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ABSTRACT: Putative loss of function (LOF) alleles that 
are never seen as homozygotes despite their allele 
frequency suggesting that they should be seen are strongly 
implicated as being lethal. For this approach to lead to 
effective strategies for the improvement of fertility, there 
must be a relatively large number of recessive embryonic 
lethal alleles which due to natural selection will be 
individually at low frequency within the target population.  
In order to identify putative LOF alleles we have re-
sequenced >100 bovine genomes to an average of >20x 
depth of coverage and characterized the resulting variants.  
These variants will be used to design a genotyping assay 
that we will use to genotype ~10,000 Angus heifers to 
identify, validate and characterize the impact of recessive 
lethal alleles associated with reproductive failure in Angus 
cattle. 
Keywords: beef cattle; genome sequence; fertility; loss of 
function alleles 

Introduction 
 

The beef cattle industry is a mainstay of US 
agriculture. In 2011, cash receipts from cattle were $63B 
and defined 17% of total farm receipts and 38% of livestock 
and product receipts. In comparison, US cash receipts for 
dairy and swine totaled $39.5B and $22B, respectively. 
Cash receipts from cattle are spread broadly across the US 
in contrast to swine and dairy which are concentrated into a 
small number of animal owners and states. Reproductive 
performance is the single most important economic trait in 
a beef cow herd (Trenkle and Willham, 1977; Melton, 
1995) with most reproductive loss occurring because 
heifers and cows fail to become pregnant (Wiltbank, 1990; 
Bellows and Short, 1990; Patterson et. al., 1992; Patterson 
et al., 2000). There remains considerable scope for 
improvement in beef cattle productivity. One of the 
overarching approaches to improve the productivity and 
sustainability of beef cattle production is to maximize the 
number of productive offspring per breeding male and 
female (Hume et al., 2011). 

Recent and ongoing advances in reproductive and 
genomic research create opportunities for beef producers to 
make rapid gains in production efficiencies. Economic 
incentives to encourage the adoption of new technologies 
have been lacking, and will be essential to the adoption of 
more sophisticated technologies in the future. Application 
of genomic technologies to enhance fertility in beef cattle 
offers significant potential to improve reproductive 
efficiency. 

Reproduction and survival sometimes show 
negative genetic trends in livestock populations (Figure 1) 
despite their importance to profitability because of 

inbreeding depression and/or selection for other traits which 
are negatively genetically correlated with fitness (Rauw et 
al., 1998). Goddard (2009) explained that for many traits, 
there are genes with alleles that increase a trait’s value but 
that are initially at low frequency due their having negative 
effects on fitness. As a result of selection to improve 
performance, these alleles increase in frequency and cause 
declines in fitness even if this was not predicted by the 
genetic correlation between fitness and production in the 
base population. 

Figure 1. Deregressed EBVs for Heifer Pregnancy Rate 
for 698 registered Angus bulls indicates that either as a 
correlated response to selection for production or due 
to accumulated inbreeding, Angus female fertility has 
decreased by 0.22% per year over the last 25 years. 

 
As the availability of tools for use in the selection 

of beef cattle has expanded, the industry’s breed base has 
narrowed. The Angus breed currently accounts for about 
70% or more of the genetics in US beef production systems 
(Speer, 2012), and this percentage is predicted to continue 
to increase in the future. However, while the long-term use 
of artificial insemination (AI) within Angus has been 
responsible for remarkable genetic improvements in 
growth, meat yield and quality, it has also resulted in a loss 
of diversity due to the narrowing of the genetic base from 
which bulls are drawn. Figure 2 shows the mean inbreeding 
coefficients by year of birth for 76,083 registered Angus 
animals within the pedigree of 3,570 Angus bulls that we 
have genotyped with the Illumina BovineSNP50 assay for 
the development of models to predict direct genetic values 
(DGV; aka Molecular Breeding Values) from genotypes 
and deregressed estimated breeding values (DEBV; Saatchi 
et al. 2011). Using the data for the rate of accumulation of 
inbreeding between 1970 and 2007, we estimated the 
inbreeding effective population size of modern Angus to be 
153.3 animals; significantly higher than for dairy cattle, but 
sufficiently small to be of concern. 

 



 
Figure 2. Mean inbreeding coefficients by birth year for 
76,083 animals forming a 64 generation pedigree which 
includes the 3,570 genotyped animals. The effective 
population size (Ne) was estimated as 1/(2*slope) using 
data for birth years where the rate of increase of 
inbreeding appears to be linear (e.g., 1970 to 2007). 

 
The accumulation of inbreeding invariably leads to 

homozygosity of alleles which reduce fitness (reproduction 
and survival; Figure 1) and leads to inbreeding depression. 
Effects on fertility can be manifest in a number of ways 
from homozygosity of alleles of genes with mild, but 
deleterious effects on hormones within the Reproductive 
Axis which decrease the overall probability of pregnancy in 
both AI and natural mating situations, to embryonic and 
early developmental lethals. Such loci are not typically 
thought of from the perspective of genes that are involved 
in reproductive processes, however, early embryonic lethals 
have been suggested as a class of genes as being 
responsible for up to a 10% loss in pregnancy rates in cattle 
(Humbolt, 2001). 

While it has been extremely difficult to identify 
the naturally occurring genetic variants that underlie 
variation in any trait of livestock, those which underlie 
variation in reproductive success have been even more 
difficult to tackle. This difficulty has primarily been due to 
the lack of phenotypic data for reproductive traits on large 
numbers of animals, the fact that fertility is generally 
measured as a binary success or failure trait, for which 
heritabilities are invariably low, and the fact that it is 
exceptionally difficult to show that any polymorphism has a 
quantitative effect on reproductive success. These 
constraints limit the efficacy of the development of 
conventional expected progeny differences (EPDs) by breed 
associations for the genetic improvement of fertility and 
also limit the efficacy of the application of genomic 
selection (Meuwissen et al. 2001) where DGVs for fertility 
are estimated using molecular data. 

Conversely, the identification of recessive loci 
which cause embryonic or early developmental mortality is 
a much simpler task and defines our approach to the 
improvement of reproductive rates in US Angus cattle. By 
demonstrating that all calves which are homozygous for a 
putative loss of function (LOF) allele abort, are born dead, 
die soon after birth or that these alleles are never observed 

as homozygotes in a large sample of living animals, we can 
infer with near certainty that the allele is lethal. We recently 
utilized such an approach to identify a deletion in the 
bovine MIMT1 gene as being an imprinted lethal allele in 
Finnish Ayrshire cattle (Flisikowski et al. 2010). This 
approach is now facilitated by the availability of relatively 
low-cost next generation sequencing instruments for the 
identification of candidate LOF alleles and large samples of 
animals which may be tested for the presence of these loci 
in homozygous form despite their relatively low frequency 
within the population. Putative LOF alleles which are seen 
as homozygotes in the population can be eliminated as 
being recessive autosomal lethals, whereas, those that are 
never seen as homozygotes despite their allele frequency 
suggesting that they should be seen are strongly implicated 
as being lethal. For this approach to lead to effective 
strategies for the improvement of fertility, there must be a 
relatively large number of recessive embryonic lethal 
alleles which due to natural selection will be individually at 
low frequency within the target population. 

 
Materials and Methods 

Angus bulls were selected according to their 
numbers of registered progeny (and therefore impact upon 
the breed in terms of propagating LOF alleles). They were 
also selected to ensure that the important male lineages 
within the breed (the use of AI constricts the numbers of 
males utilized within the breed and generates sets of male 
lineages) are broadly represented in the bulls to be 
sequenced. Given a sample size of 100 sequenced bulls we 
estimate the probability of detecting an autosomal recessive 
lethal occurring in Angus at an allele frequency of 1% as 
86.7%.  Bulls from the other breeds were selected by the 
respective breed associations to be the most influential bulls 
within the breed or they were sequenced for other purposes.  
Additional sequence data will be included based on 
collaborations with groups also engaged in genome 
sequencing. 

For each bull, two sequence libraries are 
constructed to maximize fragment diversity.  Initial libraries 
used the standard Illumina TruSeq protocol with target 
inserts of 300 and 400 bp while current libraries use a PCR-
free protocol with fragment sizes of 350 and 550 bp.  Each 
library is sequenced on a single lane of the Illumina Hi-Seq 
2000 or Hi-Seq 2500 generating 100 base paired end reads.  
Data generation is ongoing with the current status for each 
breed shown in Table 1.  The resulting sequence data is 
processed to remove duplicate reads using NextGENe 
(SoftGenetics) software, trim adapter sequence using 
custom Perl scripts and processed through FastQC to 
summarize data quality.  Error correction is then performed 
using MaSuRCA software (Zimin et al. 2013).  NextGENe 
(SoftGenetics) is used for alignment of individual animal’s 
error corrected reads to the UMD3.1 genome assembly plus 
the Y chromosome from Btau4.6.1.  All positions different 
than the reference sequence are exported as variants.  
Custom Perl scripts are used to filter variants based on 
various criteria including coverage and allele balance to 
remove obvious errors.  Filtered variants are uploaded to a 
PostgreSQL database where further filtering is performed 
and each variant is classified into one of 46 categories.  



Local copies of NCBI tables such as dbSNP, gene, CpG 
islands, OMIM cross-reference, UniProt, assembly 
information etc. are also maintained within the database 
allowing quick querying of individual variants or 
aggregates.  All coding variants are further characterized 
using the Variant Effect Predictor and a local cached copy 
to capture SIFT scores where available. 

 
Table 1. Summary of sequence data. 
Breed Totala Progressb Total (avg)c 
Angus 95 62 1,823 (29.4) 
Hereford 17 13 366 (28.1) 
Simmental 11 3 89 (29.8) 
Maine Anjou 5 1 34 (33.5) 
Shorthorn 2 1 29 (28.7) 
N'Dama 1 1 25 (25.3) 
Beefmaster 10 10 287 (28.7) 
Bison 3 3 63 (20.9) 
Charolais 11 11 - 
Limousin 8 6 48 (8.0)* 
Romagnola 3 3 20 (6.7)* 
Holstein 8 8 46 (5.8)* 
Jersey 3 3 21 (7.0)* 
Brahman 6 6 43 (7.2)* 
Nelore 3 3 19 (6.5)* 
Gir 4 4 34 (8.6)* 
a Total number of animals to be sequenced. 
b Number of animals currently completed or partially 
completed. 

c Cumulative genome coverage of raw sequence data and 
average coverage per animal. *Low coverage data courtesy 
of George Liu, BFGL/USDA. 

 
Results and Discussion 

Data generation is ongoing and therefore we 
cannot report on specific results at this time.  We intend to 
present results from the cattle sequencing at the conference.  
However, we can illustrate anticipated results based on high 
coverage genome sequence from more than 100 high 
coverage canid genomes which have been processed 
similarly to the cattle data.  Georgi et al. (2013) identified 
2,472 human orthologs of known essential genes in the 
mouse.  Of these genes, there are 2,420 that can be directly 
matched to a canine gene based on gene symbol.  We 
interrogated these and found 1,862 genes for which an indel 
or nonsynonymous variant was found and there were no 
putative LOF alleles in the homozygous state.  
Homozygosity of a putative LOF allele indicates the 
variant/gene was non-essential (or the variant was a false 
positive) in canines and therefore these were excluded.  Of 
these 1,862 genes, there are 209 genes that contain a 
heterozygous indel that causes a frameshift, 214 genes that 
contain a heterozygous nonsense or read-through variant 
and 390 genes that contain a heterozygous nonsense variant 
but no other LOF alleles.  This results in 43.6% (813/1862) 
of genes found to be essential in mouse harboring a putative 
LOF allele only seen in the heterozygous state in canids. 

 

Conclusion 
The data generated for this project represents a 

large collection of high coverage genomes that is expected 
to generate several million high quality putative variants 
across many cattle breeds.  We will prioritize these variants 
based on functional information and select approximately 
50,000 to design a custom genotyping assay with the 
highest priority given to putative LOF variants.  Remaining 
chip “real estate” will be occupied by coding variants and 
variants present on other genotyping assays to facilitate 
imputation.  We will genotype 10,000 Angus females with 
fertility records to identify alleles that are never observed in 
the homozygous state and perform GWAS.  These results 
will be used to develop DGV for fertility associated traits in 
both bulls and cows. 
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