2b illustrates the effect of adjustment for the mean
variability in the BP on the estimates of homozygosity, by
autosome, in the BP individuals. BP adjustment gave less
dispersed estimates across chromosomes. However, some
individuals still had estimates of homozygosity departing
from expectations on some chromosomes (namely, Sus
scrofa (SSC) chromosome SSC2, SSC12 and SSC13).
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Genomic parameters computed after adjustment
for the mean homozygosity in the BP are given for
each individual in the pedigree in Additional file 1:
Table S2. Mean values for genomic parameters after
adjustment for variability in BP are in Table 1 for both
the whole population and the z-subset. After adjust-
ment, both Froy and Fprr took negative values for
some individuals belonging to the first generations of
the pedigree (57 individuals, 11%, and 96 individuals,
18%, respectively), whereas the frequency of individu-
als with negative values for Fry and Fyqny was lower
(73 individuals, 14%, and 11 individuals, 2%, respec-
tively). However, the means for Froy (0.123 £0.095),
Frpr (0.111+£0.104), Fry (0.099+0.081), and Fyan
(0.152+0.075) were always positive. The correspond-
ing means for the t-subset were slightly higher, rang-
ing from 0.112+0.072 (Frop) to 0.163 + 0.069 (Fyan)-

Figure 3 (left column) illustrates the variation in the
BP-adjusted individual homozygosity values per ¢. The
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four homozygosity parameters showed a large amount
of variation. When families with five or more off-
spring were considered, the within-family coefficient
of variation ranged from 11 to 519% for Frop, from
17 to 334% for Fygpgr, from 10 to 1,366% for Fry, and
from 55 to 1,688% for Fysn. Although the homozy-
gosity values did not show clear trends, regression of
individual homozygosity estimates on ¢ indicated that
Frou, Frrr, Fin and Fyan tended to increase signifi-
cantly (p<0.001) with pedigree depth. However, this
scenario was not confirmed in the ¢-subset [see Addi-
tional file 1: Table S3]: regression of both Fry and
Fysn estimates on ¢ became statistically non-signifi-
cant (p>0.10), while those corresponding to Froy and
Frrr continued to be significant (p < 0.05).

Jackknifed estimates of homozygosity
Genomic parameters computed via jackknifing over
autosomes are given for each individual in the pedigree

(T TACTRMZT TACNNTATIT T TN

12 13 14 15

Fig. 1 Ideogram illustrating, per autosome, the distribution of the 3017 and 4646 genomic areas in which ROH (in red) and HRR (in blue) segments

were identified across the 534 genotyped Gochu Asturcelta individuals
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Fig. 2 Dispersion, over the 18 autosomes, of the four estimates of homozygosity tested (Frop, in dark blue; Fgg, in light blue; Fipy, in grey; and Fyay
in green) in the six individuals of the Gochu Asturcelta pedigree used as the base population. Plot (a) illustrates the raw mean values, whereas plot

(b) illustrates the mean values after adjustment for the mean for each autosome in the base population
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in Additional file 1: Table S4. The corresponding mean
values for the whole population and the z-subset are also
in Table 1. After jackknifing, mean values were slightly
lower than those obtained adjusting for BP only. A higher
mean was obtained for Fysn (0.148 +£0.072), and a lower
mean was obtained for F; g (0.092 +0.081), whereas the
means for Fpoy (0.116 £0.096) and Frpr (0.104+0.104)
had intermediate values. The ranges (maximum and
minimum values) of the jackknifed values computed for
Frow, Furr, and Fry were higher than those computed
after BP adjustment only. However, the range for Fyan
was narrower than that observed after correcting for var-
iability in the BP only.

Figure 3 also illustrates variation in the individual
homozygosity values per ¢ after jackknifing over auto-
somes. Compared with the BP-adjusted estimates, no
clear differences in variation could be assessed. How-
ever, both regression coefficients and goodness-of-fit (R?)
of the regressions of homozygosity estimates on ¢ were
slightly higher than those obtained for the BP-adjusted
values (Fig. 3; Additional file 1: Table S3). The within-
family coefficients of variation (for families with five or
more offspring) ranged from 11 to 726% for Fron, from
17 to 723% for Fyppr, and from 7 to 1865% for F; . How-
ever, the range of within-family coefficients of variation
for Fyan was significantly narrower (ranging from 7 to
178%).

Increases in inbreeding and homozygosity

Table 1 also gives mean values for the genealogical indi-
vidual increase in inbreeding (AF;), as well as for the
individual increase in homozygosity (AtF;) and the
increase in pairwise homozygosity (ApFjj) values com-
puted from genomic data. Although they were com-
puted via jackknifing over autosomes or adjusting for
the variability in the BP only, mean ApFy values were
roughly twofold higher than the corresponding AtF;
values, except for Fyan for which the mean values were
more similar (ApFyany = 0.071+£0.088 and AtFysn =
0.060+£0.032, and ApFyan = 0.071£0.083 and AtFyan =
0.058 £ 0.031, respectively). In spite of the similar compu-
tation methods applied, mean AtF; values computed for
Fron, Frrr, and Frp were lower than the genealogical
increase in inbreeding (0.066 + 0.048), which, in turn, was
closer to the BP-adjusted and jackknifed mean values of

(See figure on next page.)
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AtFysn. These trends were the same for the ¢-subset. Fig-
ure 4 shows the variation in the genealogical increase in
inbreeding and both the individual increase in homozy-
gosity and the increase in pairwise homozygosity by ped-
igree depth. As expected, for ¢ > 2, the A¢F; values tended
to fit the genealogical reference (AF;) better than the
ApFjj values. Furthermore, while AtF; values tended to
be lower than the mean genealogical increase in inbreed-
ing, particularly for AtFyp, the ApFy values could take
higher or lower values than the genealogical reference at
different levels of ¢.

Consistent with the lower mean homozygosity values
computed via jackknifing over autosomes, mean jack-
knifed AtF; values were slightly lower than those com-
puted using BP-adjusted values (Table 1). However,
the increase in pairwise homozygosity values showed
the opposite pattern, with mean jackknifed ApFy val-
ues higher than the corresponding BP-adjusted values,
except for Fyyn. In practical terms, the mean values for
both AtFysn and ApFysn were the same.

Effective population size

Table 2 gives the effective population size computed from
genealogical and genomic information for the five yearly
and genealogical cohorts defined. Regarding genealogical
information, N, computed from individual increases in
inbreeding was slightly higher than that computed from
increases in pairwise coancestry, except for C2007 (which
was approximately twofold higher) and CG3, for which
N,Cjj (7.8) was higher than N, F; (7.0).

The N, values estimated using jackknifed individual
increases in homozygosity were always higher than those
obtained after adjustment for the BP only. However, the
opposite pattern was observed for the N, estimates based
on the increase in pairwise homozygosity. Estimates of N,
computed using ApFjj tended to be roughly half of those
computed using AtF;. In any case, independently of the
method for the calculation of increases in homozygo-
sity, estimates of EFYANW( tended to be nearer to their

N.Fyan, counterparts.

N, estimates obtained using Fyqn had stable root-
mean-squared errors, independent of the approach
used for computation of the increase in homozygo-
sity (Table 3). However, when an increase in pairwise

Fig. 3 Individual variation in the four different homozygosity estimates used (Fron, Frrg, FLr and Fyaw). Values computed for each individual

in the dataset (in circles) are plotted by pedigree depth (equivalent discrete generations) of the animals. Regression of the individual homozygosity
values over pedigree depth (t) is also displayed. The corresponding regression coefficients (b) and their statistical significance (p) are also given.
The left column illustrates the variation in the base population-adjusted values, whereas the right column illustrates the variation in the jackknifed

values
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homozygosity was considered, EFROHW and particularly
EFHRRM resulted in lower RMSE values.

Discussion

Three groups of inbreeding coefficients were assessed in
this study: (a) genealogical F;, as a standard indicator of
the genetic variability in a pedigree; (b) Froy and Frgg,
estimating genomic identity from homozygous and het-
erozygous genomic segments, respectively; and (c) Fry
and Fyun, estimating homozygosity while accounting
for the allele frequencies in the BP. The pedigree-based
inbreeding coefficients reflect IBD probabilities at an infi-
nite number of unlinked loci over descendants that share
a pedigree. However, this assumption does not fit with
genomic inbreeding estimates. It is unlikely that individ-
uals of a founder population, for instance, in populations
under conservation programmes [58], do not show differ-
ent degrees of genomic relatedness and, possibly, some
degree of structuring. This is why the definition of a BP
for adjustment of genomic inbreeding estimates is chal-
lenging [13].

Usefulness of estimates of homozygosity
Comparison among homozygosity parameters is not
straightforward, not only because of differences in com-
putation but also because they are dependent on the
variability in the BP [13, 15]. The probabilistic process
of Mendelian segregation results in large variance across
loci, among individuals, and at the population level. Con-
sequently, homozygosity parameters have higher varia-
tion than expected from genealogies, even in full sibs [19,
48]. The four homozygosity parameters used here were
adjusted for the mean homozygosity values in the BP,
making the different estimates more comparable (Fig. 2).
The first group of homozygosity parameters tested,
Frop and Fyppp are not computed using allele frequencies
[59]. Their main advantage is that, before BP adjustment,
their definition always yields positive values (ranging
from O to 1), leading to a straightforward interpretation.
However, technical issues, such as marker density and
the computational methods used (and the parameters
assumed) for identification of either ROH or HRR seg-
ments, affect the estimates due to a possible less-effi-
cient identification of shorter segments. This may be of

(See figure on next page.)
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importance for both Frop and Fygp. Since we used SNP
array data with sufficient density to capture long homozy-
gous or heterozygous segments, we applied the con-
secutive runs approach to identify both ROH and HRR
stretches. This approach has been reported to have better
performance for the identification of short (homozygous
or heterozygous) genomic stretches than the well-known
sliding window approach [17, 60].

Different studies have suggested that Froy can be an
accurate estimator of IBD [13, 16, 61-63]. However, in
small pedigrees, Froy may depend to a large extent on
long ROH segments [6]. ROH patterns in a population
are frequently conditioned by either recent demographic
events or selection in the populations under study, lead-
ing to the occurrence of long ROH segments [63, 64].
Homozygosity estimates are greater when using long
ROH segments than when using shorter ROH segments
[13]. Therefore, fitting well with the Gochu Asturcelta
scenario analysed, Fromn better characterizes recent
inbreeding than old inbreeding.

This is the first study that uses Fprr to estimate
genomic inbreeding. Unlike ROH, the nature of HRR is
not well understood. Although recombination and other
processes can shape the frequency and distribution of
ROH over the genome, ROH are significantly more com-
mon in regions with high linkage disequilibrium and low
recombination, tending to be identically inherited from
the parents and therefore provide a good IBD estimator
(see Gibson et al. [65] and many others later). Although
the occurrence of HRR has been reported to be statisti-
cally non-random and to cluster in specific chromosomal
regions [48], it seems to be independent from linkage dis-
equilibrium in the regions [66]. Furthermore, HRR have
been recently shown to be independent of the expected
heterozygosity in the population [67] and informative
about population structure and demographic history
[49].

Altogether, the published evidence described above
suggests that the evolutionary forces that shape ROH
and HRR segments can be different. Furthermore, our
results (Fig. 1) confirm that the chromosomal region
with ROH and HRR segments do not overlap. Although
the usefulness of HRR for monitoring genomic diversity
in livestock needs further confirmation, we consider

Fig. 4 Comparison between the variation of different estimates of individual increase in homozygosity and the genealogical individual increase

in inbreeding (dotted line) by pedigree depth (equivalent discrete generations; t). In the left column, the individual increase in homozygosity (red
line) and the increase in pairwise homozygosity (green line) computed from the base population-adjusted values of individual homozygosity are
given for each of the four homozygosity parameters (Frow, Frrr, FiH, and Fyan) tested. In the right column, the individual increase in homozygosity
(blue line) and the increase in pairwise homozygosity (purple line) computed from the values of individual homozygosity obtained via jackknifing

over autosomes are given for the same parameters
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Table 2 Estimates of effective population size computed using genealogical information (individual increase in inbreeding, Ner, , and
coancestry, Nec;) and genomic information (individual increase in homozygosity and increase in pairwise homozygosity)

Yearly cohorts G logical cohorts
C2007 C2008 C2009 CG2 CG3
Cohort size 112 208 125 325 149
G logical information
Neg, 83 7.7 7.5 6.5 7.0
Nec”- 4.5 6.3 6.5 44 7.8
t 25+03 3.1+0.5 3.1+£05 2.6+03 3.6+0.2
Individual increase in BP-adjusted  Jackknifed BP-adjusted  Jackknifed BP-adjusted  Jackknifed BP-adjusted Jackknifed BP-adjusted  Jackknifed
homozygosity values values values values values values values values values values
NeFron, 9.9 10.24 12.0 12.94 10.0 11.30 9.1 9.73 114 11.86
NeFyre, 11.5 11.72 133 14.36 10.4 12.18 9.7 10.49 132 13.23
NeFpp, 12.7 13.06 16.1 17.19 11.7 13.47 10.9 11.89 15.7 15.97
NeFyan, 9.2 9.24 9.9 10.03 7.3 7.79 7.3 7.46 11.1 11.36
Increase in pairwise homozygosity
NeFrony, 42 3.97 7.3 6.87 5.7 5.96 4.1 3.97 115 10.91
EFHRRW 4.0 3.83 6.8 6.55 5.7 5.98 4.0 3.87 9.9 10.15
NeFipy, 5.7 5.30 9.6 8.84 7.1 7.51 52 5.00 18.3 17.15
NeFyan, 5.4 5.32 9.9 9.60 6.1 6.61 5.0 5.05 18.9 18.15

Increases in genomic homozygosity were computed for four different genomic parameters: Fron, Frgr, FL+ and Fyan. Genomic-based estimates of N, were computed
from raw homozygosity values as well as from unbiased estimates obtained via jackknifing over autosomes. Estimates were computed for the five yearly and
genealogical cohorts defined. Mean equivalent discrete generations (t; standard deviation in brackets) are also given

that the information provided by HRR through the dif-
ferent evolutionary forces acting on different chromo-
somal regions cannot be disregarded and is likely to
be, at least, complementary to that provided by ROH.
In any case, the increasing availability of sequence data
will further clarify the evolutionary and demographic
drivers of HRR and the role of these regions in livestock
adaptation.

The literature suggests that HRR are short or very short
and that they could be subject to balancing or counter-
vailing selection [17, 44, 48, 49]. Our results confirm that
HRR segments are short (always shorter than 1 Mb, and
89% of them shorter than 100 kb). Therefore, theoreti-
cally, the ability of ROH and HRR to characterize over-
all homozygosity (gain of homozygous stretches or loss
of heterozygous stretches) in an individual may differ.
However, our results suggest that after BP adjustment,
both Fron and Figg values are highly consistent (Table 1;
Fig. 2).

In contrast with Froy and Frgr, which are putatively
useful to characterize the overall homozygosity in an
individual or population, the second group of homozy-
gosity parameters, Fr gy and Fysan, have been reported
as useful estimators of homozygosity due to IBS [9, 16,
45, 53, 59]. The results of Fryy and Fyan depend on the
allele frequencies of a defined reference population
[45]. Furthermore, Fyan is heavily weighted by the fre-
quency of rare alleles [13, 15, 53, 59]. Values obtained
for either Fryy or Fyan can range from -1 to 1, and in
our data, individual estimates of Fry and Fyan took
negative values with some frequency. Caballero et al.
[13] showed that both F; gy and Fyan can take lower val-
ues than expected due to the excess of heterozygotes
expected for markers in finite populations. Therefore,

the behaviour of Fry and Fyan cannot be straightfor-
wardly compared to that of Froy and Fppgr [15, 53]
unless BP adjustment is applied. Although From,FHRR,
and Fry weight each genotyped allele equally, Yang
et al’s [54] method tends to yield higher homozygo-
sity estimates in individuals that are homozygous for
rare alleles [13, 15]. Other methods, particularly Frop,
were less efficient in capturing homozygosity of rare
alleles [52].

Adjustment of homozygosity estimates

The reasons summarized above make different homozy-
gosity parameters difficult to compare. To overcome
this issue, we adjusted the four homozygosity measures
according to the mean values in the BP, allowing more
comparable behaviours among them. However, esti-
mates of homozygosity are strongly affected by Men-
delian sampling and the genomic relatedness between
individuals in the BP [8]. The adjustment for variability
in the BP does not allow complete correction of the esti-
mates (Fig. 2). In this scenario, outliers can still occur,
therefore suggesting that additional strategies (here,
‘jackknifing over autosomes’) should be applied to
improve robustness of the estimates.

After correction for the mean homozygosity in the
BP, the main differences in behaviour were found for
Fyan, confirming that this parameter is highly sen-
sitive to this adjustment. There is no consensus on
how to best define the BP. Some authors reported
that using the actual allele frequencies in the BP can
give inconsistent Fyqy values across generations with
unrealistic patterns of increases or decreases in vari-
ability [15]. Other authors reported that fixing the
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Table 3 Root-mean-squared error (RMSE) for the genomic-
based N, estimated for the five yearly and genealogical cohorts
defined using the corresponding Ner, and Nec, values as
references

Ner; Necij
BP-adjusted Jackknifed BP-adjusted Jackknifed
values values values values
Individual increase in homozygosity
NeFror, 32 33 3.0 3.1
NeFrpr, 34 35 32 33
NeFip, 3.7 38 34 35
NeFyan, 30 3.0 28 2.8
Increase in pairwise homozygosity
NeFeor,, 26 25 25 25
NeFiigry 25 25 24 24
NeFur, 30 30 29 29
NeFyan., 3.0 30 29 29

ik

allele frequencies in the base population to 0.5 [8, 68]
allows stronger correlations of genealogical inbreeding
estimates with genomic estimates computed from the
genomic relationship matrix to be obtained. However,
defining the current population as the BP yields vari-
able correlations, even negative, with pedigree-based
estimates [13].

Furthermore, lack of information about the real found-
ers in a population can bias estimates of inbreeding
parameters. This is particularly important when the aim
is to compare estimates of homozygosity and inbreed-
ing because the number of loci genotyped is always finite
and the base (or founder) population has a different pro-
portion of homozygous loci assumed to be IBS, whereas
when using genealogies, founders are assumed to be
unrelated and F is always dependent on the pedigree
depth [69, 70]. Although small in size, our BP included
two out of four of the founders of the population of
Gochu Asturcelta and four direct descendants of the
non-genotyped founders [32, 33]. Estimates of inbreed-
ing that account for allele frequencies (Fry and Fyan) are
expected to capture relationships due to the existence of
common ancestors in a population, tracing the genetic
variability of the present population back to the BP [16].
However, the literature suggests that founder allele fre-
quencies in small populations have little meaning: in the
absence of mutation, all current copies of an allele may
be IBD, and its current frequency simply represents the
reproductive success of the founder and its descendants
[45] and could be related to the census size of breed-
ers [13]. In our data, homozygosity tended to increase
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significantly with pedigree depth (¢£), and BP adjust-
ment resulted in acceptably consistent behaviour among
homozygosity parameters (Fig. 3; Table 1). However, this
approach may not be sufficient and jackknifing over auto-
somes suggested that additional adjustments would be
necessary to obtain robust estimates; thus, BP-adjusted
estimates of homozygosity may be biased upwards.

In general, our results suggest that BP adjustment does
not remove differences in performance among homozy-
gosity parameters, therefore suggesting that the genetic
variability of a population should be assessed with caution.
Of course, allele frequencies may be strongly affected by
both editing of genotype data and the presence of allelic
dropouts and null alleles in arrays [37], which can bias
homozygosity estimates. Removal of rare alleles can cause
an apparent increase in inbreeding due to IBS rather than
IBD [9, 62]. To avoid this undesirable effect, we edited the
SNP array data, filtering only loci that have Mendelian
errors only, which have been previously shown to be mainly
caused by technical issues and cause spurious diversity [37].

Demographic causes of variation in genomic estimates
of homozygosity
In our population, homozygosity did not show clear trends
of variation in relation to pedigree depth (Fig. 3). In fact,
the accumulation of homozygosity with pedigree depth
in inbred populations may be lower than expected when
minimum coancestry matings are implemented, as in our
case [32]. The Gochu Asturcelta conservation programme
applied a strict mating policy to avoid matings between
close relatives and to prolong the reproductive career of
the founders and their direct descendants as much as pos-
sible to keep founder contributions balanced across gen-
erations and to preserve their genetic background in the
population [32]. Theoretical and empirical evidence sug-
gests that mating policies involving minimum coancestry
in undivided populations balance allele frequencies at neu-
tral genetic markers across generations [18, 23], therefore
minimizing Mendelian segregation variance [22].
Although genomic estimates of inbreeding reflect the
percentage of the genome that is homozygous, pedigree-
based estimates are only expectations [20]. This suggests
that the ability of homozygosity parameters to character-
ize the genetic variability of a population should be tested
in each particular case, making it difficult to provide gen-
eral guidelines. The results obtained in a particular popu-
lation may be shaped by its particular breeding scenario.
The literature suggests that between-individual variation
in inbreeding estimators is strongly increased by pres-
ence of population structure [45] as well as by relatedness
within the population, the mating policy applied, and the
presence of large families increase [13, 58].



Arias et al. Genetics Selection Evolution (2023) 55:74

Increases in homozygosity and effective population size
Here, we evaluated two approaches to compute the
increase in homozygosity. All estimates had large stand-
ard deviations (Table 1) as a consequence of the relatively
small sample size and the strong effect of Mendelian sam-
pling on the estimates of genomic inbreeding. The indi-
vidual increase in homozygosity is conceptually similar to
the individual increase in inbreeding (AF;) proposed by
Gutiérrez et al. [27, 28], which has been used as a standard
for comparisons. Although AF; allows a flexible definition
of the reference population and is independent of mating
policies [29, 41], it is based on the assumption that losses
in diversity depend on pedigree depth only [71]. However,
this assumption cannot be straightforwardly applied to
individual increases in homozygosity: although founder
individuals and their direct descendants in a pedigree
are not inbred, all individuals in a pedigree have different
degrees of homozygosity that can partially be explained by
IBS. Our data suggest that the accumulation of the pedigree
tends to increase homozygosity (Fig. 3). However, matings
between relatives may be more important. In this regard,
the increase in pairwise homozygosity could be intui-
tively considered a more accurate estimate of the increase
in homozygosity due to IBD. In any case, increases in
homozygosity are not constant across the genome [72]. IBD
estimates in a limited genomic area or at the genome-wide
level exhibit more variance than those computed for chro-
mosomes [5]. To avoid this, jackknifing over autosomes was
applied to the BP-adjusted genomic inbreeding estimates.

Although the differences were small, the results
obtained after jackknifing suggest that BP-adjusted esti-
mates of individual increases in homozygosity can be
overestimates, while BP-adjusted values for increases in
pairwise homozygosity can be underestimates (Table 1;
Fig. 4). Values obtained for AtF; displayed consistent
variation with AF;, which can be explained by their simi-
lar computation methods. The two approaches tested
for increases in homozygosity showed consistent behav-
iour for Fropn, Furr, and Fry. However, the increases in
homozygosity computed using Fyan departed from this
general behaviour. Fyqn is expected to have a smaller
sampling variance than other estimates of homozygosity
[54]. Our results confirmed this, as AtFyay had lower
variation (54.1%) than AtFppp (105.9%).

The usefulness of the two approaches tested for
increases in homozygosity to compute N, has been
compared with that of the genealogical “realized” N,
computed from AF; but also with that derived from
the increase in pairwise coancestry proposed by Cer-
vantes et al. [73]. The last approach is expected to give
more stable estimates of N, in cases of shallow pedigrees
due to the larger amount of information used in the
computations.

Page 14 of 17

Estimates of N, obtained from genealogical and
genomic information are expected to have large differ-
ences [16, 22, 68, 74, 75]. Indeed, criteria based on pedi-
gree information refer to an infinite number of loci [71],
while criteria based on observed genomic polymorphism
mirror phenomena related to temporal changes in allele
frequency at a limited number of loci [22, 76]. Further-
more, genealogical estimates of N,, frequently used as
a reference in the literature, may not reflect the actual
N,. Even with suitable genealogical data, genealogical
N, does not consider natural selection against homozy-
gotes. Therefore, the genetic variability at the genomic
level could be higher than expected. Although different
genomic methods have been proposed to obtain reliable
N, estimates using half- and full-sib allele frequencies
[77] and heterozygote excess [78], computation of reli-
able estimates of N, is still a challenge. Mendelian sam-
pling causes large differences in allele frequencies among
close relatives (e.g., full-sibs) and at the population level.
This may be particularly important in small populations
with shallow pedigrees and frequent matings between
relatives.

Genomic approaches are expected to give higher
estimates of N, than approaches based on genealogi-
cal data [14, 33], probably varying with the actual num-
ber of breeders in the sample [13]. This expectation fits
well with the estimates of N, obtained using individual
increases in homozygosity. However, this is not so clear
for increases in pairwise homozygosity. The assumption
that an increase in homozygosity only depends on pedi-
gree depth causes AtF; values to underestimate the IBD
scenario of the subpopulations analysed when compared
with ApF;. Our results suggest that pedigree depth itself
may influence the accumulation of homozygosity (see
Additional file 1: Table S3). However, this effect may be
weaker than that of matings between relatives. In any
case, jackknifing over autosomes can help avoid under-
and overestimation of N,. For individual increases in
homozygosity, estimates of J\TEFYANi tended to be closer
to both N.F; and N.C; estimates. However, this was
not the case for the increase in pairwise homozygosity,
which was more similar to EFROHW( and, particularly, to
EFHRRZ./.,(. The lower variance of the Fysy values may lead
to better adjustment of the influence of pedigree depth
on increases in homozygosity.

Estimates of N, based on ApFroy and, particularly, on
ApFpgr had lower RMSE values in the dataset. If ApFj
values are useful for characterizing increases in homozy-
gosity due to IBD, our results suggest that increases in
homozygosity would be caused by losses of small HRR
genomic segments, which could be more sensitive to
mating between relatives than to the increase in the
length of long stretches of ROH.
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In any case, as expected, estimates of genomic N,
were affected by cohort size: the larger the subpopula-
tion assessed is, the higher the estimates of genomic N,.
In this regard, the values for the cohorts C2008 and CG3
had the highest estimates for a given method. The yearly
cohort C2008 included several non-inbred individuals
(F=0), which could lead to higher N, estimates. How-
ever, this did not happen in CG3, therefore confirming
some dependency on genomic N, and sampling size. In
the Gochu Asturcelta population, cohort sizes have been
reported to be crucial for obtaining reliable estimates of
N, [33]. Our results, obtained using completely different
information and methods, confirm this point.

Conclusions

Here, we analysed the ability of different genomic esti-
mates of homozygosity to characterize the genetic back-
ground of a livestock population under mating policies
aiming at conserving genetic variability. Our study
showed that the mating policy applied to the Gochu
Asturcelta pig population was successful in maintaining
balanced allele frequencies. However, in such scenarios,
parameters that characterize homozygosity are limited
in their ability to depict trends in losses of variability. In
spite of the presence of closely-related individuals from
different families that vary in size, the four homozygosity
parameters used (Frog, Frrr, Fry, and Fysy) character-
ized the evolution of the pedigree to some extent. How-
ever, different adjustments were necessary to improve
robustness of the estimates: although the adjustment of
the homozygosity values by the mean of the BP appears
indispensable, additional adjustment via jackknifing over
autosomes helps to account for within-individual genome
variation. Unlike genealogical approaches, the assump-
tion that increases in homozygosity depend on pedigree
depth only may not apply to small, shallow pedigrees, and
an increase in pairwise homozygosity may better charac-
terize autozygosity. Although increases in homozygosity
computed using Fyany seem to have good general behav-
iour, increases in pairwise homozygosity computed using
Fron and Fyprp may be particularly useful if efficient
identification of short ROH and HRR segments can be
ensured.
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