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Summary

The provided pedigree of a herd of 250 Angus cattle was used to simulate the impacts of
different numbers and frequencies of loss of function (LOF) alleles at essential loci using the
simultaneous mate selection and allocation software program, MateSel. Three simulations
were run modeling: 76 essential loci with LOF alleles at low frequencies (Low 76), 7 essential
loci with LOF alleles at high frequencies (High 7), and 50 essential loci with LOF alleles at
random variations of high and low frequencies (Random 50). Within each simulation,
different breeding strategies were explored: (1) selection against carrier animals as a class,
and (2) selection against the occurrence of homozygous affected calves (i.e. carrier matings).
The data indicate that while strong selection against carriers did result in fewer homozygous
affected calves, it came at considerable expense to genetic progress. However, selection
against homozygous affected calves largely by mate allocation to avoid only the mating of
LOF carriers at the same essential gene locus also avoided homozygous affected calves, but
allowed for rates of genetic progress comparable to those obtained without consideration of
LOF alleles. Furthermore, a small number of essential loci can be relatively easily managed to
minimize the loss of genetic gain irrespective of the LOF allele frequencies. However, if LOF
alleles are present at a high number of essential loci, especially with a random distribution of
LOF allele frequencies, the power of a software program like MateSel is crucial to evaluate
all mate pair combinations and optimally assign mate allocations to maximize genetic
progress while minimizing the occurrence of homozygous affected calves.

Keywords: loss of function alleles, mate selection, lethal, recessive

Introduction

Fertilization rates to first service in beef cattle are around 90%; however, average calving rate
tends to be 55%, suggesting a 35% embryonic or fetal mortality rate (Diskin & Morris, 2008).
Both dairy and beef genotype databases have revealed missing homozygotes, that are
haplotypes that never occur in the homozygous condition in genotyped animals in defiance of
Hardy Weinberg predictions, suggesting incompatibility with survival (Hoff et al., 2017;
Charlier et al., 2012). If some portion of embryonic or fetal mortality is due to homozygous
recessive loss of function (LOF) alleles at essential genes, mate allocation could be employed
to avoid heterozygous carrier matings. The mate selection method of Kinghorn (2011), as
implemented in Kinghorn and Kinghorn (2017), was used to make mate selection decisions
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for this paper within a given population. Using this program, we tested three simulations.
Each had a defined number of loci with various frequencies of loss of function alleles and
employed two mating strategies: (1) selection against carrier animals as a class, and (2)
selection against the predicted occurrence of homozygous affected calves (i.e. carrier
matings). We hypothesized that the second strategy of mate selection to avoid carrier matings
at the same essential gene locus, rather than indiscriminate selection against carrier animals as
a class, would result in higher genetic gain while avoiding pregnancy losses associated with
affected calves, thus proving to be the more profitable strategy.

Materials and Methods

Dataset Modeling

PopSNP (Kinghorn, unpublished), a program which populates SNPs into a given
pedigree dataset according to Mendelian segregation laws, was utilized to create three
scenarios involving varying numbers of essential loci and LOF frequencies. These were 76
loci with LOF alleles at low frequencies (Low 76; mean 0.011, range 0.0004-0.069), 7 loci
with LOF alleles at high frequencies (High 7; mean 0.084, range 0.052-0.100), and 50 loci
with LOF alleles with random high and low frequencies (Random 50; mean 0.049, range
0.004-0.144) (Table 1).

Table 1. Allele frequencies for the three simulations with different numbers of loci.

Number of Loci Mean Frequency
Standard
Deviation

Minimum
Frequency

Maximum
Frequency

7 0.0847 0.0151 0.0527 0.1001
50 0.0488 0.0307 0.0044 0.1436
76 0.0112 0.0125 0.0004 0.0695

The LOF SNPs were populated into an Angus pedigree dataset with 85 male
candidates, 169 female candidates, and 546 ancestors. A genome size of 30Mb and 29
chromosomes was modeled based on the size of bovine chromosomes. The Kosambi mapping
function was utilized to calculate recombination fractions. A mutation rate of 2.2x10-9 was
used to calculate generation and population size parameters (Liu et al., 2006). Any candidates
or ancestors that would have received a homozygous recessive lethal genotype (aa) were
assumed dead and not allowed within either the burn-in population or the real population. The
dataset included American Angus Association EPDs and economic selection index values; if
EPD values were not reported, specifically within heifer pregnancy EPDs, breed average
values were utilized.

Maternal Economic Selection Index

A maternal economic selection index ($M) was developed based on selection objective
weightings described by MacNeil (2016). As the American Angus Association does not
currently have a stayability EPD, current selection EPDs were utilized within the index which
had genetic correlations to stayability. Selection criteria and (relative index weightings) were
as follows: heifer pregnancy (1.7105), calving ease direct (2.1134), calving ease maternal
(3.5773), weaning weight direct (0.9843), weaning weight maternal (milk) (-0.5644), and
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back fat thickness (1.1707). Additional selection criteria were developed for the maternal
index to account for the number of recessive LOF alleles each individual carried within their
genome, referred to as the genetic load score (GLS). This value was created by accumulating
the impacts of the squared minor allele frequency (q2) at each locus within the simulation.
Due to incomplete data for the simulated population, genetic parameters were based on
literature estimates from reference Angus populations.

Mate Selection

Initial changes were made to MateSel to manage lethal recessive alleles within a
population, adding parameters LethalA and LethalG (Van Eenennaam & Kinghorn, 2014).
LethalA is the predicted number of lethal recessive alleles in the progeny of selected matings
across a chosen number of loci. LethalG is the predicted number of lethal recessive genotypes
(aa) within the progeny (Kinghorn & Kinghorn, 2017).

Simulation parameters

Mate selections were allocated to 125 matings with the highest resulting progeny
performance ($M) on the chosen balance between genetic gain and genetic diversity retained
(25 Target Degrees, Kinghorn & Kinghorn, (2017)). No sire could be mated more than 50
times. Mate allocation runs were then performed with increasing weightings (0, 0.001, 0.01,
0.1, 1, 10, 100) to select against either the occurrence of lethal recessive alleles generally or
specifically homozygous (aa) progeny. Three scenarios were run: Low 76, High 7, and
Random 50. A cost of $200 was assigned to the occurrence of a lethal “aa” genotype or
embryonic mortality (Engelken, 2011). Profit per mating ($P) was calculated as $M –
(LethalGx$200).

Results & Discussion

MateSel was used to provide mate allocations to the 125 females without
consideration of LOF alleles within the population, which provided a progeny index value
($M) of $114.57. This is referenced as the “base” run where no LOF selection was invoked.

In the High 7 simulation, with 7 essential loci at high LOF allele frequencies, the base
selection run resulted in a LethalG value of 0.007 (i.e. 0.7 lethal genotypes in 100 matings)
(Figure A). Selection against all carrier parents to avoid LethalA in the progeny had some
impact on genetic gain in this scenario, with a 5% decrease in the progeny index ($109.83) at
the strongest weighting of 100 against LethalA when compared to the base run. However,
affected “aa” calves were still observed at 0.001, 0.01, 0.1, 1 weightings, with the 1 weighting
giving the highest $P ($111.83). Selection against LethalG in the progeny had little impact on
genetic gain, with 0% decrease at the 0.001 weighting, which also was sufficient to result in
no homozygous affected calves (aa). $P was maximized ($114.57) at the lowest weighting
(0.0001) against LethalA (Figure B).

In the Low 76 simulation, with 76 essential loci at low LOF allele frequencies, the
base run resulted in a LethalG value of 0.1245 (Figure C). Selection against LethalA in the
progeny had a detrimental impact on genetic gain, with a 28.64% decrease ($81.75) at the
strongest weighting (100) when compared to the base run. Again, affected “aa” calves were
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still observed at 0.001, 0.01, 0.1, 1 weightings, with 0.1 weighting giving the highest $P
($91.40). Selection against LethalG in the progeny achieved no homozygous lethal genotypes
at the 10 and 100 weightings at a cost of ~ 12% decrease in genetic gain. Again, $P was
maximized ($107.15) at the lowest weighting against LethalG (0.0001) and was always
greater than weightings against LethalA (Figure D).

In the Random 50 simulation, with 50 essential loci at both high and low LOF allele
frequencies, the base run resulted in the highest LethalG value of 0.152 (Figure E). Selection
against LethalA in the progeny had the most detrimental impact on genetic gain, with a ~ 30%
decrease ($63.50) at a strong weighting (10), while still resulting in some (0.006)
homozygous lethal affected calves. Selection against LethalG resulted in no homozygous
lethal genotypes at the 10 and 100 weightings and ~ 14.0% decrease in the rate of genetic
gain. In this case, a weighting of 0.1 against LethalG maximized $P at $106.87, ~ $6.33
better than the $P resulting from a weighting of 1 against LethalA (Figure F).

Within each simulation, the strategy of selection against homozygous affected calves
(aa) allowed for greater profit per mating ($P) when compared to the strategy of selection
against carrier parents (Aa). Increased profit resulted from optimized mate allocation which
matched genetically superior carrier individuals together provided they had LOF alleles at
different essential loci, maximizing the use of genetically superior carrier individuals.
Furthermore, as there was increased emphasis on decreasing the mean of either LethalA or
LethalG, the occurrence of homozygous affected calves (aa) in the progeny decreased.

Conclusion

As sequencing projects identify more essential loci and LOF alleles, breed associations
will need to develop policies on the management of lethal recessive alleles. If breed
associations take recessive genetic conditions into consideration when making selection
decisions, total reduction of number of affected calves is possible by avoiding carrier matings.
This can optimize short term losses, but this may not be the most desirable long-term strategy.
Ultimately, putting a very slight selection against carrier animals while still performing mate
allocation for carrier matings to avoid affected calves may be the best approach to reduce
short term losses while also gradually reducing the frequency of LOF alleles in the
population. As more essential loci with LOF alleles are identified, optimal management of
recessive lethal conditions will likely require the use of software programs such as MateSel.
As strategic management approaches for LOF alleles are put into practice within the beef
cattle population, an increase in embryo survivability and first service calving rates would be
expected, ultimately extending female longevity within the herd.
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Figures

Figure 1. A) Average progeny index ($M) and occurrence of homozygous affected calves (aa),
B)Profit per mating ($P) at different selection weightings against two mating strategies,
selection against homozygous affected calves (aa) (LethalG) and selection against carrier
animals (Aa) (LethalA) using high frequencies of loss of function alleles at 7 essential loci
(High 7) C&D) Low frequencies of loss of function alleles at 76 essential loci (Low 76) E&F)
Both low and high frequencies of loss of function alleles at 50 essential loci (Random 50).
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