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Summary

Current dairy cattle breeds like Holstein-Friesian are characterized by excellent milk production
records, however this goes hand in glove with a reduction in fertility. Declining fertility can be
explained by the severe negative energy balance of high-producing cows at the peak of lactation.
Alternatively, it can also be caused by an increase in homozygosity for embryonic lethal (EL)
mutations resulting from the drastic decrease in effective population size in cattle. Embryonic
lethal mutations are variants of alleles that cause prenatal fatality in the organism that carries
them. By the use of reverse genetic screening a customized genotyping array was produced
including EL and juvenile lethal (JL) mutation candidates. In this study 8971 Holstein-Friesians
were genotyped for a total of 16903 variants. Several candidate EL mutations were revealed
based on the significant absence of homozygotes for that variant. After careful sequence and
function check of the annotated genes, further analysis will reveal if the candidate EL mutations
can be confirmed by genotyping carrier x carrier trios and by proving the absence of
homozygote progeny. In addition, more than 900 variants showed absence of homozygotes in the
studied population. This study already provides a huge source of information due to the large
database of whole genome sequenced and genotyped animals. Moreover, several candidate EL
mutations are identified in Holstein-Friesians. Future research will reveal proof for the EL
character of the candidate mutations by the aid of RNA sequencing and the investigation of
carrier x carrier matings. Juvenile lethal mutations will be searched for based on a significant
depletion of homozygotes because the fitness of those individuals is affected early in life. All
these findings will generate practical information for the breeders on EL/JL mutations that will
create a base to avoid at-risk matings. Moreover, these techniques provide the tools to optimize
marker panels that can be used for genomic selection. Therefore, this knowledge is crucial to
improve fertility in dairy cattle.
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Selection towards higher milk production records has been very successful over the past decades,
especially in the Holstein-Friesian dairy cow breed. In the period between 1985 and 2003 the
milk production per cow per year increased with 193 and 131 kg for the United States and The
Netherlands, respectively (Dillon et al., 2006). This evolution led to excellent milk production
records nowadays. Unfortunately, this increase in milk production evolved parallel to a decrease
in reproductive performance. In the period from 1970 to 2000 inseminations per conception
increased from 1.8 to 3.0 and the calving interval, expressed in months, went up from 13.5 to
14.9 (Lucy, 2001). The fact that genetic, environmental and managerial factors all play a role
and interact with each other, makes fertility a difficult characteristic to dissect, control and
evaluate. Even if we only focus on the genetic part, it is a complex trait determined by many
different loci, all with a small effect.

Besides the severe negative energy balance of high-producing cows at the peak of
lactation, decreased fertility can also be caused by an increase in homozygosity for embryonic
lethal (EL) mutations. These mutations can accumulate because of a decrease in effective
population size in cattle. Embryonic lethal mutations are variants of alleles that cause prenatal
fatality in the organism that carries them. Juvenile lethal (JL) mutations will cause death of the
organism only after birth. However, some of those genetic alterations are not fully penetrant
EL/JL. This category of mutations can cause an increase in an individual’s susceptibility for a
disorder and a severe decreased fitness of the individual, but will not always lead to death. Those
variations can even lead to homozygotes without any symptoms.

In this study a customized genotyping array, including lethal mutation candidates, was
produced by the use of reverse genetic screening techniques starting from whole genome
sequencing data of more than 700 Holstein-Friesians. A large-scale database with genotyping
information of domestic cattle for more than 16000 variations was set-up to detect EL/JL
mutations. We already revealed eight candidate EL mutations and research is ongoing to detect
JL ones. By identifying these mutations, measures can be taken in breeding schemes to avoid at-
risk matings, which will increase fertility in dairy cattle.

Materials and methods

Whole genome sequencing was performed by Illumina’s TruSeq DNA PCR-Free Sample
Preparation Kits for library construction and Illumina’s HiSeq2000 instruments for actual
screening. Average sequence depths were 10-15 fold. Reads were aligned to the reference
genome of bosTau6 using BWA (Li & Durbin, 2009), PCR duplicates were removed using
SAMTOOLS (http://samtools.sourceforge.net), and variants were detected using the GATK
pipeline and recommended procedures (DePristo et al., 2011). Functional effects of the variants
were predicted using custom-made tools, SIFT (Kumar et al., 2009) and PolyPhen2 (Adzhubei et
al., 2010). For all the selected genes RNA expression in embryos was investigated to confirm
active transcription of that gene in the embryonic stages of development.

Results

Genotyping

More than 700 Holstein-Friesian animals were sequenced for the whole genome. Based on those
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data a customized genotyping array with 6293 predicted damaging variations was assembled.
8971 Holstein-Friesians were genotyped for a total of 16902 variants which include 663 loss of
functions variants (221 stop gains, 336 frameshifts, 106 splice sites), 4592 missense variants,
199 synonymous variants and 1019 endogenous retrovirus insertions. The cluster formation of
all the genotyped samples with a call rate higher than 0.75 were checked manually in the
Illumina software GenomeStudio 2.0 for the variants of interest.

Search for embryonic lethal mutations

Mutations with a significant absence of homozygotes for minor derived allele vs. the within-
breed Hardy-Weinberg expectation were considered EL mutations candidates (Figure 1). In this
study several candidate EL mutations were identified in Holstein-Friesians. An overview of the
characteristics of the involved gene and its mutation is given in Table 1. We could confirm the
embryonic lethality of the missense mutation in Solute carrier family 35 member A3 (SLC35A3)
leading to complex vertebral malformation, the causative missense mutation in Structural
maintenance of chromosomes protein 2 (SMC2), the nonsense single nucleotide polymorphism
of Apoptotic preptidase activating factor 1 (APAF1) and Exosome component 4 (EXOSC4), the
deletion in Fanconi anemia complementation-group I (FANCI) resulting in the brachyspina
syndrome and the missense mutation in Phosphoribosylglycinamide formyltransferase (GART).

Moreover, we identified a putative new EL candidate, which consists of an endogenous
retrovirus (ERV) insertion situated in between the Ubiquitin conjugating enzyme E2 (UBE2Z)
and ATP synthase F(0) complex subunit C1 (ATP5G1) genes. The ERV insertion had a minor
allele frequency of 2.0% and showed a significant deviation of the Hardy-Weinberg equilibrium
with an absence of homozygotes (p<0.05). Analysis of the pedigree of heterozygote individuals
carrying that mutation revealed the spreading of this mutation is mainly caused by some specific
sire lines.

Absence of any homozygotes was also observed for a deletion in the Mitochondrial
ribosomal protein L11 (RM11) gene. However, it is important to notice this gene has a processed
pseudogene present in the bovine genome, which complexes the interpretation. The observed
deletion corresponds exactly to an intron region of the RM11 reference gene and therefore refers
to the processed pseudogene. This variant was aligned to the reference gene, but implies only the
structure of the processed pseudogene. It appeared in our list of candidate EL mutations because
there was an absence of homozygosity due to the ever presence of the reference gene in which
no deletion is present. Concerning the judgement on the lethal character of this deletion we have
to take into account the fact that it is present in a pseudogene. Since pseudogenes are rarely
functionally active, mutations in the pseudogene will probably not have any EL character. On the
other hand, the insertion site of the pseudogene can have a disturbing effect with possible EL
consequences. However, in this case, the insertion of the pseudogene does not involve any gene-
disturbing site in the genome and is therefore harmless.

Confirmation of the EL nature of the variants

Six out of the eight candidate mutations are identified as EL mutations in previous literature
(mutations in the genes: SLC35A3 (Agerholm, J. S. et al., 2001), APAF1 (Adams, H. A. et al.,
2016), SMC2 (McClure, M. C. et al., 2014), EXOSC4 (Charlier, C. et al., 2016), FANCI
(Charlier, C. et al., 2012), GART (Fritz et al.)). Further analysis will reveal if the unknown
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candidate EL mutation can be confirmed by genotyping carrier x carrier trios and by proving the
absence of homozygote progeny. In addition, more than 900 variants showed absence of
homozygotes in the studied population. However, since the frequency of the minor allele was
very low for those candidates, no distinction can be made between a true EL mutation or the
inability to genotype homozygote animals only due to the low allele frequency in the population.

Discussion and conclusions

Due to the increasing availability of whole-genome next generation sequencing data the
technique of reverse genetic screening becomes a very interesting approach to reveal specific
genetic traits like EL/JL mutations. The large-scale screening in this study provides a
considerable dataset of genetic data on the high productive dairy cattle population.

If the sire and dam are carriers of the EL variant, the homozygote offspring for this
variant will die before birth. In case the distribution of genotyped animals for a normal and
derived variant shows absence of any homozygotes for the derived variant, the presence of an
EL must be considered (Figure 1). Eight candidate EL mutations were revealed based on the
significant absence of homozygotes for these variants. After careful sequence and function check
of the annotated genes, six of them turned out to be known EL mutations, one candidate could be
classified as a pseudogene and one candidate, an ERV insertion, needs more in-depth study to
verify its EL nature. Transcriptome studies can clarify whether the ERV insertion influences the
expression profiles of the two flanking genes and consequently exhibits an EL character.

The next step in proving the embryonic lethality of these mutations, especially the newly
discovered ERV mutation, will be performing RNA sequencing to reveal influence on the
transcriptome and the investigation of carrier x carrier matings to prove absence of homozygote
offspring. Identification of JL mutations will happen through a screening for a significant
depletion of homozygotes for that mutation. Homozygote individuals for JL mutations will be
significantly less present in the database because the fitness of those individuals is affected early
in life and therefore those animals will be rarely genotyped.

The knowledge on EL/JL mutations can be used to work out breeding schemes avoiding
at-risk matings and to generate marker panels that can be used for genomic selection. Fertility in
dairy cattle will certainly benefit from this information that can redirect or modify management
and selection strategies of the herd.
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Table 1 Main features of eight candidate embryonic lethal mutations in Holstein-Friesian cattle.

Gene Mutation

Symbol Name Function Chr Typea MAFb Remark Reference

SLC35A3 Solute carrier family
35 member A3

Encoding of UDP-N-
acetylglucosamine transporter

3 MS 3.6% complex vertebral
malformation

Agerholm,
J. S. et al.
(2001)

APAF1 Apoptotic peptidase
activating factor 1

Encoding of a cytoplasmic
protein that initiates apoptosis

5 NS 1.3% reduced conception rate Adams, H.
A. et al.
(2016)

SMC2 Structural
maintenance of
chromosomes protein

Role in DNA repair, chromosome
condensation and segregation
during cell division

8 MS 2.1% embryonic loss McClure,
M. C. et
al. (2014)

EXOSC4 Exosome component
4

Participation in RNA processing
and degradation

14 NS 0.3% embryonic lethality Charlier,
C. et al.
(2016)

FANCI Fanconi anemia
complementation-
group I

Essential for interstrand crosslink
repair

21 Del 2.7% brachyspina syndrome Charlier,
C. et al.
(2012)

GART Phosphoribosylglycin
-amide
formyltransferase

Required for de novo purine
biosynthesis

1 MS 1.2% death of the conceptuses
in the very first stages
after fertilization

Fritz et al.
(2013)

UBE2Z/
ATP5G1

Ubiquitin conjugating
enzyme E2/ATP
synthase F(0)
complex subunit C1

Encoding of an enzyme which
ubiquitinates proteins involved in
signaling pathways and
apoptosis/Encoding of a subunit
of mitochondrial ATP synthase

19 ERV
inser-
tion

2.0% inserted in between two
genes

-

RM11 Mitochondrial
ribosomal protein
L11

Encoding of a subunit component
of the mitochondrial ribosome

29 Del 4.4% processed pseudogene
without embryonic
lethal consequences

-

a MS: missense; NS: nonsense; ERV: endogenous retrovirus; Del: deletion
b minor allele frequency in high quality DNA; ‘-‘ no reference on the mutation in cattle
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Figure 1: The distribution of genotyped animals for the normal and derived variant of the Solute
carrier family 35 member A3 (SLC35A3) gene. Among the homozygotes for the normal variant
the green dots (n=4821) represent Belgian Blue animals and the blue dots indicate 7333
Holstein-Friesians and 1097 animals of other breeds. The heterozygotes are illustrated in purple
dots, which represent 565 Holstein–Friesians and 25 animals of other breeds.


