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ABSTRACT

Recent evidence has suggested that some of the de-
cline in reproductive ability in dairy cattle has been 
caused by embryonic death. The current study com-
pared expected genomic inbreeding from sire–dam mat-
ing pairs to genomic inbreeding from live progeny in an 
attempt to determine how embryonic inbreeding may 
affect fertility. A total of 11,484 Holstein cattle with 
43,485 SNP markers and pedigree information were 
available for analysis. A total of 412 sire–dam–progeny 
trios in which all animals had reliable genotypes were 
discovered. After removal of trios because of parentage 
errors, 374 remained for analysis. Additionally, a total 
of 3,031 animals comprising 3,906 genotyped full-sibling 
pairs were available for comparison. Expected genomic 
inbreeding measures were calculated by predicting ho-
mozygosity independently per SNP (FPHE) in sire–dam 
mating pairs and by simulating progeny using phased 
haplotype information (FROHE and FPHE). Actual ge-
nomic inbreeding measures were calculated using the 
percent homozygosity of all SNP (FPH) and using runs 
of homozygosity (FROH). Average FPHE values (62.8 ± 
0.78%) were slightly lower than FPH (63.1 ± 1.12%), 
when considering each SNP independently. After phas-
ing haplotypes, FPHE (62.5 ± 0.83%) was again slightly 
lower than FPH (62.7 ± 1.16%), and FROHE (3.46 ± 
1.54%) was slightly lower than FROH (3.53 ± 2.17%). 
Results suggest increases in expected genomic inbreed-
ing do not explain a large effect on embryo viability at 
average levels of expected inbreeding. Higher variation 
in FROH values was present with sire–dam mating pairs 
exhibiting high FROHE, which may suggest high levels 
of genomic inbreeding are required for a noticeable ef-
fect on overall embryo viability. Genomic inbreeding 
between full siblings was also compared with moderate 
correlations (0.47–0.52) present. Overall, expected ge-
nomic inbreeding measures were calculated, but results 

did not suggest a large effect of expected inbreeding on 
embryo viability.
Key words:  genomic inbreeding, embryonic inbreed-
ing, simulated progeny

INTRODUCTION

Dairy cattle populations have seen a decline in repro-
ductive ability over the past several decades. Washburn 
et al. (2002) analyzed the reproductive traits in Hol-
stein and Jersey cows of the southeastern United States 
and reported an increase in days open from an average 
of 122 ± 2.8 d in 1978 to 152 ± 2.8 d in 1999 for Jerseys 
and from an average of 124 ± 0.7 d in 1978 to 168 ± 
0.7 d in 1999 for Holstein cows. Similar negative trends 
were also seen in traits such as services per conception, 
days to first service, and estrus detection rate. Nor-
man et al. (2009) analyzed reproductive trends in US 
Holstein and Jersey cows from 1996 to 2006 and found 
similar results. Average conception rate decreased from 
33% in 1996 to 30% in 2006 for Holstein cows, with a 
low in 2001 of 26%, and a decrease from 39% in 1996 
to 35% in 2006 for Jersey cows was observed, with a 
low of 30% in 2001. Between 1996 and 2006, number of 
breedings per lactation also increased for Holsteins (2.1 
to 2.5 services) and Jerseys (2.0 to 2.3 services), as did 
the average calving interval for Holsteins (410 to 422 d) 
and Jerseys (398 to 410 d).

Failures in reproduction can be caused by many 
aspects, such as increases in inbreeding, poor estrus 
detection, anestrus or abnormal luteal phases in high-
producing dairy cows, or low concentrations of key 
reproductive hormones such as progesterone and IGF-I 
(Lucy, 2001). Another issue that affects fertility is em-
bryonic death. Moreira et al. (2001) compared pregnan-
cies at d 27 and 45 of gestation in 139 Holstein cows and 
discovered a loss of 20.7% of the pregnancies. A similar 
analysis was performed by Cartmill et al. (2001) com-
paring pregnancies at d 28 and 38 through 58 of gesta-
tion, and a loss of 28% of the pregnancies was discovered 
in 128 Holstein cows. Chebel et al. (2004) performed a 
more extensive study of 1,465 Holstein cows, comparing 
pregnancies at d 31 and 45 of gestation, with a total 
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loss of 12.5% of the pregnancies. The causes of early 
embryonic loss are sometimes unknown but may be due 
to increases in inbreeding. If inbreeding of the dam is 
high, this could lead to problems with the maternal 
recognition and maintenance of pregnancy and lead to 
some of the negative results seen in inbreeding studies 
with regards to reproductive traits (Smith et al., 1998; 
Mc Parland et al., 2007). If inbreeding of the embryo 
is high, the chance of deleterious lethal disorders to be 
present is greater, such as bovine leukocyte adhesion 
deficiency (BLAD; Kehrli et al., 1990) or deficiency in 
uridine monophosphate synthase (DUMPS; Shanks et 
al., 1984), one of the recessive deleterious haplotypes 
discovered by VanRaden et al. (2011), or even the ac-
cumulation or interaction of genes with small negative 
effects on fertility (Khatib et al., 2009).

With the use of whole-genome sequencing tools in 
cattle, such as the Illumina Bovine SNP50 BeadChip 
(Illumina Inc., San Diego, CA), methods to quantify 
inbreeding on a genomic scale have been developed 
(Keller et al., 2011). Bjelland et al. (2013) analyzed the 
effects of 3 measures of genomic inbreeding, inbreeding 
derived from runs of homozygosity (FROH), inbreeding 
derived from a genomic relationship matrix, and the 
overall percent homozygosity of the genome (FPH), and 
discovered negative effects on both milk production 
and reproductive traits with increases in all measures 
of genomic inbreeding. Increases in days open were be-
tween 1.06 and 1.76 d per 1-percentage-unit increase 
in inbreeding for the 3 measures of genomic inbreed-
ing. Pryce et al. (2014) also discovered negative effects 
of increases in various measures of maternal genomic 
inbreeding on calving interval in Holstein and Jersey 
cows. They also examined specific areas of the genome 
and discovered several regions in which increases in 
homozygosity had a negative effect on fertility. Further-
more, increases in FROH and FPH in human populations 
have been correlated with higher risk of disease (Keller 
et al., 2012; Simón-Sánchez et al., 2012) and decreases 
in fitness of quantitative traits (McQuillan et al., 2012).

The study herein attempted to determine whether 
the genomic inbreeding measures of progeny are appro-
priate when compared with what is expected from the 
parents. Deviations from what is expected may suggest 
that the highly inbred animals do not survive full term 
and that embryonic inbreeding has a large effect on the 
survival of the embryo.

MATERIALS AND METHODS
Data

Data were provided by Genex Cooperative/CRI 
(Shawano, WI) and consisted of 54,001 SNP markers 
from a total of 3,601 Holstein cattle. Genotypes for 

7,883 genetically elite Holstein cattle were also pro-
vided by USDA-Agricultural Research Service Animal 
Genomics and Improvement Laboratory (Beltsville, 
MD) and consisted of 43,485 SNP markers throughout 
the 29 Bos taurus autosomes and the X chromosome. 
These SNP represent the subset of markers on the Illu-
mina BovineSNP50 BeadChip that are used for routine 
genetic evaluation of US dairy cattle, after removal of 
SNP with a call rate of <90%, greater than 1% parent–
progeny conflicts, complete linkage disequilibrium with 
an adjacent SNP, or minor allele frequency of <1% in 
each of the Holstein, Jersey, and Brown Swiss breeds 
(Wiggans et al., 2009). The SNP from the Genex data 
set were reduced to the 43,485 SNP used by the USDA-
Agricultural Research Service data. Further editing 
of SNP was performed on the complete data set with 
the removal of SNP because of minor allele frequency 
(<0.05), call rate (percent missing >0.10), and viola-
tion of Hardy-Weinberg equilibrium (P < 0.0001). In-
dividual animals with missing SNP greater than 10% 
were also removed from the analysis.

Sire–dam–progeny information was provided by 
Genex Cooperative. Up to 5 generation pedigrees were 
obtained from USDA-Agricultural Research Service 
Animal Genomics and Improvement for all genotyped 
animals. A total of 412 sire–dam–progeny trios were 
discovered using this pedigree for analysis, with 374 
sire–dam–progeny trios remaining after removal of trios 
because of greater than 5% parent–progeny conflicts. 
In total 607 unique animals, consisting of 68 sires, 165 
dams, and 374 progeny, were present in the 374 trios. 
Sires averaged 18 progeny, with the maximum of 39 
and minimum of 1. Each dam averaged 5 progeny, with 
a maximum of 12 and a minimum of 1, whereas the 
largest full-sibling family consisted of 6 progeny, with 2 
others containing 5 progeny. Additionally, 3,031 geno-
typed Holsteins within full-sibling families (without 
genotyped parents), composed of a total of 3,906 full-
sibling pairs, were also discovered from the pedigree 
information. Pedigree inbreeding (Fped) measures were 
derived from 5-generation pedigrees for all animals, as 
well.

Simple Method

To detect possible effects of genomic inbreeding on 
embryo viability, actual genomic inbreeding from live 
progeny were compared with genomic inbreeding that 
would be expected from the parents of these live prog-
eny. Lower-than-expected actual genomic inbreeding 
could indicate recessive deleterious effects at higher 
levels of genomic inbreeding within this specific mat-
ing pair. The first method used to determine expected 
inbreeding from the mating pair treats each SNP inde-
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pendently and determines the probability that the SNP 
in the progeny will be homozygous. The probabilities 
are determined using the information given in Table 1. 
For example, if a sire has the genotype at a given SNP 
of AA, and the dam has the genotype at that SNP of 
AA, the progeny of that mating pair will have a homo-
zygous genotype (AA) at that SNP with a probability 
equal to 1. Conversely, if at a given SNP, the sire has 
the genotype AB and the dam has the genotype AB, 
4 possible genotypes are possible in the progeny: AA, 
AB, BA, and BB. Two of the 4 possible genotypes are 
homozygous, so the probability of the progeny being 
homozygous at that SNP is 0.5. The total expected 
homozygosity (FPHE) is then calculated by the follow-
ing formula,

 FPHE =
( )∑ P Hom

m
ii

m

 

where m = number of nonmissing markers and P(Homi) 
= probability of producing a homozygous marker at lo-
cus i, based on the probabilities in Table 1. The actual 
homozygosity (FPH) of the progeny is then calculated 
as

 FPH AA BB

AA AB BB

=
+

+ +
N N

N N N
, 

where NAA, NAB, and NBB are the numbers of SNP that 
are classified as AA, AB, and BB, respectively. For 
each sire–dam–progeny trio, FPHE and FPH were then 
compared using a paired t-test.

Phased Haplotype Method

The second method used to determine expected in-
breeding simulated possible mating pairs from phased 
haplotype data. Haplotypes were phased using the hid-
den Markov model methods developed in Beagle 3.0 
(Browning and Browning, 2009). This method employed 
the sire–dam–progeny trio information, as well as the 
population data, to infer the haplotypes. Initially, miss-
ing genotypes are imputed based on allele frequency 
and random phasing in heterozygotes. Then, this algo-

rithm alternates between model building and sampling. 
In the model-building step, current estimates for each 
haplotype are used in building a new hidden Markov 
model. Then in the sampling step, new haplotypes 
are sampled for each sire–dam–progeny trio based on 
the genotypic data and current hidden Markov model. 
Once the haplotypes were phased, 250 possible progeny 
were simulated for each mating and average recombi-
nation rate. With no recombination events, for each 
chromosome, 1 of the 2 chromosomal haplotypes was 
selected at random from each parent. After selections 
were made for each chromosome, they were combined 
to form the genomes of the expected progeny. With 4 
possible combinations per chromosome, a total of 429 
= 2.8 × 1017 possible combinations were possible with 
each mating pair using this method.

A method to include recombination events in the 
simulations was also evaluated. Simulations including 
10, 20, 30, 40, 50, 75, 100, 150, 200, 250, and 500 aver-
age recombination events per genome were performed. 
For each chromosome, independently, 6 simulated 
gametes were created for each parent. These simulated 
gametes were produced by randomly starting at one 
of the possible haplotypes, then after 10 SNP, a prob-
ability corresponding to the average recombination 
rate used in this simulation was given as to whether 
a crossover would occur at this specific location. If a 
crossover occurred, the next SNP would read from the 
opposite haplotype. This process would continue every 
10 SNP with the possibility of a crossover. Once each of 
the 6 gametes for each chromosome was formed for each 
parent, one was randomly selected from each parent 
and assembled into the 250 simulated progeny for that 
specific recombination rate. For this simulation, after 
the potential gametes were formed, (6 × 6)29 = 1.4 × 
1045 possible progeny could be simulated from the 6 
potential gametes for each parent.

Once the simulated progeny were produced, 2 sepa-
rate methods were used to produce expected inbreeding 
coefficients. The first calculated the FPH in the actual 
progeny with the same method outlined calculating FPH 
for the simple method. FPHE was also calculated us-
ing this formula for each of the 250 simulated progeny 
in each mating pair, and then averaged to create the 

Table 1. All possible genotypes in progeny for given sire and dam genotypes, with probability the genotype 
is homozygous in parentheses

Dam  
genotype

Sire genotype

AA AB BB

AA AA (1) AA, AB (0.5) AB (0)
AB AA, AB (0.5) AA, AB, BA, BB (0.5) AB, BB (0.5)
BB AB (0) AB, BB (0.5) BB (1)
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FPHE value to compare against FPH. The second method 
used PLINK (Purcell et al., 2007) to determine runs 
of homozygosity (ROH) for each simulated and real 
progeny. A ROH is essentially an extended haplotype 
in which all markers contained within a given section 
are homozygous. As DNA is passed from generation 
to generation, large sections of DNA are passed down 
together, rather than a single SNP or marker. If in-
breeding occurs, the large sections of DNA that have 
been passed from the common ancestor to the related 
mating pair come together in their progeny to form a 
ROH. The input parameters used in determining ROH 
were derived from a simulation study by Howrigan et 
al. (2011) in which 30 SNP were used as minimum 
length for the ROH and no heterozygote SNP were al-
lowed within the ROH. Linkage-disequilibrium pruning 
was also performed before ROH discovery, with all SNP 
having an r2 >0.5 with all other SNP in a 50 SNP win-
dow being removed. This was performed on the SNP 
and population set before phasing to eliminate any bias 
the phasing process may produce. A total of 6,452 SNP 
remained for ROH analysis after linkage-disequilibrium 
pruning. Because these data were phased and missing 
SNP were derived from family and population param-
eters, no missing SNP were present in the data. After 
ROH were discovered for each real and simulated prog-
eny, the inbreeding measure was calculated using the 
formula

 F  or F  ROH ROHE =
( )∑ length ROH

L
kk , 

where k = number of ROH discovered for each animal 
and L = total length of the genome. Length of ROH 
was measured in kilobases (kb) with L = 2,612,820 kb 
(Zimin et al., 2009). The 250 FROHE from the simulated 
progeny for each mating pair were then averaged to 
provide a coefficient to compare with FROH from the ac-
tual progeny. Comparisons were made between FPH and 
FPHE and between FROH and FROHE using paired t-tests.

Full-Sibling Analysis

In addition to the sire–dam–progeny trios, a total 
of 3,906 full-sibling pairs in which both siblings had 
genotype information were available for analysis. Two 
genomic measures of inbreeding previously outlined, 
FROH and FPH, were calculated for each of the animals. 
Comparisons between each of the sibling pairs, and 
among full-sibling families, were made to determine 
the variability present among the genomic measures of 
inbreeding.

RESULTS AND DISCUSSION

Expected Versus Actual Genomic Inbreeding

Means of actual and expected genomic inbreeding 
measures are presented in Table 2. When using the 
simple method with SNP treated independently, FPHE 
(62.8 ± 0.78%) was slightly lower than FPH (63.1 ± 
1.12%). Similar results were present after simulation 
of progeny from phased haplotypes, where FPHE (62.5 
± 0.83%) was slightly lower than FPH (62.7 ± 1.16%), 
and FROHE (3.46 ± 1.54%) was also slightly lower than 
FROH (3.53 ± 2.174 = %). These results do not suggest 
that expected inbreeding of progeny has a large effect 
on the viability of the embryos. To illustrate what the 
negative effect of increased genomic inbreeding on em-
bryonic viability would look like, we performed a simple 
simulation. In the simulation, we had 400 mating pairs 
with the expected progeny inbreeding of 5.0% and a 
standard deviation of 1.0%. Running this simulation 
10 times, mean of simulated progeny inbreeding was 
4.98%. Next, to simulate the deleterious effects of high 
amounts of genomic inbreeding, we gave an increasing 
likelihood of removing the progeny (representing the 
embryo dying in utero) with an increase in the simu-
lated genomic inbreeding, beginning with a 5% chance 
of dying with a value between 0 and 0.5 standard devia-
tions above the mean to a 75% chance of dying with 
a value greater than 3 standard deviations from the 
mean. After running this simulation 10 times, we had 
an average of 28 progeny removed for each run, which 
is a loss of 7.0% of the possible progeny, and our mean 
progeny genomic inbreeding for the 10 runs was then 
4.91%. Given that Moreira et al. (2001), Cartmill et al. 
(2001), and Chebel et al. (2004) had estimated embry-
onic losses of between 12.5 and 28.0%, we felt as though 
this was a conservative estimate for embryonic death 
in utero. As shown in this simulation, if the genomic 
inbreeding had a large effect on embryo viability, we 
should see a decrease in the actual progeny inbreeding 
when compared with the expected inbreeding from the 
mating pair.

The differences seen in the values of FPH in Table 2 
are present because for the simple method, calculations 
were made with unphased genotypes, whereas phased 
haplotypes were used in determining the coefficients for 
the simulated data. Missing SNP were classified and 
some inconsistencies were corrected during the phas-
ing process, which led to the difference in inbreeding 
measures. Correlations between FPH (0.91) and FROH 
(0.97) calculated before and after haplotype phasing 
were high, indicating that the phasing method did not 
drastically affect these measures of inbreeding.
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Results of studies, such as the deleterious haplotypes 
discovered by VanRaden et al. (2011), do not seem 
to present themselves in a large effect with respect to 
embryonic inbreeding. Studies that have focused on 
inbreeding, both pedigree (Smith et al., 1998) and ge-
nomic (Bjelland et al., 2013; Pryce et al., 2014), have 
found large negative effects of increases in maternal 
inbreeding on reproductive ability. Results here may 
suggest that other than avoiding large deleterious ef-
fects, the overall reproductive ability and viability of 
the embryo may be more affected by increases in ma-
ternal inbreeding rather than embryonic. Furthermore, 
2 aspects may have limited the power of this study. 
The first is that only 374 sire–dam–progeny trios were 
available for analysis. Continuing this analysis by add-
ing more trios may provide a more accurate effect of 
embryonic inbreeding. Second, because these matings 
were selected to avoid inbreeding, the majority of the 
mating pairs would have low expected inbreeding coef-
ficients. To more fully realize the effect of high levels 
of expected inbreeding, half-sibling, full-cousin, or full-
sibling matings would need to be performed. Although 
this may have been seen as a limitation in this study, 
the expected inbreeding levels would also be similar 
to those seen on a commercial dairy farm, which may 
actually provide more useful information for the dairy 
industry.

Further visualizations of the FPHE compared against 
FPH using the simple method are presented in Figure 1. 
A correlation between the 2 measures of 0.70 is shown 
in Figure 1A, suggesting that predicting the inbreeding 
of progeny using this method is acceptable and could be 
used in mate-selection programs. Histograms including 
both FPHE and FPH present in Figure 1B demonstrate 
the similarities in the overall mean and distribution of 
the 2 measures. Figure 2 and Figure 3 present simi-
lar comparisons between FPHE and FPH and between 

FROHE and FROH, respectively, when discovered using 
simulating progeny. Correlations between FPHE and FPH 
(0.68) and between FROHE and FROH (0.68) were also 
moderately high, suggesting that accurate prediction 
of genomic inbreeding in progeny can be made by us-
ing phased haplotype of potential mates. Figure 2A 
and Figure 3A suggest possible differences in variation 
when comparing FPHE and FROHE values at different 
severities. To determine this, data were ordered from 
least to greatest for both measure of genomic inbreed-
ing separately and split into the lowest, median, and 
highest predicted genomic inbreeding values. Standard 
deviations of FPH varied greatly when the data were 
split into the 3 subsets, whereas the lowest FPHE group 
had a standard deviation for FPH of 0.89%, the me-
dian group had a standard deviation of 0.79%, and 
the group with the highest expected inbreeding had a 
standard deviation of 1.09%.The large variation in the 
high FPHE group may correlate to negative effects of the 
increases in predicted inbreeding on embryo viability. 
Similar results are present when creating the 3 data 
sets for FROHE, with standard deviations of 1.27, 1.57, 
and 2.45%, for FROH in the lowest, median, and high-
est FROHE subsets, respectively. The mean for FROHE 
(5.12%) in the highest group is also the only instance 
in which the expected inbreeding was higher than the 
actual (FROH = 5.05%), although this difference was not 
significant. Overall, these results may suggest that very 
high levels of expected inbreeding may cause a slight 
decrease in the viability of the embryo possibly because 
of an accumulation of small negative effects on fertility, 
such as those discovered by Khatib et al. (2009), al-
though more data would be needed to accurately assess 
this hypothesis.

Effects of Variation in Recombination Rate

Effects of changes in recombination rate during prog-
eny simulation were also examined and are presented in 
Figure 4. The horizontal lines present for FPH and FROH 
represent the inbreeding coefficients from the actual 
progeny and were used to compare against all possible 
average recombination events. As the average number of 
recombination events increased, no effect was observed 
on the average FPHE of the simulated progeny in Figure 
4A. This would be expected because increasing the 
number of crossovers should be independent of whether 
homozygous or heterozygous SNP were selected. This 
also suggests that the FPHE values calculated using the 
simple method, as discussed previously, should provide 
an adequate estimation of FPH in possible progeny.

In contrast, the FROHE values simulated from progeny 
were highly affected by increases in the average recom-
bination rate. This is also expected, as increasing the 

Table 2. Homozygosity (FPHE and FPH) values calculated using the 
simple method and FPHE, FPH, FROHE, and FROH values calculated using 
simulated progeny with zero crossover events1

Item Mean SD

Simple method   
 FPHE 62.83 0.78
 FPH 63.14 1.12
  Difference −0.31  
Simulated progeny   
 FPHE 62.489 0.832
 FPH 62.672 1.16
  Difference −0.183  
 FROHE 3.46 1.537
 FROH 3.53 2.171
  Difference −0.069  
1FPHE = expected percent homozygosity; FPH = actual percent homo-
zygosity of live progeny; FROHE = expected inbreeding derived from 
runs of homozygosity in simulated progeny; FROH = inbreeding derived 
from runs of homozygosity in live progeny. 
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average recombination rate, in this case, would be anal-
ogous to increasing the distance to a common ancestor 
in this individual’s pedigree. For example, if the actual 
average recombination rate would be 30 recombination 
events per meiosis, using an average of 60 recombina-

tion events would essentially create 2 meiosis events 
and make the parents of the current individual into the 
grandparents of the current individual with respect to 
the number of recombination events. In this simulation, 
the recombination events are the only effects present 

Figure 1. Total expected homozygosity (FPHE) predicted using the simple method compared with actual overall percent homozygosity of 
the genome (FPH) of live progeny (A) and a histogram (B) with FPHE predicted using the simple method (light bars) and FPH from actual live 
progeny (dark bars).

Figure 2. Total expected homozygosity (FPHE) predicted using simulated progeny to actual overall percent homozygosity of the genome 
(FPH) of live progeny (A) and a histogram (B) with FPHE predicted using the simulated progeny (light bars) and FPH from actual live progeny 
(dark bars).



4940 BJELLAND ET AL.

Journal of Dairy Science Vol. 98 No. 7, 2015

that can break up the potential ROH, but no possible 
events exist, such as other inbred matings, that can 
create new ROH. So, as shown in Figure 4B, as the 
average number of recombination events increases, the 
average FROHE values decrease.

Correlations between FPH and FPHE as well as FROH 
and FROHE when simulated with varying rates of re-
combination are present in Figure 4C. Fluctuations 
when the average recombination events is less than 100 
are most likely due to the relatively small (n = 250) 
number of progeny that were simulated. The correla-
tions between FPH and FPHE are largely unaffected by 
increases in recombination rate, with a slightly higher 
correlation present with an average of 500 recombina-
tion events. This slight increase may also be present 
due to the number of simulated progeny, as other simu-
lations (not shown here) also had correlations ranging 
from 0.67 to 0.71. The correlation between FROH and 
FROHE decreases drastically once the average number of 
recombination events is greater than 100. Because the 
increase in the recombination events breaks up many of 
the ROH, the majority of the predicted progeny have 
FROHE values much lower and much less accurate than 
when higher recombination rates are used.

Full-Sibling Pairs

Genomic inbreeding measures for the 3,031 animals 
with full siblings ranged from 0 to 14.1% FROH, with a 

mean of 3.1 ± 1.9%, and 57.7 to 67.2% for FPH, with a 
mean of 62.6 ± 1.1%. The 2 genomic inbreeding mea-
sures were moderately correlated with an R2 = 0.76. 
Scatterplots with one full sibling plotted against the 
other full sibling are presented in Figure 5A for FROH 
and Figure 5C for FPH, with a histogram of the ab-
solute values of differences between siblings presented 
in Figure 5B for FROH and Figure 5D for FPH. Moder-
ate correlations between siblings was present for both 
FROH (R2 = 0.51) and FPH (R2 = 0.47). The majority 
of differences between full siblings for both measures 
of genomic inbreeding were low, but differences of up 
to 11.4% were present for FROH and up to 4.8% in FPH. 
The mean difference for FROH was 0.9 ± 0.7%, and the 
mean difference for FPH was 1.6 ± 1.3%.

A separate analysis was performed by only looking 
at the least and most inbred animals. The first subset 
included all sibling pairs (n = 898) in which one of the 
siblings had an FROH value less than 1.0%. The second 
subset included sibling pairs (n = 363) only if one of 
the siblings had an FROH value between 6.0 and 7.0%. 
The average difference for the least inbred animals was 
1.7 ± 1.3%, and the average difference between the 
most inbred animals was 2.4 ± 1.6%. The higher mean 
and variation present in the most inbred group suggests 
that if a sire and dam are closely related, there is a 
high probability of their progeny being highly inbred, 
but also chance of their progeny receiving only a small 
proportion of DNA that is inbred. In fact, one sibling 

Figure 3. The FROHE (expected inbreeding derived from runs of homozygosity in simulated progeny) predicted using simulated progeny 
compared with actual inbreeding derived from runs of homozygosity (FROH) of live progeny (A) and a histogram (B) with FROHE predicted using 
the simulated progeny (light bars) and FROH from actual live progeny (dark bars).
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Figure 4. Effects of changes in recombination rate when simulating progeny on the average predicted overall percent homozygosity of the 
genome (FPH; A), average predicted inbreeding derived from runs of homozygosity (FROH) and expected inbreeding derived from runs of homo-
zygosity in simulated progeny (FROHE; B), and the correlation between actual progeny FPH and FROH and average predicted FPH and FROH (C).
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in the highly inbred subset had an FROH value of 0, and 
52 out of the 362 (14.3%) total siblings had an FROH 
less than 2.5%. Conversely, for the least inbred subset, 
only 57 out of the 897 (6.3%) total siblings had an 
FROH greater than 4.5%. Carothers et al. (2006) previ-
ously presented similar results on the variability with 
respect to Fped. The product of a first-cousin mating 
would have an Fped of 6.25% with a standard deviation 
of 2.43%. In a product of double second cousins, which 
would still have an Fped of 6.25% but would have more 
chances for the recombination events to break up the 
inbred segments, the standard deviation would only 
be 2.11%. The product of a mating with first cousins 

once removed has an Fped of 3.125% with a standard 
deviation of 1.6%, and the product of a second-cousin 
mating, with an Fped of 1.56%, has a standard deviation 
estimated of 1.1%.

To further study the differences in variation of in-
breeding measures from close relatives, 200 full-sibling, 
half-sibling, full-first-cousin, and half-first-cousin pairs 
were discovered from the pedigree data. Potential prog-
eny were then simulated from these pairs, and FROHE 
values were calculated. Results are presented in Figure 
6, with the progeny simulated from full siblings having 
the highest mean FROHE and largest standard deviation 
(22.3 ± 2.4%), followed by progeny simulated from half 

Figure 5. Scatterplot of inbreeding derived from runs of homozygosity (FROH; A) and average predicted overall percent homozygosity of the 
genome (FPH; C) between sibling pairs and the absolute values of the differences of FROH (B) and FPH (D) between siblings.
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siblings (12.3 ± 1.9%), progeny simulated from full first 
cousins (7.6 ± 1.6%), and progeny simulated from half 
first cousins (5.2 ± 1.5%). The full first cousins (Fped 
= 6.25%) and half first cousins (Fped = 3.125%) have 
a slightly higher FROHE than expected Fped, which is 
mostly likely due to other common ancestors further 
back in the pedigree than could be distinguished here, 
whereas the Fped values are assuming no other common 
relatives. The lower FROHE than expected Fped (25%) 
simulated from full sibling may be due to the process 
of calling ROH. The extremely long ROH that would 
be expected from full-sibling matings are much more 
easily broken up by a single false heterozygote or miss-
ing SNP. If this occurs in the middle of a ROH, both 
adjoining sections should still be called as a ROH, and 
little difference would be seen in the final FROHE. But if 
a false heterozygote or missing SNP occurs closer to the 
end of a true ROH, one of the adjoining sections may 
not meet the minimum length requirement to be called 
a ROH, which would artificially decrease the calculated 
FROHE. As the results presented in the current study and 

in the study by Carothers et al. (2006) suggest, as the 
common ancestor in a pedigree is further removed from 
the current individuals, the inbreeding coefficients and 
the variation in the inbreeding coefficients decrease.

CONCLUSIONS

Expected genomic inbreeding measures from sire–
dam mating pairs were compared against genomic in-
breeding values from actual live progeny to determine 
whether embryonic inbreeding may have an influence 
on fertility in dairy cattle. Two methods were used to 
calculate expected genomic inbreeding: the first de-
termined possible homozygosity based on single SNP 
independently and the other was based on simulating 
progeny from phased haplotypes. Both methods gener-
ated sufficient measures of expected genomic inbreed-
ing. Slight increases in the actual genomic inbreeding 
when compared with the expected were observed, 
which is the opposite of anticipated research findings, 
although high expected levels of genomic inbreeding 

Figure 6. Frequency distributions of inbreeding derived from runs of homozygosity (FROH) calculated from 200 simulated progeny from 250 
full-sibling, half-sibling, full-first-cousin, and half-first-cousin mating pairs.
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showed more variability and some evidence of lower 
actual genomic inbreeding measures. Genomic inbreed-
ing measures were also compared between full siblings, 
with only moderate correlations present.
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