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Abstract

Background The selection of individuals based on their predicted breeding values and mating of related individuals
can increase the proportion of identical-by-descent alleles. In this context, the objectives of this study were to
estimate inbreeding coefficients based on alternative metrics and data sources such as pedigree (FPED), hybrid
genomic relationship matrix H (FH), and ROH of different length (FROH); and calculate Pearson correlations between
the different metrics in a closed Nellore cattle population selected for body weight adjusted to 378 days of age
(W378). In addition to total FROH (all classes) coefficients were also estimated based on the size class of the ROH
segments: FROH1 (1-2 Mb), FROH2 (2-4 Mb), FROH3 (4-8 Mb), FROH4 (8-16 Mb), and FROH5 (> 16 Mb), and for each
chromosome (FROH_CHR). Furthermore, we assessed the effect of each inbreeding metric on birth weight (BW),
body weights adjusted to 210 (W210) and W378, scrotal circumference (SC), and residual feed intake (RFI). We also
evaluated the chromosome-specific effects of inbreeding on growth traits.

Results The correlation between FPED and FROH was 0.60 while between FH and FROH and FH and FPED were 0.69
and 0.61, respectively. The annual rate of inbreeding was 0.16% for FPED, 0.02% for FH, and 0.16% for FROH. A 1%
increase in FROH5 resulted in a reduction of up to -1.327+£0.495 kg in W210 and W378. Four inbreeding coefficients
(FPED, FH, FROH2, and FROH5) had a significant effect on W378, with reductions of up to -3.810+1.753 kg per 1%
increase in FROH2. There was an unfavorable effect of FPED on RFI (0.01£0.0002 kg dry matter/day) and of FROH

on SC (-0.056+0.022 cm). The FROH_CHR coefficients calculated for BTA3, BTA5, and BTA8 significantly affected the
growth traits.
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inbreeding depression in Nellore cattle.

inbreeding

Conclusions Inbreeding depression was observed for all traits evaluated. However, these effects were greater for the
criterion used for selection of the animals (i.e,, W378). The increase in the genomic inbreeding was associated with

a higher inbreeding depression on the traits evaluated when compared to pedigree-based inbreeding. Genomic
information should be used as a tool during mating to optimize control of inbreeding and, consequently, minimize

Keywords Beef cattle, Bos indicus, Cattle genome, Inbreeding depression, Genomic inbreeding, Chromosomal

Background

The selection of breeding candidates based on their
breeding values predicted by the Best Linear Unbiased
Predictor (BLUP) method [1], has had major impacts
on animal productivity [2]. The inclusion of informa-
tion from relatives combined with individual phenotypic
records can increase the accuracy prediction of esti-
mated breeding values (EBVs) but also the probability
of co-selection of collateral relatives (families). Conse-
quently, BLUP-based selection can lead to a reduction in
genetic variability within populations and an increase in
the overall level of inbreeding if genetic relationships are
not properly taken into account during the selection and
mating processes [3]. In addition, high selection intensity
and the use of a small number of breeding animals com-
bined with reproductive biotechnologies (e.g., artificial
insemination) can reduce the genetic variability within
populations and hence increase the proportion of identi-
cal-by-descent alleles [4, 5].

Over the past decades, inbreeding coefficients in com-
mercial populations have been calculated based on
pedigree records [6-9]. The more recent availability of
genomic information on a large number of individuals
and the genome-wide coverage from genotyping plat-
forms have enabled the calculation of more accurate
inbreeding [10]. Genomic inbreeding coefficients can
be simultaneously calculated for genotyped and non-
genotyped animals based on the diagonal elements of
the hybrid genomic relationship matrix (H) [11]. Fur-
thermore, the identification of large homozygous seg-
ments likely inherited from a common ancestor, called
runs of homozygosity (ROH), can also contribute to the
assessment of genomic inbreeding in genotyped animals
[12-14]. An increasing number of studies have identified
ROH in cattle breeds [5, 14—18], as this approach enables
the differentiation between old and recent inbreeding
events that occurred in populations [19].

The negative effect of increased inbreeding on complex
traits (i.e., inbreeding depression) such as growth and
fertility, calculated based on pedigree [9, 20] and, more
recently, using genomic data [14, 21, 22], has been widely
reported in the livestock literature. Inbreeding depression
can be estimated based on the regression of phenotypic
values for a certain trait on the inbreeding coefficient
of the animals [20]. However, this approach estimates

the average effect of inbreeding based only on the linear
relationship between the inbreeding coefficients and the
complex traits and it does not directly account for the
allelic content shared among individuals. Thus, inbreed-
ing depression can be more reliably estimated by fitting
the inbreeding coefficients as linear covariates in the ani-
mal models [14, 22, 23].

With a cattle herd estimated at 202.8 million heads and
a slaughter of 42.31 million heads, Brazil is responsible
for 27.7% of world beef exports, generating 12.97 bil-
lion dollars [24], what highlighting the impact of the beef
agro-industrial system in Brazil and its importance to the
world. In this scenario, Nellore cattle, originating from
India and arriving in Brazil through imports between
1920 and 1963 [25], established themselves as one of the
most important breeds for beef cattle farming in Brazil
[26].Various studies in Nellore cattle have characterized
the distribution of ROH and reported genomic inbreed-
ing coefficients [15, 27], evaluated the population struc-
ture and genetic diversity in the breed [28] and assessed
the level of pedigree-based inbreeding depression on
economically traits of interest in Nellore breeding pro-
grams interest [9]. In recent decades, the Institute of Ani-
mal Sciences (IZ, Sertaozinho, SP, Brazil) has developed a
unique genetic resource: a closed herd composed of three
lines of Nellore cattle. The Control line is selected for
average W378 (phenotypic), the Selection line is selected
for higher W378 (phenotypic), and the Traditional line
was selected until 2008 for higher W378 and, from 2008
onwards, for higher EBV for W378 and lower EBV for
residual feed intake (RFI) [29-31].

Therefore, the primary objectives of this study were to
identify and characterize ROH and to estimate inbreed-
ing coefficients based on pedigree (FPED), matrix H
(FH), and ROH (FROH) in a closed herd Nellore (Bos
taurus indicus) population. In addition, we estimated
inbreeding depression on growth, fertility, and feed effi-
ciency traits, as well as the chromosome-specific effects
of inbreeding on growth traits in the same population.

Results

Pedigree structure

For the “Total” dataset, a maximum number of 17 gen-
erations was established based on the pedigree (Table 1).
The minimum values of the maximum number of
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Table 1 Pedigree structure of the Total' and Genotyped?

databases
Animals Parameter Minimum Mean Maximum
Total Maximum number of ~ 0.00 8.62 17.00
(n=12,568) ancestral generations
Equivalent complete 0.00 5.00 10.36
generations
Pedigree complete- 0.00 0.79 1.00
ness index
Effective population - 117 -
size
Genotyped  Maximum number of ~ 0.00 1296  16.00
(n=2,256)  ancestral generations
Equivalent complete 0.00 7.52 10.02
generations
Pedigree complete- 0.00 0.99 1.00
ness index
Effective population - 83 -
size

'Total: total pedigree file (genotyped and non-genotyped animals)
*Genotyped: pedigree file containing only genotyped animals

Table 2 Descriptive statistic of runs of homozygosis (ROH) in a
closed herd Nellore population

Parameter Minimum Mean*SD Maximum CV%
Number of ROH per  21.00 70.24+14.25 171.00 20.30
animal

Mean length of 1.00 443+527 1355 118.95
identified segments

(Mb)

Total length of 29.00 311.00+77.60 749.00 24.92

identified segments
per animal (Mb)

ancestral generations, ECG, and PCI observed in the
“Total” dataset are related to founder animals. Among
all animals in the pedigree, 230 sires and 1,072 dams
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are progenitors of the genotyped animals. The pedigree
structure of the genotyped animals indicates a relatively
deep and complete pedigree.

Runs of homozygosity (ROH)
Table 2 shows the descriptive statistics of ROH segments
on the Nellore population.

Figure 1 shows the distribution of the number of ROH
segments per chromosome according to ROH length
class. The mean number of ROH segments per chromo-
some was 5,464+1,897 (CV=34%). The total number
of ROH segments ranged from 9,277 on BTA5 to 2,615
on BTA25, corresponding to 5.8% and 1.6% of the total
number of segments, respectively. The five chromosomes
with the largest number of ROH segments (BTA5, BTA7,
BTA3, BTA12, and BTA1l) contained 26% of the total
number of ROH segments found in the studied popula-
tion. The largest number of segments (1=67,266) was
observed for the shortest ROH length class (1-2 Mb).
The number of ROH segments found decreased at a rate
of 42.64% as the length class increased. In addition, 6,291
ROH segments larger than 16 Mb were detected in 89%
of the individuals, which corresponds to about 4% of the
total number of ROH segments found.

Inbreeding coefficients

Figure 2 shows the distribution of the inbreeding coef-
ficients of genotyped animals. The average inbreed-
ing of the genotyped animals was 0.039+0.019 for
FPED (CV=48%), 0.041+0.044 for FH (CV=107%),
0.015%0.005 for FROH1 (CV=33%), 0.019+0.007 for
FROH2 (CV=36%), 0.030£0.009 for FROH3 (CV=30%),
0.034+£0.014 for FROH4 (CV=41%), 0.030+0.020
for FROH5 (CV=66%), and 0.128+0.031 for FROH
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Fig.1 Distribution of the number of runs of homozygosity (ROH) segments per chromosome according to length class in a closed herd Nellore population
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Fig. 2 Distribution of inbreeding coefficients of genotyped animals calculated based on pedigree (FPED), H matrix (FH), runs of homozygosity (ROH)
segments of 1-2 Mb (FROH1), 2-4 Mb (FROH?2), 4-8 Mb (FROH3), 8-16 Mb (FROH4) and > 16 Mb (FROH5), and ROH segments of all length classes (FROH).

The vertical red line indicates the mean value of the distributions

N
OQ\

Z ) o &)
&K &L &S
<

QO
& & & & &

&

FPED

Fig. 3 Pearson’s correlations between the inbreeding coefficients of gen-
otyped animals calculated based on pedigree (FPED), H matrix (FH), runs
of homozygosity (ROH) segments of 1-2 Mb (FROH1), 2-4 Mb (FROH2),
4-8 Mb (FROH3), 8-16 Mb (FROH4) and > 16 Mb (FROH5), and ROH seg-
ments of all length classes (FROH)

(CV=24%). The minimum value for FPED corresponds
to founder animals and/or individuals with unknown
parents. Regarding FROH by length class, the average
values tended to increase with increasing length class.

The pedigree-based inbreeding coefficients exhib-
ited the lowest variability among genotyped individuals
when compared to the distribution of FH and FROH.
Although the mean was close to FPED, the FH values
showed greater variability, with a right-skewed unimodal
distribution, including negative values. Among the coef-
ficients evaluated, the highest mean value was observed
for FROH, which, like FPED, does not present negative
values, in addition to a left-skewed distribution related to
positive values of high magnitude.

Pearson’s correlations between the eight inbreeding
coefficients estimated in genotyped animals are illus-
trated in Fig. 3. The correlations ranged from —0.28
between FROH1 and FROH4 to 0.74 between FROH
and FROHS5. The correlation between FPED and FROH
increased with increasing size of the ROH segments,
reaching 0.60 between FPED and FROH. A similar trend
was observed for the correlations between total FROH
and the coefficients calculated according to length class,
reaching 0.74 between FROH and FROHS5. Furthermore,
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Fig.4 Number of genotyped animals (bars) and average inbreeding coefficients (lines) of genotyped animals calculated based on pedigree (FPED, green
line), H matrix (FH, red line), and ROH segments of all length classes (FROH, blue line) according to year of birth

Table 3 Estimates of the effect of inbreeding (3 + SE) on growth, fertility, and feed efficiency traits of genotyped animals obtained
with an animal model based on the A matrix and expressed as a change in phenotypic values per 1% increase in the inbreeding

coefficient
Method BW w210 w378 SC RFI

(kg) (kg) (kg) (cm) (kg DM/day)
FPED -0.080+0.078 -0.966+0.452* -1.489+0.865 0.065+0.057 -0.019+0.014
FH -0.032+£0.028 -0.626+0.165%* -0.966£0.294%* -0.025+0.019 0.004 +0.005
FROH1 0.137+£0.187 -0.675+1.087 -0.236+2.500 -0.134+0.160 -0.017+0.051
FROH2 0.214+0.126 -0.046+0.733 -3.581+£1.554% -0.188+0.100 0.039+£0.032
FROH3 0.079+0.084 -0.435+0487 -1.154+£0.940 -0.013+0.061 0.000+0.001
FROH4 -0.015+0.057 -0.283+0.336 -0.793+0.637 -0.058+0.041 0.000+0.000
FROH5 -0.087 £0.041%* -0.506+0.242% -1.034+0.438% -0.028+0.028 0.000+0.000
FROH -0.027+0.031 -0457+0.183* -1.151+0.334* -0.046+0.022* -0.001+0.006

BW: birth weight, W210: weight at 210 days of age, W378: weight at 378 days of age, SC: scrotal circumference, RFI: residual feed intake, B: regression coefficient,
SE: standard error, DM: dry matter. Inbreeding coefficient calculated based on pedigree (FPED), matrix H (FH), ROH segments of 1-2 Mb (FROH1), 2-4 Mb (FROH2),
4-8 Mb (FROH3), 8-16 Mb (FROH4) and > 16 Mb (FROH5), and ROH segments of all length classes (FROH)

"'P<0.01, "P<0.05 based on a Student t-test

FH showed a moderate correlation with FPED (0.61) and
FROH (0.69).

Inbreeding coefficients increased from 2000 onwards
(the year from which there was a greater number of gen-
otyped animals), with significant annual rates (P<0.001)
of 0.16% for FPED, 0.02% for FH, and 0.16% for FROH
(Fig. 4).

Effect of inbreeding

Table 3 shows the effect of each inbreeding coefficient on
the growth, fertility, and feed efficiency traits evaluated
only in genotyped animals. At least one inbreeding coef-
ficient had a significant effect on all traits, except RFI. All
significant values were negative, indicating a reduction in
the phenotypic values of the traits as the inbreeding coef-
ficient of the animal increased (inbreeding depression).
Each 1% increase in recent inbreeding (e.g., FROH5) was

associated with a decrease of -0.087%0.041 kg in BW. For
the W210 trait, inbreeding depression based on FPED,
FH, FROHS5, and FROH was statistically significant, rang-
ing from —0.966£0.452 to -0.457 +0.183 kg. The selection
criterion applied to the population studied, W378, was
significantly affected by four inbreeding estimators due
to recent (e.g., FROH5) and older (e.g., FROH2) inbreed-
ing, in addition to FROH and FH, with the effect ranging
from —0.966+0.294 to -3.581+£1.554 kg. A 1% increase in
FROH was associated with —0.04610.022 cm reduction
in SC.

To maximize the use of existing phenotypic records
and increase the statistical power of detection of inbreed-
ing depression on the traits evaluated, the relationship
matrices consistent with the inbreeding coefficient met-
rics were calculated and used in the animal model analy-
ses. This approach enabled the identification of 50% more
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Table 4 Estimates of the effect of inbreeding on growth, fertility, and feed efficiency traits for the “Total”and “Genotyped” datasets
obtained with an animal model fitting the same relationship matrix used to obtain each inbreeding coefficient metric. Inbreeding
depression (3 +SE) was expressed as a change in the phenotypic records per 1% increase in the inbreeding coefficient

Method BW w210 w378 SC RFI

(kg) (kg) (kg) (cm) (kg DM/day)
“Total” dataset (ABLUP)
FPED -0.086+0.029** -0.575+0.188** -1.637+0415%* 0.000+0.000 0.010+0.0002**
“Total” dataset (HBLUP)
FH -0.047+£0.016** -0499+0.094** -1.325+£0.189** -0.012+£0.027 0.003£0.004
"Genotyped” dataset (GBLUP)
FROH1 -0.058+0.031 -0.563+0.194** -1.098+2.836 -0.111£0.159 0.009+£1.154
FROH2 0.116+0.128 -0.048+0.779 -3.810£1.753% -0.151+£0.099 0.032+0.019
FROH3 0.046+0.084 -0617+£0.515 -1.073+1.064 -0.026+0.061 0.004+£0.013
FROH4 -0.042+£0.059 -0.338+0.357 -0.797+0.723 -0.056+0.041 -0.006+0.008
FROH5 -0.104+£0.042* -0.602+0.255*% -1.327+£0.495%* -0.046+£0.028 -0.004+0.006
FROH 0.058+0.032 -0.564 +£0.194** -1.358+0.377** -0.056+0.022* -0.002+0.005

BW: birth weight, W210: weight at 210 days of age, W378: weight at 378 days of age, SC: scrotal circumference, RFI: residual feed intake, B: regression coefficient,
SE: standard error, DM: dry matter. Inbreeding coefficient calculated based on pedigree (FPED), H matrix (FH), ROH segments of 1-2 Mb (FROH1), 2-4 Mb (FROH2),
4-8 Mb (FROH3), 8-16 Mb (FROH4), and > 16 Mb (FROH5) length, and ROH segments of all length classes (FROH)

"'P<0.01, "P<0.05 based on a Student t-test

Table 5 Estimates of chromosome-based inbreeding depression

from chromosomes with the largest number of SNPs within
regions defined as runs of homozygosity (ROH) segments, the
highest proportion (%) of ROH segments longer than 8 mb, and
the highest proportion (%) of segments shorter than 8 mb on
growth traits of genotyped animals obtained with an animal
model fitting the G matrix. Inbreeding depression estimates are

expressed as change in phenotypic performance per 1% increase

in the inbreeding coefficient

Method BW w210 w378

(kg) (kg) (kg)
> n SNPs in ROH
FROH_CHR1 -0.051+0.208 0487+0922 -0.838+1.550
FROH_CHR2 0.264+0.285 -0.557+1.276 0.601+2.184
FROH_CHR3 -0.104+0.270 -3430+£1.203**  -2293+2.029
FROH_CHR5 -0287+0364  -4.354+1628**  -5758+2.755%
FROH_CHR7 -0.107+0310  -0.351+1.384 160142417
% ROH >8 Mb
FROH_CHR1 -0.060+£0.207  0393+0.925 -1.005+ 1552
FROH_CHR2 0.302+0.285 -0444+1.281 0.772+2.188
FROH_CHRS8 -0.698+0.329%  -3.016+1476* -3.834+£2561
FROH_CHR9 0.094+0.342 -0919+1534 -1367+2.684
FROH_CHR20 -1.030+0.528 -1.496+2.355 -6.780+4.162
% ROH <8 Mb
FROH_CHR1 -0.123+0.133  0.577+0.808 -0.982+1.551
FROH_CHR3 -0.070+0.172  -2.857+1.054**  -2278+2.026
FROH_CHRS5 -0.155+0234  -3.064+1432%  -55114£2.757%
FROH_CHR7 -0.105+0200  -0.375+1217 171242416
FROH_CHR12 -0.010+0220  0487+1343 -2.646+1.700

BW: birth weight, W210: body weight at 210 days of age, W378: body weight
at 378 days of age, B: regression coefficient, SE: standard error, FROH_CHR:
inbreeding calculated based on runs of homozygosity (ROH) segments
identified per chromosome "P<0.01, "P<0.05 based on Student t-test

significant effects of inbreeding coefficients on the traits
(Table 4) compared to the previous adjustment method
(Table 3).

Five inbreeding coefficients (FPED, FH, FROH2,
FROH5 and FROH) had a significant effect on W378,
consistently resulting in a mean reduction of 1.891 kg
in this trait per 1% increase in inbreeding. The great-
est inbreeding depression on W378 (-3.81%+1.753 kg)
was caused by a 1% increase in FROH2. Furthermore,
there was an unfavorable effect of FPED on RFI, with an
increase of 0.01+0.0002 kg/DM/day per 1% increase in
FPED. Lastly, an unfavorable effect of -0.056+£0.022 cm
per 1% increase in FROH was observed for SC.

Effect of inbreeding at the chromosome level

Considering chromosomes with the largest number
of SNPs within the regions defined as ROH segments
(BTA5, BTA1, BTA2, BTA3, BTA7), there was a signifi-
cant negative effect of FROH_CHR3 and FROH_CHR5
on W210. Furthermore, the inbreeding coefficient from
BTAS5 negatively affected W378 (Table 5).

Considering the chromosomes with the highest pro-
portion of ROH segments longer than 8 Mb (BTAY,
BTA2, BTA8, BTA20, BTA1), there were negative effects
of FROH_CHRS8 on BW and W210. Among chromo-
somes with the highest proportions of segments shorter
than 8 Mb (BTA5, BTA7, BTA3, BTA12, BTAl), only
FROH_CHR3 and FROH_CHR5 presented significant
effects on W210 and W378. These two chromosomes
were also classified in the group containing the largest
number of SNPs within the regions identified as ROH
segments.
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Discussion

Pedigree structure and runs of homozygosity (ROH)
Although the studied population is closed and was
formed from a considerably small number of founder
animals [29] the effective population size (Ne) estimated
based on the “Total” pedigree is similar to that reported
by Santana et al. [28]. These authors found a Ne equal to
100 based on pedigree containing more than 4 million
Nellore animals born between 2005 and 2012, with an
average of 6.03 complete generations. Intense selection
in populations with small Ne contributes to increasing
the frequency of long homozygous segments across the
genome [32]. In the present study, the mean number of
ROH segments per animal was 70.24+14.25, with a mean
length of 4.43+5.27 Mb. Peripolli et al. [15], assessing
imputed genotypes for HD level (777,962 SNPs), of more
than 7,000 Nellore animals, found 55.15+13.01 segments
per animal, with a mean length of 3.24 Mb. Studying a
different population of the same breed, Zavarez et al. [27]
reported a mean ROH length of 4.79 Mb. Although the
identification of ROH segments is sensitive to the crite-
ria used for this purpose, the number and length of ROH
segments per animal observed in the present study are
similar to those reported in studies from other Nellore
populations.

The prevalence of shorter ROH segments obtained in
the present study (Fig. 1) corroborates with most ROH
studies in cattle [17, 21, 33, 34]. It is expected that, due
to the various events of meiosis and gene recombination
[35], shorter segments are inherited from a distant com-
mon ancestor, while longer segments derive from more
recent common ancestor [36]. ROH segments longer
than 16 Mb were identified in 89% of the animals, indi-
cating recent inbreeding events that occurred approxi-
mately three generations ago. Evaluating a Nellore
population without restrictions on mating with individu-
als from other populations, Zavarez et al. [27] reported
ROH segments longer than 10 Mb in 74% of the animals.
The high incidence of animals with ROH segments lon-
ger than 16 Mb observed in the present study reflects the
impacts of maintaining a closed population despite the
control of kinship between parents during mating and
the use of sires for only two breeding seasons (2 years).

Inbreeding coefficients

The mean values of inbreeding vary across popula-
tions for different reasons [37], a fact that impairs com-
parison between studies. However, in most of these
studies, genomic inbreeding coefficients were higher
than the pedigree-based coefficient [14, 22, 34, 38—40].
One exception was reported by Sumreddee et al. [21]
for a closed herd of Montana Line 1 Hereford cattle,
whose FPED (0.29240.053) was higher than the FROH
(0.229+0.051), probably because of the small number of
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genotyped animals (#=797) in proportion to the total
number of animals in the pedigree (n=10,186).

In the present study, compared to the genomic coef-
ficients, FPED showed the lowest variability (Fig. 2)
because of the assumption of the pedigree-based estima-
tor that animals with the same degree of kinship share
the same proportion of alleles identical by descent [41].
Considering the finite size of the genome, pedigree-based
coeflicients represent only an estimate of true inbreeding
[42, 43] and the combination of pedigree and genomic
information enables better prediction of future inbreed-
ing during matings [44, 45].

As shown in Fig. 2, the distribution of FH was right-
skewed, with negative values being associated with ani-
mals that are more heterozygous than the population
average [46]. Although the mean FH (0.041) was similar
to the mean FPED (0.039), FH and FROH showed greater
variability. Comprehensive genomic coverage of genetic
markers enables the prediction of inbreeding using the
true degree of identical-by-descent sharing between rela-
tives [10]. Thus, animals with the same degree of kinship
can have different inbreeding coefficients. Recent litera-
ture reviews indicated FROH as the main approach to
estimate inbreeding in cattle [13, 47]. The mean FROH
per length class (Fig. 2) slightly increased with increasing
segment length, as also reported by Peripolli et al. [15] for
a larger Nellore population (n=7,729).

It is worth highlighting that genomic inbreeding based
on relationship matrices are dependent on the method
used for constructing and scaling the matrix elements.
These methods are also based on identical-by-state alleles
(IBS) as opposed to other genomic inbreeding methods
such as those based on ROH that capture more haplo-
typic segments that may be identical-by-descent (IBD) as
also assumed by the pedigree-based inbreeding metric.
As discussed by Meuwissen et al. [48], inbreeding met-
rics based on different methods such as (1) homozygos-
ity/heterozygosity based (e.g., molecular kinship matrix),
(2) genetic drift-based, i.e., changes of allele frequencies;
or (3) IBD-based, i.e., SNPs are used in linkage analyses
to identify IBD segments, can differ substantially and
therefore, the basis of each method should be considered
when interpreting and comparing inbreeding results.

FPED was moderately correlated with FH (0.61) and
FROH (0.60). The correlation between FPED and FROH
increased with increasing size of the ROH segments
(Fig. 3), which is in agreement with reports by Peripolli
et al. [15] and Lozada-Soto et al. [22]. The correlation
of FPED with FROH measures ranged from 0.13 (with
FROH1) to 0.39 (with FROHS5). This trend of the correla-
tions is expected since the length of the ROH segments
follows an exponential distribution, given by 1/2g, where
gis the number of generations that connect the individual
evaluated and the common ancestor [49]. Thus, segments
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shorter than 2 Mb, which were used to obtain FROH]I,
are associated with inbreeding events that occurred
more than 25 generations ago [50], which are likely not
included in the recorded pedigree datasets.

In the Nellore population studied, inbreeding coeffi-
cients increased. The annual inbreeding rate was calcu-
lated for animals born after 2004, due to the small number
of genotyped animals born before 2004, it was 0.16%
for FPED, 0.02% for FH and 0.16% for FROH. (Fig. 4).
According to the guidelines of the Food and Agriculture
Organization of the United Nations [51], the acceptable
average rate of inbreeding in commercial populations
for the appropriate conservation of genetic resources is
up to 2% per year. Thus, the annual increase in inbreed-
ing observed in the population studied is lower than that
recommended for commercial herds. This indicates that
measures aimed at minimizing kinship between individu-
als for the definition of mating and the use of sires for a
maximum period of two consecutive breeding seasons
[29, 30] were effective. Sumreddee et al. [21] reported
an even smaller annual increase in inbreeding (0.05%
per year in FPED) in the Line 1 Hereford cattle, a highly
inbred closed experimental herd (FPED=0.292%0.053).
On the other hand, Lozada-Soto et al. [22], who evalu-
ated the database of the North American Angus Associa-
tion, found an increase in inbreeding of 0.14—0.22% per
year for FPED and of 0.14-0.23% for FROH. These results
indicate that in cattle populations known to be small and
inbred, such as experimental herds, mating control pro-
moted rates of increase in inbreeding similar to those in
large commercial populations of purebred cattle.

Effect of inbreeding

Fitting the H matrix (instead of the A matrix) for FH
based analysis, coupled with a larger number of animals
in the analysis of inbreeding depression based on FPED
and FH resulted in greater statistical power for detecting
the effect of inbreeding on the traits (Tables 3 and 4).

A 1% increase in FPED resulted in a signifi-
cant effect on BW (-0.086%0.029 kg) and on W210
(-0.575+0.188 kg) (Table 4). Based on a larger Nellore
database (1=892,199), Pereira et al. [9] reported an effect
of -0.38+0.01 kg in W210 using FPED (ABLUP), which
is in agreement with the present findings. Animals born
lighter have a reduction in vigor at birth, increased failure
of the first milk feeding event, and an increase in early
mortality and mortality until weaning [52, 53]. Regardless
of the method used (ABLUP or GBLUP), there was a sig-
nificant effect of the increase in FROH5 on the growth
traits (BW, W210, and W378). This result suggests that
long segments resulting from recent inbreeding events
exert greater unfavorable effects on growth traits than
shorter segments. This corroborates with the hypothesis
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that recent inbreeding tends to have more negative effect
on phenotypic performance than older inbreeding.

The FPED, FH, FROH2, FROHS5, and FROH signifi-
cantly affected W378, with an average effect of -1.891 kg
per 1% increase in inbreeding (Table 4). Unfavorable
effects of increased inbreeding on yearling weight has
been widely reported in beef cattle populations [9, 22,
23]. As mentioned earlier, W378 was used exclusively
(NeS and NeC herds) or partially (NeT herd) as the selec-
tion criterion of the herds that make up the studied pop-
ulation. Similarly, Sumreddee et al. [21], evaluating Line 1
Hereford cattle, observed significant unfavorable effects
on ADG after weaning (selection criterion of the popula-
tion studied) for all inbreeding coefficients evaluated.

The FROH2 exerted effects of greater magnitude on
W378 when modeled by A matrix (-3.581+1.554 kg) or G
matrix (-3.810%+1.753). The magnitude and significance
of the effect of FROH2 are associated with the establish-
ment of the herds that make up the population studied,
reported by Mercadante et al. [29]. Since this population
comprises a maximum number of 17 generations, the
equation proposed by Fisher [49] can be used to estimate
the time interval during which the inbreeding events rep-
resented by FROH2 occurred. If 1 Morgan is equivalent
to 100 Mb, FROH2 represents inbreeding events that
occurred between 25 and 12.5 generations ago, compris-
ing the generations during which the herds were formed.

Despite the negative effects of inbreeding on W378,
Benfica et al. [54] reported a genetic gain of 2.51 kg
per year for the same population. Similarly, despite the
detection of unfavorable effects of increased inbreeding
on growth traits in Angus cattle, Lozada-Soto et al. [22]
observed annual genetic gains in weaning weight and
yearling weight. This finding suggests that, within the
dynamics between the unfavorable effect of increased
inbreeding and the favorable effect caused by genetic
gain through selection, the latter more intensely affected
the regions of the genome related to the traits evaluated.

Except for some niche markets, meat producers are
paid by the industry based on carcass weight [55]. The
carcass weight, in turn, shows a strong genetic and phe-
notypic correlation with the animal’s yearling weight
in taurine breeds (0.89 and 0.53) [56] and in Nellore
cattle (0.55 and 0.72) [57]. We may therefore infer that
the decrease in W378 observed in the present study in
response to the increase in inbreeding affects the profit-
ability of the beef industry.

Higher RFI values indicate less efficient individu-
als, while lower and negative values are related to more
efficient individuals that consume less feed at the same
levels of average daily gain (ADG). There was an unfa-
vorable effect of FPED on RFI (0.01£0.0002 kg DM/
day) (Table 4), suggesting that increased inbreeding is
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associated with less efficient animals that consume a
greater amount of feed for the same ADG.

A 1% increase in FROH was associated with a change
of -0.056%0.022 cm in SC (Table 4). Evaluating Nellore
animals, Pereira et al. [9] found an even greater effect
of FPED (-0.07£0.01 cm) on SC. Results of lesser mag-
nitude have been reported by Forneris et al. [23] who
evaluated the effect of FPED (-0.023£0.009 cm) and FH
(-0.023£0.01 cm) on SC. Specifically regarding bull fer-
tility, an increase in inbreeding has been reported to be
associated with a decrease in sperm concentration and
motility in Holstein cattle [58] and with a reduced con-
ception rate (bull effect) in Brown Swiss cattle [59].

Effect of inbreeding at chromosome level

Considering that ROH segments are non-uniformly
distributed across the genome (Fig. 1) and that they do
not affect phenotypes with the same intensity [60], it is
important to calculate inbreeding at the chromosome
level (FROH_CHR) to understand the impact of cer-
tain ROH segments across the genome on economically
important traits [21, 60, 61]. Among the chromosomes
harboring the largest number of SNPs in regions defined
as ROH and those showing correlations of higher mag-
nitude with FROH (Supplementary Material: Figure S1),
FROH_CHR3 and FROH_CHR5 were associated with
significant reduction in W210 of -3.430£1.203 kg and
—4.354+1.628 kg, respectively (Table 5). Furthermore,
a 1% increase in FROH_CHR5 was associated with a
change of -5.758+2.755 kg in W378.

According to Purfield et al. [62], the negative effect of
inbreeding on a phenotype is mainly due to recessive
variants of deleterious alleles. The proportion of delete-
rious genes is higher in homozygous segments than in
other regions of the genome. Studies in humans reported
a higher proportion of deleterious genes in long segments
[63, 64], while this proportion was higher within short
and medium segments (<3 Mb) in cattle studies [61].

Considering chromosomes with the highest propor-
tions of segments longer than 8 Mb, there was a signifi-
cant effect of FROH_CHR8 on BW (-0.698+0.329 kg)
and W210 (-3.016+1.476 kg) (Table 5). Sumreddee et
al. [21] found effects of similar magnitude on BW for
FROH_CHR12 (-0.676£0.289) and FROH_CHR27
(-0.855+0.306) and on weaning weight for FROH_
CHR17 (-6.827+3.011). Among chromosomes harbor-
ing the highest proportions of segments shorter than
8 Mb, only the coefficients calculated based on BTA3 and
BTA5, whose participation in FROH was already evalu-
ated, had significant inbreeding depression. Nevertheless,
contrary to Pilon et al. [60], we found no apparent asso-
ciation between the length of the chromosome covered
by SNPs (number of SNPs) and inbreeding depression
(Supplementary Material: Figure S2).
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We highlight the need for future studies aimed at inves-
tigating regions located on chromosomes that exhibited
significant effects on the traits evaluated and at identi-
fying candidate genes and relevant metabolic pathways.
Furthermore, studies investigating how recessive alleles
with deleterious effects are eliminated over generations
in this population are needed since this process is directly
influenced by the ratio between the effect due to deleteri-
ous recessive alleles [65] and the effect caused by favor-
able gene combinations in heterozygosity, which are not
subject to elimination [66]. These approaches will pro-
vide a more comprehensive understanding of the genetic
architecture of economically important traits and how
inbreeding affects them. In general, increased inbreeding
had a significant negative impact on the studied traits.

Although most studies reported in the literature have
evaluated imputed genotypes [14, 15, 21, 22, 67, 68], the
imputation process can significantly affect the accuracy
and robustness of genomic inbreeding estimates [69],
which is a limitation of the present study. Another limi-
tation is the lack of a specific reference genome for Bos
taurus indicus animals. The genome used in the present
study was developed based on the Hereford breed (Bos
taurus taurus) [70].

Conclusions

We used data from a closed population of Nellore cattle
with a relatively complete pedigree to evaluate different
inbreeding metrics and inbreeding depression on growth,
fertility, and feed efficiency traits. Regardless of the
inbreeding metric used, the averages annual inbreeding
rates were low as a result of the control of mating and the
restricted use of sires. Pedigree depth directly affected
the correlation between FPED and the coefficients cal-
culated based on the length classes of ROH (FROH).
Greater inbreeding depression was observed for the cri-
terion used to select the breeding animals in the closed
herd (W378). Significant negative effects on the growth
traits were found for the FROH_CHR approach. The
increase in genomic inbreeding was associated with unfa-
vorable effects on the most frequently evaluated traits
compared to the traditional pedigree-based method.
Therefore, the use of genomic inbreeding coefficients
during mating is valuable for better controlling inbreed-
ing in Nellore cattle.

Materials and methods

All information used in this study was derived from pre-
existing databases. The animal records were obtained in
strict accordance with the Guidelines on Animal Welfare
and Humane Slaughter of the State of Sdo Paulo (Law No.
11.977).
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Animals and genotypes

The Nellore animals that make up the database used
belong to three lines established in 1980 at the Beef
Cattle Research Center, Institute of Animal Science
(IZ, Sertaozinho, SP, Brazil). These animals have been
selected for yearling weight (W378). The control line
(NeC) has been maintained under stabilizing selection
and the animals have been selected for average W378
obtained after performance testing within line x year of
birth. In the selection (NeS) and traditional (NeT) lines,
the animals were selected for higher W378 within line
x year of birth. From 2008 onwards, NeT animals were
selected based on higher EBVs for W378 and lower EBVs
for residual feed intake (RFI) [29, 30, 54].

Mating in this population was carried out in a way to
minimize the level of pedigree-based inbreeding of the
resulting offspring [29]. Furthermore, the selected sires
were used for a maximum period of two consecutive
breeding seasons to increase genetic gain and minimize
inbreeding. The pedigree file contained 12,568 animals,
which are offspring of 432 sires and 2,884 dams. The
optiSel package of the R software [71] was used to calcu-
late the following parameters: equivalent complete gen-
erations (ECG) [72], pedigree completeness index (PCI)
[73], and effective population size [74, 75].

The genotyped animals (2,256) were born from 1977 (2
animals) to 2020 (176 animals); however, the number of
genotyped animals increased after 2004. Over the years,
the animals were genotyped using panels of three differ-
ent densities: 770 animals with the Illumina BovineHD
BeadChip panel (770k, Ilumina Inc. San Diego, CA,
USA); 1,328 animals with the GeneSeek Genomic Profiler
HDi 75 K panel (GeneSeek Inc. San Diego, CA, USA),
and 158 animals with the GeneSeek Genomic Profiler
HDi 50 K panel (GeneSeek Inc. San Diego, CA, USA).

The positions of the single nucleotide polymorphisms
(SNPs) were updated for the ARS-UCD 1.2 reference
genome [70]. Animals genotyped with medium-density
panels were imputed to the HD panel using the FImpute
v.3 software [76]. Quality control of the genotypes con-
sisted of excluding SNPs without a known genomic posi-
tion or located on the non-autosomal chromosomes and
SNPs with an extreme departure from Hardy-Weinberg
equilibrium (P<10-5), and SNP call rate lower than 92%.
Samples with call rate lower than 85% were also removed,
with 612,154 SNPs remaining at the end of the process.

Runs of homozygosity (ROH)

The PLINK v1.9 software [77] was used to identify ROH
segments based on the following criteria: (i) sliding win-
dow of 50 SNPs across the genome; (ii) proportion of
homozygous overlapping windows of 0.05; (iii) mini-
mum number of 100 consecutive SNPs included in one
ROH; vi) minimum length of one ROH set to 1 Mb; v)
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maximum gap between consecutive homozygous SNPs
of 500 kb; vi) density of one SNP per 50 kb, and vii) up
to one heterozygous genotype within a ROH. After
ROH identification, the ROH segments were divided
into the following categories: 1-2 Mb, 2—4 Mb, 4-8 Mb,
4-16 Mb, and >16 Mb.

Estimation of inbreeding coefficients

Three general methods were used to calculate the
inbreeding coefficients. FPED was calculated for all
animals using the BLUPF90+family of programs [78]
according to the method proposed by Meuwissen and
Luo [79]. To construct the H matrix, the pedigree-
genomic relationship matrix, the G matrix was obtained
based on the first method proposed by Van Raden [42].
FH was calculated for all animals using method 3 of
Legarra et al. [46] by subtracting one from the value pres-
ent in the diagonal of matrix H. The H matrix was gener-
ated using preGSf90 software [78]. FROH was estimated
for genotyped animals according to McQquillan et al.
[80]:

n
I X, Lron;
ROH= —F
Lrorat

where Lronj, is the total length of segments in class j,
and Lrorar is the total size of the genome covered by
markers. The yearly rate of inbreeding was calculated for
FPED, FH and FROH by regressing the inbreeding coef-
ficient of the natural logarithm of (1 - F) on the year of
birth of the animal [81, 82].

For each animal, in addition to FROH, coefficients were
also calculated based on the size class of the segments:
FROH1 (1-2 Mb), FROH2 (2-4 Mb), FROH3 (4-8 Mb),
FROH4 (8-16 Mb), and FROH5 (>16 Mb). One FROH
was calculated for each chromosome (FROH_CHRx)
regardless of size class, except for the sex chromosomes,
by adapting the equation proposed by [80] as follows:

n
Y i1 LroH CHR,

FRrou cHRz =

)

Lrorat

where 7 is the number of chromosomes, LR()Hﬁ(/‘HRj is
the total length of the segments present on each chromo-
some for a given class, and Lroraz is the total size of the
genome covered by markers.

Effect of inbreeding

The phenotypic records used to estimate the effects of
inbreeding on complex traits were collected from animals
born from 1978 to 2020. The phenotypes were divided
into two databases: “Total’, which contains phenotypes
from the entire population (genotyped and non-geno-
typed animals); and “Genotyped’, which contains only
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phenotypes from genotyped animals born from 2004 to
2020 (Table 6).

Growth until weaning was assessed based on birth
weight (BW) and weaning weight adjusted to 210 days
of age (W210) [31]. After weaning, males were submit-
ted to a feedlot weight gain test lasting 168 days, which
provided W378 [29, 30]. On the other hand, females were
reared on pasture and their weights were measured and
adjusted to 550 days of age (W550). Like W378, scrotal
circumference (SC) was obtained at the end of the weight
gain test and was measured horizontally in the middle
portion corresponding to the maximum circumference
of the scrotum [83]. Residual feed intake (RFI) was esti-
mated during the weight gain test and post-weaning
feed efficiency test as the residual of the linear regres-
sion equation of dry matter (DM) intake on average daily
gain (ADG) and metabolic body weight (BW%7°) [84] as
described by Benfica et al. [54].

The contemporary groups (CG) for the traits were
formed by concatenating birth year, selection line, and
sex, except for RFI where CG were created based on birth
year, selection line, sex, and test group. CGs with fewer
than four animals were removed for subsequent analyses.

To estimate the effects of inbreeding coefficients cal-
culated only for the genotyped animals (i.e., FROH met-
rics), only phenotypic records from animals born after
2004 were included in the analyses due to the small num-
ber of genotyped animals born prior to 2004. Inbreed-
ing depression was calculated by fitting the inbreeding
coefficients one by one as a linear covariate in the mod-
els (linear effect). The analyses were performed in a two-
trait animal model (BW x W210, W378 x W550, W210
x SC, and W210 x RFI) using the BLUPF90+family of
programs [78]. The (co)variance components were the
same as those used for the annual genetic evaluation of
the selection lines [85]. The significance of the regression
coefficients (B) of the inbreeding estimators for the traits
was assessed by the Student t-test (5/standard error). The
general model can be written in matrix form as:

Table 6 Descriptive statistics and database structure
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y=Xb+ BF+Za+e,

,where y is the vector of phenotypic records for each
trait; b is the vector of fixed effects including CG and
month of birth, and age of the animal at the measurement
of the trait (linear effect, except for BW) and age of cow
in days (linear and quadratic effects) as covariates; 3 is
the linear regression coefficient related to each inbreed-
ing coefficient; F is the vector containing each inbreed-
ing coefficient (FPED, FH, FROH, FROH1, FROH2,
FROH3, FROH4, FROH5, and FROH_CHR); 3 is the vec-
tor of direct additive genetic effects, and e is the vector
of residual effects. X and Z are the incidence matrices
relating b, g and e to the vector of phenotypic observa-
tions. In this case, the covariance matrix was defined as

o] [(0) (5% 18]

where S, is the additive genetic covariance matrix; S, is
the residual covariance matrix; A is the genetic relation-
ship matrix (pedigree), and I is an identity matrix. The
model used for the analyses of the effect of inbreeding on
BW, W210 and W378 also included the maternal additive
effect and the maternal permanent environmental effect:

y=Xb++B8F+Zia+ Zom + Zsc + e,

where y is the vector of the traits observed; b is the vec-
tor of fixed effects (same as described above); ais the vec-
tor of direct additive genetic effects; m is the vector of
maternal additive genetic effects, ¢ is the vector of mater-
nal permanent environmental effects and e is the vector
of residual effects. X,Z, Z, and Z3 are incidence matri-
ces related to b, a, m and c¢. Here the covariance matrix
was defined as

Database Trait N Minimum Mean+SD Maximum CG

Total BW (kg) 11,493 15 30+4 52 255
W210 (kg) 10,706 90 188+31 320 255
W378(kg) 5114 135 323+49 512 127
SC(cm) 3,806 14.5 2324238 345 97
RFI (kg/DM/day) 1,878 -2.36 -0.00+0.64 4.83 34

Genotyped BW (kg) 2,146 15 3245 49 81
W210 (kg) 2,154 90 202+31 320 81
W378 (kg) 1,391 135 354455 512 80
SC(cm) 1,380 17.0 239427 345 81
RFI (kg/DM/day) 1,633 -2.367 -0.003+0.651 4.837 34

BW: birth weight, W210: weight at 210 days of age, W378: weight at 378 days of age, SC: scrotal circumference, RFI: residual feed intake, DM: dry matter, N: number of
animals, CG: number of contemporary groups. Total: information from all animals, Genotyped: information only from genotyped animals
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a 0
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c 0
e 0
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0 0 0 I ® S

where S,,, is the maternal additive genetic covariance
matrix, Sam is the covariance between the direct and
maternal genetic effects and S, is the matrix of maternal
permanent environmental variance.

First, to evaluate the impact of the methods used
for calculating the inbreeding coefficients, only geno-
typed animals (“Genotyped” dataset) were included in
the analyses using the A relationship matrix (ABLUP).
Next, we also used the “Total” dataset to evalu-
ate the effect of FPED (ABLUP) and FH (HBLUP) on
the traits included in the study. For this purpose, the
variance of the random effects was assumed to be
var (a) = A® S, and var (m) = A ® S,, for ABLUP
(FPED), var (a)=H® S, and var (m)=H® S,
for HBLUP (FH). To estimate the effect of FROH and
FROH_CHR on the traits, only phenotypes of genotyped
animals (Genotyped) were included in the analyses. The
assumptions of the variance of the random effects were
ar (a) = G® S,andvar (m) = G ® Spfor GBLUP
(FROH and FROH_CHR).

The effect of FROH_CHR on the growth traits was esti-
mated for different sets of chromosomes. First, the five
chromosomes with the greatest contribution to FROH
were considered (BTA5, BTA1l, BTA2, BTA3, BTA7),
i.e., chromosomes harboring the largest number of SNPs
within regions defined as an ROH segment. Next, the
five chromosomes containing the highest proportions
of ROH segments longer than 8 Mb concerning all seg-
ments identified were analyzed (BTA9, BTA2, BTAS,
BTA20, BTA1), excluding BTA1 and BTA2, which had
been analyzed in the previous step. Finally, chromosomes
containing the highest proportions of segments<8 Mb
were analyzed (BTA5, BTA7, BTA3, BTA12, BTAIl).
These chromosomes had smaller contributions to the
FROH of individuals. Again, BTA1, BTA3, BTA5, and
BTA7, which had been evaluated in the previous steps,
were excluded from this last analysis (Supplementary
Material: Table S1).
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