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ABSTRACT

The effects of increased pedigree inbreeding in dairy
cattle populations have been well documented and result
in a negative impact on profitability. Recent advances
in genotyping technology have allowed researchers to
move beyond pedigree analysis and study inbreeding
at a molecular level. In this study, 5,853 animals were
genotyped for 54,001 single nucleotide polymorphisms
(SNP); 2,913 cows had phenotypic records including
a single lactation for milk yield (from either lactation
1, 2, 3, or 4), reproductive performance, and linear
type conformation. After removing SNP with poor call
rates, low minor allele frequencies, and departure from
Hardy-Weinberg equilibrium, 33,025 SNP remained for
analyses. Three measures of genomic inbreeding were
evaluated: percent homozygosity (Fpy), inbreeding cal-
culated from runs of homozygosity (Fron), and inbreed-
ing derived from a genomic relationship matrix (Fggry)-
Average Fpy was 60.5 + 1.1%, average Froy was 3.8 &
2.1%, and average Fqpy was 20.8 &+ 2.3%, where animals
with larger values for each of the genomic inbreeding
indices were considered more inbred. Decreases in total
milk yield to 205 d postpartum of 53, 20, and 47 kg per
1% increase in Fpy, Fron, and Fary, respectively, were
observed. Increases in days open per 1% increase in Fpy
(1.76 d), Fron (1.72 d), and Fgry (1.06 d) were also
noted, as well as increases in maternal calving difficulty
(0.09, 0.03, and 0.04 on a 5-point scale for Fpy, Fron,
and Fggry, respectively). Several linear type traits, such
as strength (—0.40, —0.11, and —0.19), rear legs rear
view (—0.35, —0.16, and —0.14), front teat placement
(0.35, 0.25, 0.18), and teat length (—0.24, —0.14, and
—0.13) were also affected by increases in Fpy, Froy, and
Faru, respectively. Overall, increases in each measure
of genomic inbreeding in this study were associated
with negative effects on production and reproductive
ability in dairy cows.
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INTRODUCTION

Inbreeding in US dairy cattle has increased steadily
over the past several decades. The average inbreeding
coefficient of Holsteins rose from 0.4% in 1970 to 5.8%
in 2012 (USDA-AIPL, 2012), with the majority of this
increase attributed to intense selection pressure on
bulls. Some Holstein bulls used in Al have had as many
as 250,000 milking daughters or 5,000 progeny-tested
sons (Weigel, 2001). In addition, of the roughly 5,000
young bulls that were progeny tested each year globally
at that time, almost 50% were offspring of the 10 most
popular sires. Even with extensive pedigree records,
avoidance of inbreeding is increasingly difficult.

The negative effects of inbreeding have been well
documented and tend to fall into 2 categories. The
first is an increased prevalence of rare lethal or harmful
recessive disorders, such as bovine leukocyte adhesion
deficiency (BLAD; Kehrli et al., 1990) or deficiency
of uridine monophosphate synthase (DUMPS; Shanks
et al., 1984), when closely related individuals are
mated. The second is an overall decrease in functional-
ity, performance, and profitability of inbred animals.
Many studies have concluded that increased pedigree
inbreeding in dairy cattle is associated with decreases
in production (Miglior et al., 1995; Smith et al., 1998;
Thompson et al., 2000), reproductive ability (Smith
et al., 1998; Mc Parland et al., 2007), and survivabil-
ity (Thompson et al., 2000; Mc Parland et al., 2007).
Smith et al. (1998) indicated that for each 1% increase
in inbreeding, lifetime total milk yield decreased by
94.5 kg, lifetime total fat yield decreased by 3.3 kg,
and lifetime total protein yield decreased by 2.9 kg. Ef-
fects of inbreeding on reproductive traits and survival
were measured by Mc Parland et al. (2007), and results
indicated a 0.7-d increase in calving interval and a 0.3%
decrease in survival to second lactation per 1% increase
in inbreeding. Furthermore, Adamec et al. (2006) noted
an increase in probability of maternal dystocia (0.42
and 0.30% for male and female calves, respectively) and
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stillbirths (0.25 and 0.20% for male and female calves,
respectively) per 1% increase in inbreeding.

With the recent development of high-throughput
genomic tools, such as the Illumina Bovine SNP50
BeadChip (Illumina Inc., San Diego, CA), many new
questions have arisen regarding inbreeding. Results
from a simulation study by de Roos et al. (2011) noted
that, with the reduction in generation interval from the
use of genomic selection, the rate of genetic gain per
generation could double at a given rate of inbreeding
per generation. At the same time, however, the rate
of inbreeding per year will increase, due to the reduc-
tion in generation interval. Daetwyler et al. (2007)
noted that genomic selection will be able to predict the
Mendelian sampling between full sibs without progeny
testing. This will reduce the incidence of co-selection of
siblings, as well as the overall genetic impact of single
influential animals on the population, which may lead
to slower accumulation of inbreeding.

Previous studies have considered only pedigree-based
estimates of inbreeding, but with the availability of
whole-genome marker panels the next logical step is to
quantify inbreeding genomically. The inbreeding coef-
ficient is defined as the probability that a pair of alleles
is identical by descent (IBD). Historically, geneticists
have estimated this probability using pedigree informa-
tion. Using genomic information should lead to a more
accurate depiction of inbreeding. For example, consider
an organism whose parents are first cousins (with no
other previous common ancestors). The pedigree in-
breeding coefficient (Fpeq) would be 6.25%; on average,
6.25% of this organism’s genome would be identical,
having originated from either of the common great-
grandparents. Carothers et al. (2006) noted that this
value varies greatly due to Mendelian sampling, with a
standard deviation of 2.43%. This deviation depends on
the recombination events that occurred during gamete
formation in the parents, as well as the chance meet-
ing of the successful gametes. Although this deviation
is present when estimating inbreeding from pedigrees,
genomic estimates of inbreeding should determine the
actual product of the recombination events and provide
a more accurate estimation.

In the dairy industry, genomic inbreeding coefficients
of genotyped animals are currently calculated from a
SNP-derived genomic relationship matrix (Fggrm)-
VanRaden et al. (2011b) compared Fgry values to Feq
values, and reported correlations of 0.59, 0.68, and 0.61
for Holsteins, Jerseys, and Brown Swiss, respectively.
Slightly higher correlations of 0.69 were obtained by
Hayes and Goddard (2008) in a population of Austra-
lian Angus bulls. To date, no studies have determined
the effects of Fqry on lactation yield, fertility, or sur-
vivability in dairy cattle.
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Increased levels of inbreeding would appear genomi-
cally as an increase in the frequency of homozygous
alleles. One simple method to determine inbreeding ge-
nomically would be to look at the percentage of alleles
that are homozygous. A problem with this method is
that alleles that are IBD and identical by state (IBS)
cannot be distinguished and are both included in this
measure of inbreeding. An alternative method involving
genomic runs of homozygosity (ROH) attempts to dis-
tinguish these differences and has been used in human
genomic studies for almost a decade, examining popula-
tion history (Li et al., 2008; Kirin et al., 2010) and the
effects of inbreeding on disease risk (Simon-Sanchez et
al., 2012). Keller et al. (2011) indicated that inbreed-
ing estimates using ROH (Fron) are preferable to F.q
and other measures of genomic inbreeding, because it
correlates strongly with homozygous mutation load.
More specifically, at an effective population size similar
to that of the Holstein cattle population, Fron had a
correlation of about 0.6 to the homozygous mutation
load, whereas Fp.q only had a correlation of about 0.25.
Very few studies involving ROH have been performed
in cattle, but Ferencakovic et al. (2011) noted positive
correlations (0.61 to 0.68) between varying measures of
Frou and Fpy in a population of 500 Simmental bulls.
The current study aims to quantify various measures
of genomic inbreeding and determine their associations
with economically important traits in dairy cattle.

MATERIALS AND METHODS
Data

A total of 5,853 animals were genotyped for 54,001
SNP markers. After editing SNP for minor allele fre-
quency (<0.05), call rate (percent missing >0.1), and
Hardy-Weinberg equilibrium (P < 0.0001), 33,025 SNP
remained for analysis. Animals with more than 10%
missing SNP were also removed from the analysis. Phe-
notypes were available for 2,913 cows in 9 herds from
various geographical regions of the United States. Data
compiled for each cow consisted of one lactation record
through 205 d from either first, second, third, or fourth
parity, with data from 854 cows in first lactation, 1,088
cows in second lactation, 592 cows in third lactation,
and 379 cows in fourth lactation. All cows were born
between July 1999 and December 2005. Lactations in-
cluded in this study were initiated between June 2006
and March 2007.

Daily milk yields were collected from all animals
from parturition through 205 DIM. From this, total
milk yield to 205 DIM, average daily milk yield, and
peak milk yield values were derived. Fat percentage,
protein percentage, SCS, and MUN were recorded at



GENOMIC INBREEDING DEPRESSION

60-d intervals throughout the lactation and averaged
over the lactation before analysis.

Days open, conception rate, DIM at first breeding,
calf birth weight, and calving ease were derived from
on-farm reproductive data. Cows were required to be at
least 250 d postpartum if they had not been confirmed
pregnant, and all cows with greater than 250 d open
were set to 250 d, following the process of VanRaden
et al. (2004) for routine genetic evaluation of daugh-
ter pregnancy rate. Conception rate for each cow was
defined as 1 divided by the number of times bred (if
confirmed pregnant), and zero otherwise. For periods
of estrus in which more than 1 breeding occurred (e.g.,
2 breedings within 3 d), only 1 breeding was counted
toward the number of times bred. Calving ease was
recorded on an ordinal scale from 1 (no assistance) to 5
(extremely difficult birth).

At an average of 97.3 + 44.7 DIM, all cows were
scored for linear type traits, including stature, strength,
body depth, dairy form, rump angle, rump width, rear
legs side view, rear legs rear view, foot angle, fore ud-
der attachment, udder height, udder width, udder cleft,
udder depth, front teat placement, rear teat placement,
teat length, and udder tilt. All linear type traits were
scored on a 50-point scale by trained evaluators.

Genomic Inbreeding Coefficients

The first measure of genomic inbreeding considered
was the percent homozygosity (Fpg) of all SNP. Fpy
was derived with the following formula:

_ Ny +Npp
Ny +Nyp + Npgg

FPH

where Ny, Nyp, and Npp refer to the number of SNP
that are classified as AA, AB, and BB, respectively.
Although the Fpy of an animal can provide some in-
dication of its level of inbreeding, it does not distinguish
between markers that are IBS and those that are IBD.
One possible method to alleviate this problem is to
consider genomic ROH. An ROH is defined as a spe-
cific number of consecutive SNP that are all homozy-
gous. Inbreeding increases overall homozygosity in an
individual, but this increase does not simply present
itself as single randomly dispersed homozygous SNP,
but rather as long runs of homozygous SNP that were
inherited together. Furthermore, the length of the ROH
correlates to the distance within the pedigree until the
common ancestor is observed. Longer ROH indicate
more recent common ancestors, because recombination
has had fewer generations to break up the segments,
whereas shorter ROH are indicative of common ances-
tors further back in the pedigree. If the minimum length
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of the ROH is increased, the results would be focused
on more recent inbreeding. Fisher (1954) noted that the
expected length of the DNA segment that is IBD fol-

. L . . 1

lows an exponential distribution with mean equal to o
g

morgans, where ¢ equals the number of generations

since the common ancestor. Common ancestors occur-
ring 10 generations back would have an average ROH
length of 0.05 morgans, or 5 cM. At an average of 1.25
cM/Mb (Arias et al., 2009), converting the minimum
length of ROH discovered in this study (about 4 Mb) to
centimorgans results in an average ROH length of 5
cM. In practice, discovery of ROH is slightly more com-
plex and was determined using the PLINK whole-ge-
nome association analysis toolset (Purcell et al., 2007).
Figure 1 describes the manner by which ROH were
discovered in PLINK using a sliding window of SNP
along the chromosome. First, paternal and maternal
chromosomal segments are presented. A sliding window
of 10 SNP then moves along the chromosome 1 SNP at
a time. This determines whether every SNP inside this
window is homozygous. The number of completely ho-
mozygous windows, as well as the total number of
windows, is summed for each SNP. If, at minimum, 10
consecutive SNP are determined to have greater than
5% of these windows homozygous, an ROH is called.
Recommendations for many of the input parameters for
ROH discovery were derived from Howrigan et al.
(2011). No heterozygous SNP and 1 missing SNP were
allowed within the sliding window. The minimum ROH
length of 30 SNP (compared with 10 SNP in Figure 1)
was used to capture inbreeding occurring in about the
previous 10 generations in the current study (Fisher,
1954). This essentially means, compared with pedigree
inbreeding, that Froy is calculated with 10 generations
of complete pedigrees, or the base population used for
determining Frop is 10 generations back. Because high
linkage disequilibrium within given sections of DNA
can lead to detection of ROH that are not truly IBD,
linkage disequilibrium pruning was also performed on
the SNP set before the ROH determination to increase
power, as suggested by Purcell et al. (2007). Linkage
disequilibrium pruning was performed using PLINK,
and SNP that had a coefficient of determination >0.5
with all other SNP in a 50-SNP window were removed.
This resulted in a total of 7,997 SNP being used for the
ROH analysis.

The results of the ROH discovery were used to create
an inbreeding coefficient for each animal, denoted as
Fron, which was calculated by the following formula:

>, length (ROH i )
Fron = I )
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Figure 1. Description of the process for discovery of runs of homozygosity (ROH) using a sliding window of SNP markers along the chromo-
some, as implemented with PLINK software (Purcell et al., 2007). Color version available in the online PDF.

where £ = number of ROH discovered for each animal,
and L = total length of the genome. The length of
ROH was measured in kilobases, with L = 2,612,820 kb
(Zimin et al., 2009).

Measures of inbreeding from a genomic relationship
matrix (G) were denoted as Fgryy, and were calculated
using the method and programs described by Van-
Raden et al. (2011b). This is the method used by the
US Department of Agriculture Agricultural Research
Service (USDA-ARS) Animal Improvement Pro-
grams Laboratory (Beltsville, MD) for routine genomic
evaluation of US dairy cattle, as well as calculation
of published genomic inbreeding values. The G matrix
was calculated using the following formula:

77’

2) p(1-p)

where Z, a matrix containing the subtraction of a base
population allele frequency from the given marker val-
ues, contains the values 0 — 2p for homozygotes, 1 — 2p
for heterozygotes, and 2 — 2p for opposite homozygotes,
where p is the allele frequency. The Fgry used in the
depression analyses was calculated using P = 0.5, which
is the current method used by the USDA-ARS Animal
Improvement Programs Laboratory for their presenta-
tion of genomic inbreeding values. The matrix Z then
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contains values of 1 or —1 for homozygotes and 0 for
heterozygotes. This essentially makes Fgry a measure
of homozygosity that has been transformed to follow
a distribution similar to traditional Fp.y. The values
on the diagonal of G denote the relationship of the
animal to itself, or its genomic inbreeding coefficient. A
second genomic inbreeding index (Fgry.pp) Was calcu-
lated by estimating the allele frequencies p in the base
population with the algorithm of Gengler et al. (2007).
This method uses the very limited pedigree information
available as well as linear mixed-model equations to
provide an estimate of the selection and drift of allele
frequencies. This method had been previously used by
the USDA-ARS Animal Improvement Programs Labo-
ratory to report genomic inbreeding (VanRaden et al.,
2011b), and will only be used to compare against Fpy,
Fron, and Fgry in the present study.

Statistical Analysis

All statistical analyses were performed using PROC
MIXED of SAS (version 9.1; SAS Institute Inc., Cary,
NC), and all phenotypic traits were analyzed using lin-
ear models that regressed the trait by the measures of
inbreeding. All traits were adjusted for effects of herd-
year-season and parity. Because some cows were miss-
ing up to 15% of daily milk records, the percentage of
days with missing records was included in the model for
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205-d total milk yield and average daily milk yield. The
DIM at peak milk was included as a covariate when
analyzing peak milk, and DIM at time of evaluation
was included as a covariate when analyzing linear type
traits. The type of birth (single/twins) and sex of the
calf were included as covariates when analyzing BW
of the calf and calving ease. Linear regression coeffi-
cients corresponding to the change in each trait per 1%
increase in genomic inbreeding, as well as significance
tests were derived from these models.

RESULTS

Figure 2 displays the distributions of Fpy, Fron, and
Faru, respectively, with means of 60.5 + 1.1%, 3.8 +
2.1%, and 20.8 + 2.3%. For each distribution, animals
with smaller genomic inbreeding values are considered
as the least-inbred animals in the population, whereas
animals with larger genomic inbreeding values are
considered as the most inbred. Correlations between
the 3 measures of genomic inbreeding were large, with
correlations between Fpy and Froy of 0.81, Fpy and
Fary of 0.99, and Froy and Fgry of 0.81. Furthermore,
Faragp had more modest correlations to Fpy (0.77),
Fron (0.55), and Fgry (0.78).

Estimates of inbreeding depression for production
traits are presented in Table 1. Increases in 1% of Fpy,
From, or Fary resulted in decreases in 205-d milk yield
of 53, 20, or 47 kg, respectively. Average daily milk
yield also exhibited a decrease due to a 1% increase
in Fpy (0.28 kg/d), Fron (0.11 kg/d), or Fgry (0.25
kg/d). Furthermore, a slight decrease in MUN was ob-
served when Fpy (0.06 mg/dL) or Fgry (0.03 mg/dL)
increased by 1%. Peak milk, average fat percentage,
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average protein percentage, and average SCS were not
affected by changes in Fpy, From, or Forme

Table 2 displays the estimates of inbreeding depres-
sion for reproductive traits. A 1% increase in Fpy,
Fron, or Fgry resulted in an increase in days open
of 1.76, 1.72, or 1.06 d, respectively. Conception rate
also decreased with a 1% increase in Fgroy (—0.82%)
or Fgru (—0.53%), whereas increases in Fpy had no
effect. Days in milk at first breeding was not affected
by changes in any of the genomic inbreeding measures.
Increases in Fpy or Fgopy resulted in decreases in the
BW of the calves born from these cows of 0.4 or 0.2
ke /1% increase, respectively. Furthermore, calving ease
scores (measured on a 5-point scale) increased per 1%
increase in Fpy (0.09), Froy (0.03), or Fara (0.04).

Estimates of inbreeding depression for linear type
traits are presented in Table 3. Stature, dairy form,
rump width, rear legs side view, foot angle, fore ud-
der attachment, udder height, udder width, and udder
cleft did not change with an increase in any measure
of genomic inbreeding. With each 1% increase in Fpy,
Fron, or Fgry, strength decreased (—0.40, —0.11, or
—0.19), rear legs rear view tended toward closer hocks
(—0.35, —0.16, or —0.14), front teats were closer to-
gether (0.35, 0.25, or 0.18), and teat length was shorter
(—0.24, —0.14, or —0.13). Furthermore, an increase in
Fpy resulted in more shallow body depth (—0.25) and
a greater forward tilt to the udder (0.24). An increase
in Froy resulted in higher udders (0.14), more forward
placement of rear teats (0.25), and greater forward
tilt to the udder (0.15). Increases in Fggy resulted in
a more shallow body depth (—0.14) and higher pins
(—0.14). All values denoted are the estimated change in
the linear type trait (measured on a 50-point scale) per

Figure 2. Frequency distribution of animals in the present study, according to (A) percent homozygosity (Fpy), (B) runs of homozygosity
(From) with a minimum length of 30 SNP, and (C) inbreeding coefficient derived from a genomic relationship matrix (Fggy) using the method

of VanRaden et al. (2011b).
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Table 1. Estimates of inbreeding depression for production traits, expressed as change in phenotype per 1% increase in percent homozygosity
(Fpp), inbreeding coefficient derived from runs of homozygosity (Fron) with a minimum length of 30 SNP, and inbreeding coefficient calculated

from a genomic relationship matrix (Fggry)

Feu Fron Ferum
Phenotypic Phenotypic

Item mean SD Estimate SE Estimate SE Estimate SE
205-d milk yield (kg) 8,473 1,586 —H3HHK 19 —20%* 10 —47F* 22
Peak milk (kg) 64 13 —0.22 0.16 —-0.14 0.09 —-0.17 0.19
Average daily milk (kg) 44 8 —0.28%** 0.10 —0.11%* 0.05 —0.25%* 0.11
Average fat (%) 3.63 0.59 —0.003 0.008 —0.001 0.005 —0.003 0.004
Average protein (%) 3.01 0.24 —0.002 0.004 0.001 0.002 —0.001 0.002
SCS (logs cells/mL) 2.99 0.42 0.001 0.006 0.004 0.003 0.001 0.003
MUN (mg/dL) 13.5 2.4 —0.06** 0.03 —0.02 0.02 —0.03%* 0.01

P < 0.05; ¥¥*¥P < 0.01.

1% increase in the corresponding measure of genomic
inbreeding.

To more accurately depict the expected differences
in performance associated with changes in each of the
3 measures of genomic inbreeding, differences between
cows with small and large genomic inbreeding coeffi-
cients were compared in Table 4. Predicted phenotypes
are shown for cows with genomic inbreeding coefficients
2 standard deviations above or below the mean of the
corresponding genomic inbreeding measurement (Fpy,
Fromn, or Fary). Because the Froy distribution is slight-
ly skewed to the right, and the mean minus twice the
standard deviation results in a negative number, 0 was
used as the lower bound for Froy. Phenotypic values
shown in Table 4 were calculated from the phenotypic
mean and the estimated regression coefficient for the
corresponding trait and genomic inbreeding measure.
Cows with high (plus 2 standard deviations) inbreeding
coefficients produced less total milk to 205 d (—242,
—161, and —438 kg) and had a lower average daily
milk yield (—1.28, —0.89, and —2.33 kg) for Fpy, From,
and Fgry, respectively, than cows with low (minus 2
standard deviations) inbreeding coefficients. Cows with
high values for Fpy and Fgpy also had lower average
MUN levels (—0.3 and —0.3 mg/dL, respectively). An
increase in 8, 14, and 10 d open was noted between
cows with high and low Fpy, Fron, and Fgry, respec-

tively, whereas a decrease in conception rate of 6.6 and
4.9% was noted between cows with high and low Fpoy
and Fgry values, respectively. Cows with high Fpy and
Fary tended to have calves that were lighter (—1.8 and
—1.9 kg, respectively) than cows with low values. With
a linear regression analysis, an increase of 0.41, 0.24,
and 0.37 in average maternal calving ease scores was
observed between cows with low and high Fpy, Fron,
and Fqry, respectively. Most linear type traits exhibited
a difference of between 1 and 2 points when comparing
cows with low and high genomic inbreeding coefficients.
The largest difference (2.0) was observed for front and
rear teat placement when the comparison was made
with Fron, whereas the smallest difference of —0.9 was
noted for the association between Froy and strength.

DISCUSSION

Because pedigree-based inbreeding coefficients were
unavailable for animals in this study, comparisons must
be based on previous studies. Comparison of genomic and
pedigree inbreeding depression from the same animals
would be preferred, but lack of reliable pedigree data is
a common occurrence on most commercial dairy opera-
tions, as was the case with those used in the present study.

As expected, the correlation between Fpy and Fgryy
was extremely high (0.99), as using P = 0.5 for an allele

Table 2. Estimates of inbreeding depression for reproductive traits, expressed as change in phenotype per 1% increase in percent homozygosity
(Fpy), inbreeding coefficient derived from runs of homozygosity (Froy) with a minimum length of 30 SNP, and inbreeding coefficient calculated

from a genomic relationship matrix (Fgry)

Fpn Fron Farm
Phenotypic Phenotypic
Item mean SD Estimate SE Estimate SE Estimate SE
Days open (d) 123 60 1.76* 1.00 1.72%%% 0.54 1.06%* 0.52
Conception rate (%) 59.5 35.5 —0.82 0.60 —0.82%%* 0.33 —0.53* 0.31
DIM at first breeding (d) 72.6 19.6 0.27 0.24 0.20 0.13 0.14 0.12
Calf birth weight (kg) 40.1 4.8 —0.4%* 0.2 —0.1 0.1 —(.2%** 0.1
Calving ease (5-point scale) 1.7 0.9 0.097%** 0.03 0.03** 0.02 0.04** 0.02

*P < 0.1; ¥*P < 0.05; ***P < 0.01.
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Table 3. Estimates of inbreeding depression for linear type traits on a 50-point scale, expressed as change in phenotype per 1% increase in
percent homozygosity (Fpy), inbreeding coefficient derived from runs of homozygosity (Froy) with a minimum length of 30 SNP, and inbreeding

coefficient calculated from a genomic relationship matrix (Fggy)

Feu Fron Ferm
Phenotypic Phenotypic

Item mean SD Estimate SE Estimate SE Estimate SE

Stature 31.7 8.7 —0.06 0.12 0.07 0.06 —0.06 0.06
Strength 29.0 8.8 —0.407%%* 0.11 —0.11%* 0.06 —0.19%%* 0.06
Body depth 27.9 8.9 —0.25%* 0.11 —0.01 0.06 —0.14%%* 0.06
Dairy form 29.3 8.1 —0.04 0.11 0.07 0.06 —0.03 0.05
Rump angle 22.6 9.5 —0.20 0.15 —0.05 0.08 —0.14* 0.08
Rump width 28.8 10.2 —0.06 0.13 0.07 0.07 —0.03 0.07
Rear legs side view 27.5 8.2 —0.06 0.13 —0.04 0.07 —0.06 0.07
Rear legs rear view 23.5 10.3 —0.35%* 0.16 —0.16* 0.09 —0.14* 0.08
Foot angle 25.5 9.4 —0.16 0.14 —0.05 0.08 —0.04 0.08
Fore udder attachment 23.7 11.1 —0.13 0.17 0.06 0.09 —0.02 0.09
Udder height 26.0 10.9 —0.15 0.16 0.01 0.09 —0.05 0.08
Udder width 29.9 10.6 —0.21 0.15 —0.05 0.08 —0.05 0.08
Udder cleft 32.4 10.7 0.13 0.16 0.12 0.09 0.04 0.08
Udder depth 22.4 11.1 0.11 0.13 0.14%* 0.07 0.06 0.07
Front teat placement 29.3 9.9 0.35%%* 0.15 0.25%+%* 0.08 0.18%* 0.08
Rear teat placement 29.6 11.9 0.27 0.18 0.25%** 0.10 0.12 0.09
Teat length 27.0 9.1 —0.24% 0.13 —0.14* 0.07 —0.13* 0.07
Udder tilt 25.2 9.5 0.24* 0.14 0.15%* 0.07 0.10 0.07

*P < 0.1; *¥P < 0.05; ***P < 0.0L.

frequency in Fggry is essentially a measure of homozy-
gosity that has been adjusted to conform to a distribu-
tion similar to pedigree inbreeding. Using the results
from Keller et al. (2011) in which Frop was determined
as the optimal method of genomic inbreeding, the cor-
relations between Froy and Fagy (0.81) and the corre-
lations between Froy and Fgraepp (0.55) would suggest
that using a uniform base population allele frequency
(P = 0.5) may be more beneficial than attempting to
estimate a base population. These results are similar to
those of VanRaden et al. (2011b), in which using allele

frequencies of 0.5 resulted in higher correlations with
Fpeq- The results of the present study further demon-
strate that the method of using allele frequencies of 0.5,
which the USDA-ARS Animal Improvement Programs
Laboratory currently uses, is preferable to estimating a
base population.

Results from the present study are consistent with
previous studies involving Fp.. Decreases in total
milk yield (Smith et al., 1998; Thompson et al., 2000;
McParland et al., 2007), as well as decreases in overall
reproductive ability (Smith et al., 1998; McParland

Table 4. Estimates of inbreeding depression for all significant traits, expressed as the difference (Diff) in predicted phenotype between £2 SD
from the mean for percent homozygosity (Fpy), inbreeding coefficient derived from runs of homozygosity (Froy) with a minimum length of 30
SNP, and inbreeding coefficient calculated from a genomic relationship matrix (Fgry)

Fpy Fron Faru
Item 58.20% 62.76% Diff 0% 8.06% Diff 16.10% 25.42% Diff
205-d milk yield (kg) 8,594 8,352 242 8,554 8,392 ~161 8,602 8,254 —438
Average daily milk (kg) 45 43 ~1.28 44 43 —0.89 45 43 —2.33
MUN (mg/dL) 13.7 13.4 ~0.3 — — — 13.7 13.4 ~0.3
Days open (d) 119 127 8 116 130 14 118 128 10
Conception rate (%) — — — 62.8 56.2 —6.6 62.0 57.0 —4.9
Calf birth weight (kg) 41.0 39.2 —-1.8 — — — 41.0 39.2 -1.9
Calving ease (5-point scale) 1.5 1.9 0.41 1.6 1.8 0.24 1.5 1.9 0.37
Strength 29.9 28.1 —-1.8 29.5 28.6 -0.9 29.9 28.1 —-1.8
Body depth 28.4 27.3 —1.1 — — — 28.5 27.2 —-1.3
Rump angle — — — — — — 23.2 21.9 —-1.3
Rear legs rear view 24.3 22.7 —-1.6 24.2 22.9 -1.3 24.2 22.9 -1.3
Udder depth — — — 21.8 23.0 1.1 — —
Front teat placement 28.5 30.1 1.6 28.3 30.3 2.0 28.4 30.1 1.7
Rear teat placement — — — 28.6 30.6 2.0 — —
Teat length 27.5 26.4 —1.1 27.5 26.4 —1.1 27.6 26.3 —-1.2
Udder tilt 24.6 25.7 1.1 24.6 25.8 1.2 — —
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et al., 2007) as inbreeding increases have been noted
previously. Furthermore, Adamec et al. (2006) had also
noted an increase in dystocia as inbreeding increased.
Smith et al. (1998) provided estimates of expected dif-
ferences in milk yield and calving interval between cows
with 0% inbreeding and those with 12.5% inbreeding,
which would correspond to a cow produced from a
half-sib mating. At this inbreeding level, first-lactation
mature equivalent milk yield would decrease by 464 kg.
The genomic inbreeding measures of Fpy (—242 kg)
and Froy (—161 kg) in Table 4 indicate less overall
milk yield depression than that reported by Smith et al.
(1998), but the estimate for Fqgy in Table 4 is similar
(—438 kg) to that of Smith et al. (1998). Note that
values presented in Table 4 span 4 standard deviations,
whereas comparing Fp.q of 0 and 12.5% spans a range
of 5 standard deviations. Also, the current study con-
sidered only milk yield to 205 d postpartum, whereas
Smith et al. (1998) considered milk yield to 305 d. Much
larger realized depression was observed in reproductive
ability in the current study than in the study by Smith
et al. (1998). When increasing Fp. from 0 to 12.5%,
an increase in calving interval of 3.3 d was predicted,
but for the range of 4 standard deviations in Fpy, From,
and Fgpy shown in Table 4, increases of 8, 14, and 10
d open were predicted.

Several linear type traits in the current study and
in the study by Smith et al. (1998) shared significance
(strength, body depth, udder depth, and front teat
placement). For both studies, greater levels of inbreed-
ing resulted in a narrower chest with less body depth, as
well as a higher udder with closer front teats. Croquet
et al. (2007) presented similar results, noting that more
inbred cows tended to have narrower, smaller frame
size with less body depth. Mc Parland et al. (2007)
examined the same traits in Irish Holstein cows and
reported opposite results with respect to strength and
body depth, although they noted that this unexpected
result may have been due to linebreeding or directional
selection for these traits. The association with shal-
lower udder depth in this study and others (Smith et
al., 1998; Mc Parland et al., 2007) may reflect the fact
that highly inbred animals tend to produce less milk,
which may result in less volume and depth of the udder.

As shown in Figure 2, the 3 measures of genomic
inbreeding considered in this study have very differ-
ent probability density functions, means, and standard
deviations. Furthermore, the number of SNP, size of
the SNP chip, and selection criteria for the SNP used
to determine the genomic inbreeding values can have a
huge effect on these values. For example, the selection
of SNP for the Illumina Bovine3K BeadChip focused on
SNP that were more polymorphic than SNP on the Bo-
vine SNP50 BeadChip (Illumina Inc., 2011). An index
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for Fpy from the 3,000-marker (3K) chip would provide
lower inbreeding values, simply due to preselection that
has occurred among the SNP. Although each of the ge-
nomic inbreeding indexes in this study were associated
with inbreeding depression, values presented to dairy
producers should be consistent if genomic inbreeding is
to be used effectively in selection decisions.

Using ROH may provide the most effective, consis-
tent, and easily understood genomic inbreeding values.
As shown in Figure 2B, the distribution of Fyoy values
is very similar to what is normally seen with pedigree
inbreeding. Changes in the number of SNP in a SNP
panel can be accommodated easily by simply changing
the minimum number of SNP in ROH determination.
For example, when using 3K genomic data, a minimum
length of 15 SNP may correlate closely to inbreeding
that occurred in the previous 10 generations, as was
the case for the minimum length of 30 SNP used in
this study. Furthermore, the basic definition of Fropy,
the percentage of the genome that is IBD, is the defini-
tion of pedigree inbreeding as well. Determination of
whether a homozygous SNP is IBD or IBS is important
when examining genomic inbreeding, and using ROH
is the most effective method presented herein to dis-
tinguish between IBD and IBS. In pedigree inbreed-
ing, the determination of whether an allele is IBD is in
reference to a base population. As has been mentioned,
the estimation of a base population for use in a genomic
relationship matrix is a difficult problem, and many
of the methods may not provide a better estimation
than simply using an allele frequency of 0.5 (VanRaden
et al., 2011b). This same difficulty would occur when
attempting to correct Fpy to a base population. This
is alleviated with the use of ROH, though. Varying the
minimum length of ROH discovered is analogous to
changing the base population in pedigree inbreeding. A
shorter minimum ROH would provide more ancient in-
breeding (a base population occurring many generations
previously), whereas a longer minimum ROH would
only include more recent inbreeding (a base population
of just several generation previously). Also, Keller et
al. (2011) determined that Froy values correlate much
higher to homozygous mutation load (0.6) than another
measure of genomic inbreeding, which would be analo-
gous to Fpy and Fgry (0.45). Although all measures of
genomic inbreeding presented had a higher correlation
with homozygous mutation load than did Fp. (0.25).
Combining all of these aspects suggests that Fron would
be the most effective and easily understood method of
genomic inbreeding presented in the current study.

Several challenges may occur when using genomic
inbreeding to predict inbreeding depression. One is that
the traits analyzed to determine inbreeding depression
are also traits that are under directional selection in
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the population, meaning that increased homozygosity
at some loci, or presence of some ROH, may actually be
beneficial. Results of this study indicate, however, that
overall increases in homozygosity (genomic inbreeding)
are associated with decreased functionality and produc-
tivity. Much as a tradeoff between pedigree inbreeding
and selection intensity existed in traditional selection,
a tradeoff between genomic inbreeding and selection for
homozygosity of favorable alleles may exist in genomic
selection. Sonesson et al. (2012) noted that, when cal-
culating genomic breeding values, a correction based
on genomic inbreeding (instead of traditional pedigree
inbreeding) is required. Cole and VanRaden (2010)
previously demonstrated the selection of a “supercow,”
which would have the 30 best possible chromosomes.
This cow would have a PTA for lifetime net merit of
+$3,148, which is about 3.5 times greater than the
highest living animal at that time ($911). Most likely,
this “supercow” would be homozygous at large propor-
tions of its genome, and although its breeding value
would be superior, results of this study suggest that the
actual production and reproductive ability would most
likely be reduced due to inbreeding depression.

Another possible limitation is due to errors in geno-
typing, which could be exacerbated by the lack of pedi-
gree information for cows in this study. Wiggans et al.
(2011) noted that with pedigrees and genotypes from
parents, misclassified SNP could often be corrected
in the progeny. This type of correction, finding SNP
labeled as homozygous that were actually heterozygous
and vice versa, could provide more accurate estimates of
genomic inbreeding, but correction of genotypes based
on pedigrees may not be possible on many commercial
dairies. Many genotyped animals on commercial farms
would have genotyped sires, but few of the dams of
these animals would have been genotyped. Errors in
genotyping would most likely result in underestimation
of Fron. Because no heterozygous SNP were allowed
within an ROH, an error in which a homozygous SNP
is mistakenly identified as heterozygous may result in
a section of the genome that is not identified as IBD.
This problem is less severe with Fpy and Fgry, as those
measures apply to single SNP.

VanRaden et al. (2011a) discovered the presence of 5
recessive defects (haplotypes affecting fertility) in the
Holstein, Brown Swiss, and Jersey populations. These
defects were discovered by noting that no homozygous
recessive animals were present in the population, despite
a large number of heterozygous animals, suggesting that
individuals that were homozygous for the haplotype in
question did not survive full term. This demonstrates
both an effect of increased inbreeding and another pos-
sible way that genomic inbreeding measures presented
in the current study may have been underestimated.
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If a sire and dam that were heterozygous for one of
these haplotypes were mated, the resulting live progeny
may be less genomically inbred than expected. As the
present study focused on global genomic inbreeding,
the results of VanRaden et al. (2011a) suggest that
further examination into local inbreeding may also be
beneficial when examining production, reproduction,
and health traits.

CONCLUSIONS

The 3 methods to quantify genomic inbreeding
discussed in this study all demonstrate inbreeding
depression for economically important traits in dairy
cattle. Lactation performance and reproductive ability
were negatively affected when any measure of genomic
inbreeding increased. Among the methods considered
(Fpu, Fron, and Fgry), only Frop could distinguish
between markers that were IBS and markers that were
IBD. This information is important when evaluating
the impact of inbreeding and when attempting to
control inbreeding using computerized mate selection
algorithms. Furthermore, Fron has been previously
shown to be the most correlated with homozygous mu-
tation load and can also exploit the concept of a base
population more effectively than the other measures of
genomic inbreeding. Further work is needed to estimate
the lifetime economic effects of increases in genomic
inbreeding, as well as optimal strategies to balance ge-
nomic inbreeding and response to selection.
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