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Abstract

Background: The increasing availability of DNA markers provides new metrics of inbreeding based on single nucleo-
tide polymorphisms (SNPs), i.e. molecular inbreeding or the proportion of runs of homozygosity (ROH), as alternatives
to traditional pedigree-based inbreeding coefficients. However, none of these metrics incorporate the length of ROH
as an indicator of recent inbreeding. Novel inbreeding coefficients that incorporate length of ROH as a random vari-
able with an associated density are investigated.

Methods: New inbreeding metrics based on the distribution of the length of ROH are proposed: (1) the Kolmol-
gorov-Smirnov test, (2) a function of the quantiles of the cumulative distribution function of an individual versus the
population, and (3) fitting of an exponential distribution to ROH lengths (mean, variance, and the probability of draw-
ing at random a ROH larger than a given threshold). The new inbreeding and pedigree-based metrics were compared
using 217 sows of an lberian line that belong to three groups: C1 (conservation), C2 (conservation derived from C1),
and S (selected and derived from C1), with complete pedigrees and genotyped for 35,023 SNPs.

Results: Correlations between pedigree-based and the new genomic inbreeding coefficients ranged from 0.22

to 0.72 but most ranged from 0.60 to 0.70. The correlation between quantile chromosomal inbreeding coefficients
(using molecular information of just one chromosome at the time) and chromosomal length was 0.84 (SE = 0.14),
supporting the hypothesis that these coefficients incorporate information on ROH length as an indication of recent
inbreeding. Kolmogorov-Smirnov and exponential chromosomal inbreeding coefficients were also correlated

with chromosomal length (0.57). Chromosome 1 had the largest quantile ROH inbreeding coefficient (largest ROH
sizes), whereas chromosome 10 had the lowest (shortest ROH sizes). Selection for lean growth increased ROH-based
inbreeding coefficients for group S when compared to unselected groups C1 and C2. At the chromosomal level, this
comparison showed that the level of autozygosity and the length of ROH for most of the autosomes increased in the
selection line.

Conclusions: Quantile and exponential probability inbreeding coefficients using ROH length as a random vari-
able provide additional information about recent inbreeding compared to existing inbreeding coefficients such as
molecular, pedigree-based or total ROH content inbreeding coefficients.

Background

The inbreeding coefficient of an individual is the proba-
bility that two alleles at a locus in that individual are iden-
tical by descent [1]. The inbreeding coefficient is a key
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parameter to understand the amount of matings between
related individuals that have taken place in a popula-
tion. Inbreeding leads to an increase in homozygosity,
which, in turn, reduces performance of production traits
(inbreeding depression), reduces fitness and compro-
mises long-term viability of the population [2, 3]. There-
fore, control of inbreeding is itself an objective in animal
production or conservation genetics [4].
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In farm animals, coefficients of inbreeding are sys-
tematically computed from pedigree records using path
coefficients [5]. If pedigrees are not available, inbreeding
coefficients can be calculated using molecular informa-
tion. In particular, genome-wide single nucleotide poly-
morphism (SNP) bead chips are used to assess levels of
homozygosity [6] or to estimate pedigree-based inbreed-
ing coefficients [7, 8]. These approaches assume that
SNPs are unlinked and they do not make use of all avail-
able information. However, SNPs are physically linked
and alleles at linked markers on the same homologous
chromosome are inherited together unless a recombina-
tion event occurs between them.

Runs of homozygosity (ROH) are defined as continu-
ous and uninterrupted stretches of DNA sequences with-
out heterozygosity in diploid state [9]. Presence of long
ROH can imply recent inbreeding, which can be used to
estimate genome-wide autozygosity and inbreeding coef-
ficients, as suggested by Keller et al. [10]. ROH has been
used to investigate inbreeding in human [11-13], cattle
[14, 15], and pig populations [16, 17].

The generation of ROH is explained in Fig. 1. “A” repre-
sents a common ancestor of parents “D” and “E” of indi-
vidual “F” Individual “F” has a ROH fragment identical by
descent, which is delimited by blue arrows. The line under
“A” represents one of the two homologous chromosomes
(in blue), which will generate the ROH in individual “F”
Colors other than blue are used to represent chromo-
somes of different origin. For this example, there were
recombination events in paths “A” to “B’, “B” to “D’, and
“C” to “E”; there were no recombination events in paths
“A” to “C’, “D” to “F” or “E” to “F” The effect of recom-
bination is to break down the length of the homologous
chromosome in steps from ancestor “A” to individual “F”"

./

D\F /E

T rou 1

Fig. 1 lllustration of the generation of a run of homozygosity. Indi-
vidual F is the progeny from the mating between two related parents
D and E, with a common ancestor A. Only one of the two homolo-
gous chromosomes (in blue) of ancestor A is represented
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This illustration can be used to identify the main factors
that affect the length of ROH: (a) the number of steps in
the paths from “A” to “F” (opportunities for recombina-
tion, green arrows in the scheme), where a small number
of steps (recent inbreeding) results in longer ROH; (b)
the recombination rate in a chromosome (which can vary
at the population or individual level); and (c) the length
of the chromosome, with longer chromosomes yielding
longer ROH because the longer the chromosome is in the
ancestor, the longer is the ROH fragment in the individ-
ual in which inbreeding is assessed. However, the latter
has not been proven empirically.

The approach used to compute inbreeding coefficients
based on ROH requires calculating the total length of
ROH covering the genome of an individual (for a given
minimum number of contiguous homozygous SNPs)
divided by the length of the genome [11, 18]. As stated
above, recent inbreeding is associated to larger ROH
fragments [10-19]. However, it is not well established
either how to make a comparison between individuals
with different numbers and lengths of ROH fragments
or how to use the length of ROH to estimate recent
inbreeding.

The objective of this paper was to investigate the use
of ROH length as a random variable with an associated
distribution or probability density to derive new inbreed-
ing coefficients: (1) a method based on the Kolmogo-
rov—Smirnov test, (2) a method based on quantiles of
the distribution of the length of ROH, and (3) a method
based on fitting an exponential distribution to the ROH-
length distribution. These inbreeding coefficients were
compared to SNP-based homozygosity metrics and pedi-
gree inbreeding coefficients. It is shown that the new
coefficients provide additional information on recent
inbreeding. The new inbreeding coefficients were used
to investigate inbreeding in a closed line of Iberian pigs
maintained in a conservation program and to investigate
the effect of selection on inbreeding.

Methods

Torbiscal line pedigree

The pigs of this study belong to a composite line (Torbis-
cal) resulting from the blending of four ancient Spanish
and Portuguese strains of Iberian breeds in 1944 that was
genetically isolated from 1963 to 2013 [20]. A complete
genealogy of 4524 entries (individual-sire-dam) was avail-
able. The inbreeding coeflicient (F),,,) and the number of
discrete generation equivalents (EgG) [21] were calculated
based on this pedigree for each individual with respect to
a base generation of unknown parents [22]. A partition of
individual inbreeding coefficients into two components,
new (Fypq pew) and old (F,.q0), was performed using the
expressions proposed by Hinrichs et al. [23]:
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Fiota(u,t) = [Fi(0,t) — Fi(u, )] /[1 — Fi(u, t)]

and

Finew(,t) = Fi(0,2) — Fip1q(u,t) for O0<u<t,

where 0 is the base generation, u is any intermediate gen-
eration, and ¢ is the generation of the i-th individual. The
intermediate generation () constituted a base by assum-
ing that parents of pigs born in 1980 were unknown. The
comparison between different pedigree and genomic
inbreeding metrics was performed on data consisting
of 217 sows from three related cohorts: 54 sows born
between 1994 and 1998 (C1 group) with an average num-
ber of discrete generation equivalents EqG.; = 21.04
(SD = 0.57) and an average pedigree inbreeding coef-
ficient F; = 0.15 (SD = 0.01), a group of 54 sows (S)
contemporary to the C1 group coming from a sub-line
experimentally selected for lean growth along seven gen-
erations with EqGg = 22.72 (SD = 0.78) and Fg = 0.21
(SD = 0.019), and a third group of 109 sows (C2) descend-
ent from the C1 group that were born between 2004 and
2010 and with EqG, = 26.13 (SD = 0.74) and F, = 0.18
(SD = 0.02). Details of the selection experiment based on
records of backfat thickness and growth can be found in
Rodriguez et al. [24].

Genotyping and SNP-based metrics of inbreeding

DNA was isolated from blood using a standard phenol/
chloroform protocol and genotyped with the Illumina
Porcine SNP60 BeadChip [25] and the Infinium HD
Assay Ultra protocol (Illumina Inc.). Genotypes of 62,163
SNPs were called with the GenomeStudio software (Illu-
mina). In addition, DNA from 17 Iberian pigs represent-
ing the main breeding nuclei of this breed were analyzed
to identify SNPs of good quality that were monomorphic
or had very low minor allele frequency (MAF) in the Tor-
biscal line. Quality control of genotypes was performed
according to the following criteria: call rate for the indi-
vidual >0.96; SNPs with a call rate >0.99; GenTrain score
(measure of the reliability of the SNP detection based on
the distribution of genotypic classes) >0.70; AB R mean
(mean of the normalized intensity of the heterozygote
cluster) >0.35; and MAF >0.05. SNPs located on sex chro-
mosomes, those not mapped in the Sscrofal0.2 assembly
(http://gbi.agrsci.dk/pig/sscrofal0_2_annotation/),  or
those with inconsistent inheritance from dam to daugh-
ter were also removed. Based on these criteria 35,023
SNPs were retained and used for further analyses.

Genomic inbreeding coefficients based on the distribution

of the length of ROH

A minimum number of contiguous SNPs with homozy-
gous genotypes are required for declaring a stretch of
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DNA as a ROH in an individual because short tracts of
homozygosity are rather common due to strong linkage
disequilibrium. ROH length can be expressed either as
the number of contiguous homozygous SNPs, or as the
length measured in units of physical distance in Mb.
These two measures of ROH length are highly correlated
and both represent estimates of autozygosity (two chro-
mosomal segments inherited from each parent that are
identical from a common ancestor) since only a limited
number of SNPs are genotyped within a DNA segment.
Because of the exploratory nature of this paper, several
alternative minimum numbers of contiguous SNPs (5,
15, 25, and 35) were used to define a ROH in order to
investigate their impact on the novel inbreeding coeffi-
cients based either on the length of ROH estimated as the
number of contiguous homozygous SNPs or in physical
distance (Mb). For the majority of the methods, estimates
of individual autozygosity (I-ROH) were taken as a devia-
tion from a reference population or group (A-ROH).
Unless stated otherwise, the reference population will
consist of all individuals with available genotypes. Source
code in R language (http://www.r-project.org/) for esti-
mating the inbreeding coefficients and a small example
for two individuals are provided as supplementary mate-
rial in Additional files 1, 2, 3, 4 and 5.

KS-ROH inbreeding coefficient

The Kolmogorov—Smirnov test (KS test) is a non-par-
ametric test to compare two one-dimensional probabil-
ity distributions. The Kolmogorov—Smirnov statistic (D)
quantifies the distance between a given cumulative distri-
bution (T) and the cumulative distribution of a reference
distribution (S) and is computed as:

D = max,|Fr(x) — Fs(x)|,

where F (x) and Fg (x) are the empirical cumulative dis-
tributions of T and S at point x, respectively. Therefore,
D measures the largest distance between the two cumu-
lative distribution functions. We used a modification of
the KS test to compute the inbreeding coefficient of an
individual based on the length of ROH by computing the
KS statistic of the distribution of the lengths of ROH of
the individual compared to a reference distribution that
consists of the lengths of all ROH of all individuals (e.g.,
population, strain). Thus, the KS inbreeding coefficient
measures the maximum distance between two cumula-
tive distribution functions (CDF):

Fron-xs = maxx(Fi—roH (x) — Fao—roH (%)),

where F;_pog(x) and F4_pop(x) are the cumulative
distributions at point x that has the maximum distance
between the two distributions. The subscripts I-ROH
and A-ROH refer to individual and all individuals (or
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reference population), respectively. Note that the abso-
lute value was dropped from this test to allow for positive
or negative deviations from the reference population.

Quantile-ROH inbreeding coefficient

Quantiles are points taken at regular intervals from the
CDF of a random variable. The ROH-Q inbreeding coef-
ficient of an individual is defined as the sum of the differ-
ences between the quantiles of the CDF of ROH lengths
of the individual (g, zoy) and the quantiles of the refer-
ence population (q4_rop):

nq
qI-ROH — qA—ROH
Fror—q =) ;

i=1 ﬁ

where ng is the number of quantiles, g, zoy and g, oy
are the quantiles of the CDF of ROH length of the indi-
vidual and of a reference population. This equation can
be obtained by considering points in a Q-Q plot with
coordinates q; poy and g4 popy and measuring their dis-
tance to the diagonal (which is the expected distribution
if both CDF would be equal; i.e. f (x) = x). The sum of all
distances is Frqp - Note that the distance between each
point coordinate and the diagonal line (f{x) = x) can be
positive or negative. Percentiles were the quantiles used
in this study.

Exponential-ROH inbreeding coefficient

Following Clark [26], the distribution of the length of an
autozygous segment is expected to follow an exponential
distribution. After fitting an exponential distribution to
the distribution of the ROH lengths of an individual and
of all individuals (reference population), the coefficient of
inbreeding of the individual can be estimated based on
the following statistics:

(a) Using the mean of the exponential density:

1 1

- ]
AM-ROH  JA—ROH

Frog—pm =

where A;_ron and A4_poy are the rates of the fitted
exponential distribution for the individual and for all
individuals, respectively.

(b) Using the variance of the exponential density:

1 1

FroH-p» = — 2 :
AI-ROH ~ "A—ROH

(c) Using the integral of the fitted exponential density

for the individual from a threshold T to oo to calcu-

late the inbreeding coefficient of the individual based
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on the probability of getting an ROH fragment with
length larger than T as:

o0
FroH-gr = / J1_rorre”H-ROWEd (x),
T

where T is the threshold and x the length of the ROH.
This genomic inbreeding coefficient is an estimate of
the degree of autozygosity of an individual, and being
a probability, it is forced to range from 0 to 1. The
threshold is arbitrary but comparison between indi-
viduals is feasible when the same threshold is used for
individuals from the same population typed with the
same array.

Note that in the above equations, terms that apply to
all individuals (i.e. the exponential distribution with rate
Ad—ron) is the same for all individuals and, therefore,
does not affect the ranking of individuals based on their
inbreeding coefficients. Results will be provided for all
three coefficients comparing correlations of these coeffi-
cients with traditional inbreeding coefficients. However,
only Fron—pm or Fron—gr coefficients will be discussed
in other sections of the paper in order to reduce the num-
ber of tables and figures.

Traditional inbreeding coefficients

Correlations were estimated between the new inbreeding
coefficients based on the length of ROH and the follow-
ing traditional inbreeding coefficients: (1) pedigree-based
inbreeding coeficient (F),,,) computed for each individ-
ual by tracing the pedigree back to the founder animals;
(2) pedigree-based new inbreeding coefficient (£ new)
based on the equations proposed by Hinrichs et al. [23]
with breeding animals born in 1980 as the intermedi-
ate base generation; (3) pedigree-based old inbreeding
coefficient (F,,;,q) based on the equations proposed
by Hinrichs et al. [23] after ignoring all inbreeding gen-
erated from 1980 on; (4) molecular inbreeding coef-
ficient (F,,;), defined as the proportion of genotyped
SNPs at which an individual is homozygous (identical
by state) [6]; and (5) total ROH content based metric of
homozygosity [11] calculated for the autosomal genome
as Fron = Lron/Lauto, where Lrop is the total ROH
length of the individual and Lqy7o is the length of the
autosomal genome [11]. Identification of ROH was per-
formed with the program PLINK (http://pngu.mgh.har-
vard.edu/purcell/plink/). In order to adapt to the much
lower density of SNPs than those used by McQuillan
[11], the conditions for declaring a ROH included a slid-
ing window of 15 SNPs, allowing two missing calls and
one heterozygous SNP per window; a ROH was declared
if it had a length of at least 100 kb and contained 15 or
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more SNPs. The minimum required density was one SNP
per 500 kb and the maximum gap allowed between any
two consecutive SNPs was 1000 kb. Other options were
according to the default settings in the program.

Results

Figure 2 shows the distributional properties of two
extreme sows with pedigree inbreeding coefficients of
0.13 (sow 13304804) and 0.38 (sow 18705308) to illustrate
the statistical principles of the newly developed metrics.
The probability densities of ROH lengths for the two
sows were clearly different, with sow 18705308 having
longer ROH fragments. This is also shown when plotting
the cumulative distribution functions of ROH lengths for
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the two sows. The Kolmogorov—Smirnov method meas-
ures the maximum distance between two cumulative dis-
tributions and the observed differences in the cumulative
distribution for the ROH lengths of these two individu-
als justify this metric. In the same manner, the two Q-Q
plots for these two sows, which are graphical represen-
tations of the quantiles of each sow versus the quantiles
of all sows in the dataset, show very large differences in
the distributions for these two sows. The proposed quan-
tile inbreeding coefficient is calculated by summing up
the distances between the quantiles of the distribution
of ROH lengths for a sow (points in the graph) and the
diagonal. The shape of the line that represents the Q-Q
plots, i.e. whether it is curved or linear, may exemplify
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episodes of recent or old inbreeding. Finally, the adjusted
exponential densities of the two sows show differences in
the rate at which the highly inbred sow has longer ROH
fragments. The right hand side of this graph is similar to
the observed kernel density, whereas the distribution to
the left of the peak does not seem to fit an exponential
density. In summary, there are differences in the distribu-
tion of ROH lengths between individuals depending on
their inbreeding history.

Figure 3 shows the histograms of pedigree and ROH-
based inbreeding coefficients to better picture the dis-
tribution of the novel inbreeding coefficients. The
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distributions of both F,; and F,;,, with respective means
of 0.18 (SD = 0.03) and 0.74 (SD = 0.02), are similar but
have a different range of values. All ROH-based coeffi-
cients, except oy, have values that fall outside the range
of 0—1, which is problematic when comparing inbreeding
coefficients between populations or species. Both tradi-
tional and novel inbreeding coefficients were able to iden-
tify the sow with the highest inbreeding (18705308), i.e., the
most extreme value on the right hand side of all histograms.

In order to illustrate the new metrics, correlations
between traditional and ROH-based inbreeding coef-
ficients are in Tables 1 and 2 when considering length
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Table 1 Correlations between current and new genomic
inbreeding coefficients measured in number of SNPs
and using alternative minimum numbers of SNPs
when declaring a ROH
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Table 2 Correlations between current and new genomic
inbreeding coefficients measured in length of ROH
in Mb and using alternative minimum numbers of SNPs
when declaring a ROH

FROH-KS FROH-Q FrR!,OH-E F!‘;OH-E F’I;OH—E

F ROH-KS F ROH-Q F;?"OH-E F%OH—E FEOH-E

Minimum number of SNPs >5

Minimum number of SNPs >5

Fred 0223 0548 0716 0723 0690
Foectnew 0226 0548 0717 0724 0691
Fregog ~ —0056 0170 0171 0.164 0174
Fuor 0406 0749 0963 0.945 0969
Faon 0407 0749 0948 0927 0960

Minimum number of SNPs >15

Fped 0472 0.663 0672 0.677 0.630
Focdnew 0473 0663 0672 0677 0630
Focdtold 0081 0.190 0.187 0183 0.176
Fitol 0.675 0.892 0.902 0.885 0.892
Fron 0.897 0.877 0.884 0.870 0.877
Minimum number of SNPs >25
Fﬁgd 0.500 0.655 0.651 0.667 0.587
Focdtnew 0.501 0655 0651 0668 0587
Foed-old 0.113 0.199 0.199 0.188 0.199
Fitol 0.688 0.866 0.857 0.850 0.830
Fron 0676 0.837 0.828 0.818 0.802
Minimum number of SNPs >35
Fped 0470 0631 0.621 0.650 0.544
Focdnew 0470 0630 0620 0650 0543
Focdtold 0.167 0224 0225 0212 0231
Fitol 0.655 0.829 0813 0.815 0.774
Fron 0.638 0.796 0.780 0.780 0.744

Foed 0166 0510 0.701 0713 0.704
Foedinew 0169 0510 0.707 0714 0.705
Fredod ~ —0.081 0.150 0.158 0151 0.161
Fuor 0317 069 0.960 0939 0.960
Faon 0205 0717 0956 0931 0956

Minimum number of SNPs >15

Fped 0447 0.645 0.652 0.656 0.625
Foectnew 0447 0.645 0653 0657 0625
Foedtoid 0.110 0.176 0.176 0171 0172
Futol 0613 0.878 0.894 0.875 0.890
Fron 0.897 0.883 0.893 0.865 0.893
Minimum number of SNPs >25
Fped 0459 0618 0614 0.631 0.561
Foectnew 0458 0619 0614 0632 0.560
Foed-otd 0.168 0.184 0.185 0171 0.194
Fitor 0.587 0.850 0.840 0.835 0.813
Fron 0.580 0.843 0.832 0.823 0.808
Minimum number of SNPs >35
Fped 0445 0.586 0.576 0.607 0.507
Foectnew 0443 0585 0576 0607 0506
Foedtoid 0244 0.197 0.198 0.182 0.140
Fuol 0.607 0.809 0.792 0.797 0.675
Fron 0.599 0.801 0.794 0.786 0.747

Current inbreeding coefficients are pedigree (F,.q,

Foed-new and Foed-old)r molecular

Current inbreeding coefficients are pedigree (

pedr

Fooas F

and Fye4.014), molecular

(Fyop) and total ROH content ROH (Fpop); novel genomic inbreeding coefficients
are Kolmolgorov-Smirnov (Fzoy,.«s), quantile (Fzoy.0), @xponential mean, variance
and probability (FRoy.g Fion.e Faor.); standard errors range from 0.017 to 0.068

of ROH either as the number of SNPs (Table 1) or as
physical distance in Mb (Table 2). Correlations were
computed for a range of minimum number of SNPs
(5, 15, 25, and 35) in a DNA stretch tested for autozy-
gosity. The correlation between ROH-based and pedi-
gree (F,,,) inbreeding coefficients ranged from 0.22 to
0.72 (Table 1) and from 0.17 to 0.71 (Table 2). All cor-
relations were lower when ROH length was measured in
Mb. Partitioning individual inbreeding coefficients into
new (Fpeq e,) and old (F; ) inbreeding, allowed the
proposed ROH metrics to be correlated with recent and
past inbreeding. For all ROH inbreeding coefficients,
regardless of the minimum number of SNPs used and
whether ROH length was based on the number of SNPs
or physical distance, the correlations of the novel ROH
metrics with F,,; ., were very similar to their correla-
tions with F,,;, whereas the correlation with F,,; ,;; was
small. Except for Fpopxs (minimum number of SNPs

(Fpop and total ROH content (Fppp); novel genomic inbreeding coefficients are
Kolmolgorov-Smirnov (Frop ), quantile (Fzo,, o) and exponential mean, variance
and probability (Fiou.s Fron-e Faon.e) standard errors range from 0.015 to 0.068

>5), the novel metrics were also highly correlated with
Fi; and Fpopp, as expected. Correlations of the para-
metric inbreeding coefficients Fyop r Fropr and Fiop r
with F,.;, Fy1 and Foyy were higher when the minimum
number of SNPs to determine ROH was equal to five,
which is as expected since the use of a larger number of
SNPs truncates the parametric distribution. In contrast,
correlations of inbreeding coefficients based on the non-
parametric distributions Fpop s and Frop.q With Fyp,
F, .1 and Frop were higher for an intermediate minimum
number of SNPs. For example, the KS inbreeding coef-
ficient gave a low correlation with pedigree inbreeding
coefficients of 0.22, 0.47, 0.50 and 0.47 for minimum
number of SNPs equal to 5, 15, 25, and 35, respectively
(Table 1). This method uses the largest distance between
the two cumulative distributions, which may be bet-
ter estimated by ignoring small ROH fragments. For
ROH with a minimum number of SNPs greater than 5,
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correlations between F,;, and inbreeding coefficients
based on the length of ROH ranged from 0.41 to 0.97
(Table 1), and from 0.32 to 0.96 (Table 2). Similarly,
total ROH content was highly correlated with all new
inbreeding coefficients, with the exception of Fyqy s for
a minimum number of SNPs greater than 5.

Figure 4 shows the regression of pedigree-based
inbreeding coefficients on Fyy.p (correlation = 0.70)
and on total ROH content inbreeding coefficients (corre-
lation = 0.68). Some values of F,,, correspond to many
values for Fj oy p and Fpop, suggesting that ROH inbreed-
ing coeflicients incorporate segregation within families,
in contrast to the pedigree-based coefficients. The three
groups of sows (S, C1, and C2) can also be distinguished
as clusters of dots in each of the two regressions. The use
of the distribution of ROH-length is not restricted to the
estimation of the individual inbreeding coefficients but it
can also be used to explore differences in inbreeding on
different chromosomes. Table 3 provides correlations
between chromosomal length and genomic inbreeding
coefficients, which show that chromosome length is cor-
related with Fpq o and to a lesser extent with Fpqy p and
Fron.p suggesting that these inbreeding coefficients are
very much affected by chromosomal length. A very high
correlation between oy and Fppoyp was observed,
which may be due to the high dependency of these two
parameters on the “rate” of the exponential distribution.
Figure 5 shows Q-Q plots of the distribution of quan-
tiles for each chromosome when plotted against the dis-
tribution for all other chromosomes from all individuals.
Chromosome 1 had the greatest Fppy o values, while

0.6 —

ROH Inbreeding Coefficient

I I [ I [ [ T
0.10 0.15 0.20 0.25 0.30 0.35 0.40

Pedigree Inbreeding Coefficient

Fig. 4 Regressions of 3, and Fyoy ON pedigree inbreeding coeffi-

cients (Fpeq). Minimum number of SNPs to declare a ROH >5 for Fzo.-

and T = 2 Mb and ROH measured in Mb

Page 9 of 15

chromosome 10 had the lowest Fyq. values and ROH
fragments that were shorter than those for the rest of the
genome. These results illustrate the relationship between
Fpon-q and chromosomal length.

The use of the distribution of ROH length to measure
inbreeding does not only open new possibilities to inves-
tigate autozygosity at the chromosomal level but also to
investigate old established principles and knowledge on
inbreeding. In 1961, Alan Robertson [27] postulated that
inbreeding must increase in populations under selec-
tion. Figure 6 shows Q—Q plots of the distribution of the
length of ROH for the unselected groups C1 and C2 and
for the selected group S relative to the ROH distribution
of all individuals. A clear pattern can be observed, show-
ing that the S group had systematically larger ROH frag-
ments, and therefore, more inbreeding than groups Cl1
and C2. Group C2 had larger ROH fragments than CI,
which is attributable to an increase in inbreeding during
the five generations that passed between C1 sows and
their descendants in C2. There was also an increase in
pedigree inbreeding coefficients in the selected group S
(0.21) relative to C1 (0.14) and C2 (0.17). This increase in
inbreeding was also evident for Fj,; (0.21 for C1, 0.25 for
C2, and 0.28 for S) or for F,,, (0.65 for C1, 0.65 for C2,
and 0.67 for S). Similarly, exponential inbreeding coeffi-
cients were higher for the selected group, S. In summary,
selection has impacted the genetic variability of the S
group, as detected by both pedigree and molecular-based
indicators of inbreeding.

The next question was to investigate whether the
increase in length of ROH was more marked in some
chromosomes as a result of selection. Figure 7 shows
Q-Q plots of the S group versus the non-selected C1
group by chromosome. Most chromosomes had longer
ROH in the S group. The distributions in both groups
were similar for chromosome 4, while the C1 group had
some larger ROH fragments for chromosome 13. Figure 8
shows the length of each ROH along their position on
chromosomes 5, 9 and 16. These chromosomes were cho-
sen because of the larger sizes of ROH fragments in the S
group versus C1 (Fig. 7). There were ROH of larger sizes
at the beginning of chromosomes 5 and 16. Large ROH
fragments were distributed evenly along chromosome 9.

Discussion

By “genomic inbreeding coefficient’, we denote a param-
eter that uses genomic information on autozygosity as a
measure of relatedness among ancestors of an individ-
ual. It includes molecular inbreeding coefficients, ROH
inbreeding coefficients [10-19, 28, 29] and coefficients
that make use of the length of ROH as a random variable
with an associated probability distribution or probability
density function, as proposed in this paper. One of the
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Table 3 Correlations between pairs of chromosomal genomic inbreeding coefficients and length (number of SNPs
per chromosome)

Length Fitor Fron Frot.ks Fron-q FRo. FRon.

Length 0.04 0.16 0.57 0.84 0.57 0.57
Fu 0.25 045 001 —007 044 045
Fron 025 025 032 0.13 051 052
Fromss 021 0.25 024 060 083 082
Fromo 014 0.25 025 020 0.59 058
Flie 020 022 021 0.14 020 0.99
Fope 021 022 021 0.14 0.20 0.00

Correlations are on the upper diagonal; approximate standard errors are on the lower diagonal; Fr ks Fron.o Fron-e @nd Faop.c Were computed for a minimum of five
SNPs and measured as physical distance in Mb; quantiles in Fy,, , were computed excluding the chromosome being tested from the reference population; Fzy,,.- were

computed for a threshold of T =5 Mb
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first issues that had to be addressed is how to estimate
ROH. DNA sequencing methods are required to observe
autozygosity but often ROH are estimated based on gen-
otypes obtained with BeadChip arrays of SNPs. Stretches
of DNA are declared as ROH if a minimum number of
consecutive SNPs from an array are homozygous. We
explored four different minimum numbers of SNPs to
declare a ROH (5, 15, 25, and 35) and considered two
alternative measures of length, the number of SNPs and
physical length in Mb. Our results suggest that the mini-
mum number of SNPs can affect correlations between
genomic and pedigree inbreeding coefficients. On the
one hand, Quantile and Kolmolgorov—Smirnov  ROH
inbreeding coefficients were less correlated with pedigree
inbreeding coefficients when the minimum number was
small, in contrast to exponential inbreeding coefficients.
Nevertheless, differences between inbreeding coefficients
based on ROH length were not large, except for Frop ks
On the other hand, correlations between pedigree and
genomic inbreeding coefficients were slightly higher
when using the ROH length based on number of SNPs
instead of physical distance. An explanation is that only
some SNPs in a DNA fragment are genotyped and errors
in declaring a fragment autozygous add another source of
error to the usual genotyping errors, such as SNP loca-
tion or distance between SNPs in the array. Nevertheless,
the correlations based either on the number of SNPs or
on physical distance were rather similar across all situa-
tions investigated.

All inbreeding coefficients (traditional and newly devel-
oped) have advantages and disadvantages. The advantage
of the pedigree inbreeding coefficient is that it is sim-
ple and only requires recording of pedigrees but it does
not account for the sampling that occurs when gametes
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are produced during meiosis. That is, pedigree inbreed-
ing coefficients are probabilistic and do not account for
the fact that individuals with the same inbreeding his-
tory can differ in autozygosity. For example, two full-sibs
can have different numbers of fragments of autozygosity
(and at different locations) just by sampling. In contrast,
all genomic inbreeding coefficients account for sam-
pling and they measure the “realized inbreeding” of an
individual.

Genomic inbreeding coefficients differ in the way they
use the genotype information. Molecular inbreeding
coefficients are calculated as the proportion of homozy-
gous sites that are genotyped with an array. They assume
that the genotyped SNPs are randomly located across the
genome and do not distinguish old from recent inbreed-
ing. This coefficient incorporates the entire breeding his-
tory of the individual, including new mutations and old
inbreeding. The total ROH content inbreeding coefficient
is the proportion of the genome of an individual that
comprises autozygous fragments. This coefficient does
incorporate regions of autozygosity but, in contrast to the
molecular coefficient, it ignores fragments consisting of a
single or a few contiguous homozygous SNPs in its com-
putation. Total ROH content inbreeding coefficient does
distinguish old from recent inbreeding but with the limi-
tation that direct information on the length of ROH frag-
ments is not used. In principle, two individuals with the
same total ROH content inbreeding coefficients can have
a different proportion of large and short ROH fragments.
However, total ROH content inbreeding coefficients
may indirectly account for the length of ROH because
highly inbred animals, such as progeny from the mating
between two full-sibs, should have larger total ROH con-
tent inbreeding coefficients made up by a large number
of ROH of larger size.

The inbreeding coefficients proposed in this paper do
incorporate direct information on the length of ROH to a
greater or lesser extent. The Kolmogorov—Smirnov coef-
ficient is a general method to compare statistical distribu-
tions and was used here to discern individuals with a very
different distribution of ROH length when compared to
the rest of the population. The Quantile inbreeding coef-
ficient is very well suited to detect individuals with larger
ROH fragments due to recent inbreeding and it leads to a
graphical representation of the inbreeding of an individ-
ual. The exponential mean and variance inbreeding coef-
ficients assume that one single parameter, the rate of the
exponential distribution, defines the inbreeding status
of an individual. A higher rate means that the individual
has a greater average length of ROH fragments. For sim-
plicity, the reference population was a pool of all ROH
fragments of all individuals. This part corresponding to
the reference population could be better represented by
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fitting a gamma distribution instead of an exponential
distribution since the sum of exponentials follows this
distribution. Kolmogorov-Smirnov, Quantile, and expo-
nential inbreeding coefficient do not fall within the range
of 0—1 (in contrast to the pedigree, molecular, and total
ROH content inbreeding coefficients) but they could eas-
ily be standardized (i.e., forced to be between 0 and 1) by:

Standardized inbreeding of the ith individual
_ F, — min(FroH)

 max(Fpoy) — min(From)’

where F, is the inbreeding coefficient of the i-th individ-
ual before it is standardized and Fjy is its distribution

(K-S, quantile or exponential). However, the standard-
ized inbreeding coefficients do not abide by the definition
of an inbreeding coefficient (i.e., the probability that two
alleles at a locus in an individual are identical by descent),
and cannot be used to compare individuals from popu-
lations with a different inbreeding history. The exponen-
tial-p inbreeding coefficient does range from O to 1, since
it is defined as a probability. The exponential-p inbreed-
ing coefficient requires definition of a threshold, T, which
should be the same when comparing inbreeding of differ-
ent individuals from the same population. More work is
needed to explore the impact of alternative thresholds on
estimates of inbreeding coefficients of animals from dif-
ferent populations.



Gomez-Raya et al. Genet Sel Evol (2015) 47:81

Page 13 of 15

8 -
g Chromosome 5
o | v
< ° v
8 - . .
o o7 v Yo 85 o .,
V¥%v gy Yoo 98 3y v e%os P° 52 8%" T
o] B S e v vre LT o i
T T T T
84 o ° 50 100 150
S o | Chromosome 9
E ©
8 :
D S
I ° ° ° °
o o ° ° v
rC o ° ° ° °
® ® s g, . . v ° e o °
* ¢, G e Mk "85 o % o . 9 ae R
o | Dot YIRS O mdston® W b e O O oo IR Bilehe Ligade
T T T T
8- o 50 100 150
o | Chromosome 16
©
o | °
N oo o
8
&9 > ]
-4 v 2 o
o :Vo o\%vVO Y V\;Vvvo o év ° o
S AT WSROI ¢ Lo DR T
T T T T
0 50 . 100 150
Position (Mb)
Fig. 8 Distribution of ROH-length along chromosomal positions. The figure represents conservation group (C1 color red), and selected group (S
color navy) on chromosomes 5, 9, and 16 for a minimum number of SNPs to declare a ROH >15 and measured in Mb

Comparison of the new metrics to existing meth-
ods provides little information on their ability to
detect long ROH (as an aid to detect recent inbreed-
ing) since existing methods cannot. Thus, in order to
investigate the ability of the new methods to detect
long ROH fragments, correlations between chro-
mosomal inbreeding and chromosomal length were
performed. A recent common ancestor of the par-
ents of an individual is expected to result in entire
chromosomes or long DNA fragments (as a result of
single or multiple recombination events in the differ-
ent paths leading to the parents of the individual) to
be identical by descent in the individual. Therefore,
long chromosomes are expected to result in longer
ROH fragments. In addition, longer chromosomes
have been shown to have a lower recombination rate
(cM/Mb) in swine [30], which would also result in

longer ROH fragments. Our results show that chro-
mosomal length was highly correlated with quantile
chromosomal inbreeding coefficients and to a lesser
extent with other proposed metrics. Thus, quantile
inbreeding coefficients are sensitive to long ROH
fragments and, therefore, improve detection of recent
inbreeding.

The largest limitation of the newly proposed metrics
is that they do not allow for straightforward compari-
son of the level of inbreeding of individuals from dif-
ferent species. Genomes with different number and
size of chromosomes (or recombination rate) may lead
to distributions of individual inbreeding coefficients
based on ROH length that are not comparable. This
may be overcome by using exponential-p inbreeding
coefficients and by setting appropriate thresholds that
facilitate comparisons across species. For example,
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thresholds could be chosen based on the distributions
of ROH length for each species relative to the distri-
bution of ROH length of several species together.

Traditional and new inbreeding coefficients allowed
for the detection of the effect of selection on inbreed-
ing [27]. However, the genomic inbreeding coefficients
can pinpoint chromosomal regions where autozygosity
is more extensive. Selection has two effects on inbreed-
ing: one is its direct action to increase the frequency
of alleles that favorably affect the trait under selection;
the other is the increase in inbreeding and autozygosity
for all loci regardless of their effects on the trait, which
is attributed to co-selection of individuals with high
breeding values which tend to share not just alleles at
loci with an effect on the trait but at all loci, i.e., to be
relatives [31]. Our results for chromosomes 5, 9 and 16
support the hypothesis that autozygosity affects both
loci that are related to the selected traits as well as neu-
tral loci scattered over the genome. In addition, the
increased autozygosity in the S group is apparent for all
chromosomes except chromosome 4. The method can
identify chromosomal inbreeding but not the reasons
for its occurrence.

In conservation genetics, coancestry coefficients are
used to optimize genetic management in a conserva-
tion program and several estimators of coancestries
based on molecular information have been proposed,
e.g., [32, 33]. These methods ignore that linked SNPs
are inherited together, and consequently, the informa-
tion provided by ROH. Pryce et al. [34] showed that
ROH could provide additional information on coances-
try when mating relatives. However, their approach
consisted in estimating the proportion of haplotypes at
a given length of ROH that are common between indi-
viduals. A novel alternative would be to make use of the
expected distribution of the length of the ROH among
progeny of related parents, in line with our proposed
use of ROH to quantify inbreeding. In other words,
to use coancestry coefficients based on the expected
shape of the distribution of ROH lengths in the progeny
of the two parents.

Conclusions

The proposed inbreeding coefficients add to exist-
ing methods to estimate inbreeding by accounting for
the length of ROH, which incorporates information on
recent inbreeding. Among the proposed metrics, quantile
inbreeding coefficients are the most sensitive for identify-
ing individuals with longer ROH fragments. Exponential-
p inbreeding coefficients are less sensitive for detecting
long ROH fragments but are defined as a probability
(they range from 0 to 1) and are, therefore, suitable for
comparison of individuals across populations.
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Additional file 1. Supplemental.Running.example June2015.docx. This
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Additional file 2. Inbreeding.example. This file contains a small dataset
with information on ROH length for two individuals on chromosome 1.
The variables are: nchro: number of chromosome; ind: number of individ-
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Additional file 3. k-s.r. Source code in R for estimating Kolmogorov-
Smirnov inbreeding coefficients.
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inbreeding coefficients.
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inbreeding coefficients.
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