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We herein report the result of a large-scale, next generation sequencing (NGS)-based screen for embryonic lethal (EL) mu-

tations in Belgian beef and New Zealand dairy cattle. We estimated by simulation that cattle might carry, on average, ∼0.5
recessive EL mutations. We mined exome sequence data from >600 animals, and identified 1377 stop-gain, 3139 frame-shift,

1341 splice-site, 22,939 disruptive missense, 62,399 benign missense, and 92,163 synonymous variants. We show that cattle

have a comparable load of loss-of-function (LoF) variants (defined as stop-gain, frame-shift, or splice-site variants) as humans

despite having a more variable exome. We genotyped >40,000 animals for up to 296 LoF and 3483 disruptive missense,

breed-specific variants. We identified candidate EL mutations based on the observation of a significant depletion in homo-

zygotes. We estimated the proportion of EL mutations at 15% of tested LoF and 6% of tested disruptive missense variants.

We confirmed the EL nature of nine candidate variants by genotyping 200 carrier × carrier trios, and demonstrating the

absence of homozygous offspring. The nine identified EL mutations segregate at frequencies ranging from 1.2% to 6.6% in

the studied populations and collectively account for the mortality of ∼0.6% of conceptuses. We show that EL mutations

preferentially affect gene products fulfilling basic cellular functions. The resulting information will be useful to avoid at-

risk matings, thereby improving fertility.

[Supplemental material is available for this article.]

Livestock productivity has dramatically increased over the last 50
years. Milk production in Holstein cows has doubled from ∼6000
in 1960 to ∼12,000 kgs in 2000, and ∼75% of this change was ge-
netic (Dekkers and Hospital 2002). However, gains for producers
were partially eroded by concomitant decreases in disease resis-
tance and fertility. Pregnancy rate decreased by ∼6% in this popu-
lation over the sameperiod (Norman et al. 2009). It is assumed that
the reduced fertility results from the negative energy balance of
high-producing cows. A complementary explanation might be
an increase in premature pregnancy termination due to homozy-
gosity for embryonic lethal (EL) mutations.

This is supported by several observations. One is the recent
positional cloning of a quantitative trait locus (QTL) for fertility
in Nordic Red Cattle (Kadri et al. 2014). It was shown to be due
to a 660-kb deletion on Chromosome 12 that causes early embry-
onic lethality in homozygotes. The deletion was shown to segre-
gate at high frequencies in Nordic cattle (up to 16% in Finnish
Ayrshire) as a result of its positive effect on milk yield in heterozy-

gotes. Prior to its detection, it caused the death of up to ∼0.64% of
conceptuses in these breeds. Also, the realization that all or a sub-
stantial proportion of embryos homozygous for the DUMPS (defi-
ciency of uridine monophosphate synthase) (Robinson et al.
1983), CVM (complex vertebral malformation) (Thomsen et al.
2006), or BS (brachyspina syndrome) (Charlier et al. 2012) muta-
tions die before birth and are therefore never reported suggests
that other fully lethal (i.e., early mortality of all embryos) and
hence unsuspected ELsmight be segregating at fairly high frequen-
cies. As an example, the BS mutation was shown to segregate
at a frequency of 3.7% in Holstein Friesian and hence to cause
the mortality of ∼0.14% of conceptuses. The 660-kb deletion, as
well as the CVM and BS mutations, were identified using standard
forward genetics approaches (Georges 2007). In the case of CVM
and BS, this was possible because samples from affected indivi-
duals could be used for linkage and association analyses. The pop-
ulation frequency of the 660-kb deletion was high enough in
Finnish Ayrshire to significantly affect the breeding values for
fertility of carrier bulls, hence allowing QTL analysis. It is worth
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noting that in other Scandinavian breeds, in which the deletion
was segregating at frequencies ≤6% (hence still causing mortality
of 0.09% of conceptuses), QTL analysis was not possible, as the ef-
fect on the breeding values for fertility of this recessive EL was too
modest. Thus, phenotype-driven forward genetic approaches are
not suitable to identify ELs segregating at frequencies <∼10%
which is likely to be the case for the majority.

An alternative, genotype-driven approach has recently been
devised that takes advantage of the large cattle cohorts that have
been genotyped with genome-wide SNP arrays for genomic selec-
tion. The signals that are sought are depletions in homozygotes
(among live animals) for specific haplotypes assumed to be associ-
ated with EL mutations. This approach, combined with follow-up
studies of the corresponding haplotypes, has led to the identifica-
tion of six ELs in cattle (Fritz et al. 2013; Sonstegard et al. 2013;
Daetwyler et al. 2014; Pausch et al. 2015). However, at least two
conditions need to be met for this strategy to be effective: (1)
Very large cohorts (tens to hundreds of thousands of animals) gen-
otyped with medium- to high-density SNP arrays need to be avail-
able in the breeds of interest; and (2) linkage disequilibrium (LD)
between the EL and the cognate haplotype needs to be very
high, if not perfect (r2∼ 1). The former condition is only met for
few very popular breeds, including Holstein-Friesian, in which
three of six detected ELs were found. It is likely to remain a consid-
erable bottleneck, as low-density (∼10K) SNP arrays (which are not
suitable for haplotype-based analyses) are increasingly replacing
medium-density (∼50K) ones. The latter condition is likely to be
met for only part of the ELs, as most of the time LD between the
EL and the haplotype will be complete (D′ ∼ 1) but not perfect
(i.e., cognate haplotypes without the EL are also segregating in
the population). Thus, it is almost certain that other as of yet un-
known ELs still segregate in most livestock populations.

Tomake further progress in the identification of ELs in cattle,
we hereby apply a reverse genetics approach that takes advantage
of the growing amount of whole-exome and whole-genome NGS
data in livestock. The proposed approach consists in (1) mining
available sequence data for predicted loss-of-function (LoF) and
damaging missense (MS) variants, (2) genotyping large cohorts
for the corresponding candidates and identifying putative ELs on
the basis of a significant depletion in homozygotes, and (3) con-
firming the EL nature of the corresponding super-candidates on
the basis of a significant depletion in homozygotes in carrier × car-
rier matings.

Results

Expectations for the number of EL mutations

carried per individual

Diploidy has allowed the genome to increase in sizewhile insuring
at least one functional copy of each gene in the majority of indi-
viduals. Accordingly, most diploid individuals are assumed to
carry a number of lethal mutations in the heterozygous state. In
Drosophila melanogaster, this number has been estimated at ∼1.6
(e.g., Simmons and Crow 1977). Humans have been estimated to
carry an average of the order of ∼0.29 recessive mutations that
lead to complete postnatal sterility or death by reproductive age
when homozygous (Gao et al. 2015), or ∼1.4 postnatal “lethal
equivalents” (e.g., Sutter and Tabah 1953; Morton et al. 1956;
Bittles and Neel 1994). It remains unknown, however, how
many recessive mutations causing prenatal death when homozy-
gous are carried, on average, by humans or any other mammal.

The total number of recessive lethals (pre- and postnatal) carried
by individuals is a function of the number of recessive lethals
that segregate in the population as well as the frequency distri-
bution of their occurrence in the population. The actual values
of these parameters are unknown but can be estimated from the
knowledge of (1) the genomic target size for recessive lethal mu-
tations, (2) the rate of recessive lethal mutations in this target
space, and (3) the present and past effective population size.
Systematic knock-out programs conducted in the mouse indicate
that ≤25% of mammalian genes are essential, i.e., defined as
causing complete or partial preweaning lethality in homozy-
gotes (International Mouse Phenotype Consortium [IMPC] at
https://www.mousephenotype.org). This corresponds to a target
space of ∼2,500,000 codons (or ∼7,500,000 nt), and ∼90,000
splice-sites (or ∼180,000 nt) (Ng et al. 2009). Assuming (1) a single
nucleotide substitution rate of ∼10−8 per base pair and per gamete,
(2) that 3% of single nucleotide substitutions in codon space cause
illegitimate stop-gains (given the mammalian codon usage and a
transition/transversion ratio of 2), (3) that all single nucleotide
substitutions in splice-sites perturb splicing, and (4) a ∼25%
proportion of stop-gains and splice-site variants among lethal mu-
tations (deduced from the equivalent proportion among muta-
tions causing known recessive genetic defects; see, for instance,
The Human Gene Mutation Database [HGMD at http://www.
hgmd.cf.ac.uk]), the rate of recessive lethal mutations can be esti-
mated at ∼0.015 per gamete. We performed simulations under
these assumptions and estimated that the number of recessive le-
thals (pre- and postnatal; hereafter collectively termed ELs) carried,
on average, per individual increases with population size from
∼0.85 for an effective population size (Ne) of 100 to ∼7.7 for Ne

= 10,000. Interestingly, the frequency of death as a result of homo-
zygosity for EL remains nearly constant, diminishing only very
slightly from ∼1.73% at Ne = 100 to ∼1.54 at Ne = 10,000.
However, the proportion of these deaths due to “common” ELmu-
tations (defined as having a minor allele frequency [MAF]≥ 2%)
ranges from ∼98% when Ne = 100 to ∼0% when Ne = 10,000
(Table 1). Despite an actual population of several tens of millions
of animals, the effective population size of Holstein-Friesian dairy
cattle has been estimated at ∼100, as a result of intense selection
and widespread use of artificial insemination (de Roos et al.
2008). Despite an actual population size of billions, the effective
population size of humans has been estimated at ∼10,000, as a re-
sult of past bottlenecks. Thus, our simulations indicate that the
number of ELs segregating in dairy cattle populations may be of
the order of tens, and that the population frequency of many of
these may be of the order of 2% or more. Identifying these com-
mon ELsmay be an effective first step to reduce the number of em-
bryonic deaths from homozygosity for recessive lethals, thereby
improving fertility.

Identification of ∼94,000 nonsynonymous variants

in domestic cattle

We resequenced the whole genome of 496 animals from the New
Zealand dairy cattle (NZDC) population and 50 Belgian Blue Cattle
(BBC) at an average depth of 11 (range: 3–148). In addition, we
resequenced the exomeof 78 animals representing six cattle breeds
(Bos taurus) at an average depth of 40 (range: 18–100). Sequencing
was carried out using reversible terminator chemistry on HiSeq
2000 instruments (Illumina) and SureSelect Target Enrichment re-
agents (Agilent) for exome sequencing. Sequence reads were
mapped to the Bostau6 bovine reference genome using BWA (Li

Charlier et al.

1334 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 14, 2026 . Published by genome.cshlp.orgDownloaded from 

https://www.mousephenotype.org
https://www.mousephenotype.org
https://www.mousephenotype.org
https://www.mousephenotype.org
https://www.mousephenotype.org
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://www.hgmd.cf.ac.uk
http://genome.cshlp.org/
http://www.cshlpress.com


and Durbin 2009). Exomic variants were identified using GATK
and corresponding best practices (McKenna et al. 2010). Effects
on gene function of the identified variants were predicted using
Variant Effect Predictor (McLaren et al. 2010).We identified a total
of 186,112 exonic variants, including 1377 stop-gain, 112 stop-
loss, 3139 frame-shift, 1341 splice-site, 85,338 missense, and
92,163 synonymous variants (Supplemental Table S1). Of themis-
sense variants, 22,939 were predicted by SIFT and/or PolyPhen to
be disruptive/damaging (Kumar et al. 2009; Adzhubei et al.
2010). To ensure that the differences in nucleotide diversity ob-
served between the human (BAM files downloaded from the
1000 Genomes Project) and bovine samples (sequenced at the
University of Liège [ULg]) would not be merely technical artifacts,
we compared the nucleotide diversity obtained with the 1000
Genomes BAM files with those obtained for 10 human samples se-
quenced at the ULg using the same experimental conditions
(Supplemental Material S1).

Domestic cattle have a comparable LoF load as

humans despite a more variable exome

It has been shown that humans carry, on average, ∼120 loss-of-
function variants defined by MacArthur et al. (2012) as frame-
shift, splice-site, stop-gains, and large deletions. To rigorously
compare the mutational load of humans and domestic cattle, we
selected 148,913 conserved coding exons from the human-bovine
genome alignment (amounting to ∼58% of coding exon space)
(see Methods) captured by Agilent’s bovine SureSelect Target
Enrichment assay. Within this sequence space, we called genetic
variants in 59 exome-sequenced cattle and 60 humans using
BAM files that were either generated in-house or downloaded
from the 1000 Genomes Project (http://www.1000genomes.org/).
From these data, we extrapolated (to the entire exome) that
Yorubans are, on average, heterozygous at ∼9000 (9 K) synony-
mous (S) and ∼5.4 K nonsynonymous (NS) sites, while European
and Asians are heterozygous at ∼6.3 K S and ∼4.0 K NS positions,
in agreement with previous estimates (Fig. 1A; e.g., The 1000
Genomes Project Consortium 2010, 2012). In contrast, domestic
cattle are, on average, heterozygous at 13.2 K S and 5.9 K NS posi-
tions (Fig. 1B). Thus, present-day domestic cattle are genetically

more variable than humans, including Africans. The observed S/
NS ratios are ∼4.6- and ∼6.3-fold larger than expected in humans
and cattle, respectively, supporting enhanced purifying selection
on NS variants as expected (more so in cattle; see hereafter).
Humans were estimated to be heterozygous for 58 (range: 31–85)
and homozygous for 9 (range: 0–21) LoF variants (excluding large
deletions), which is also in agreement with previous studies (Fig.
1C; MacArthur et al. 2012). Domestic cattle were heterozygous
for 51 (range: 25–82) and homozygous for 7 (range: 0–21) LoF var-
iants (excluding large deletions), and this was significantly (P =
0.002) lower than humans (Fig. 1D). Thus, despite the higher over-
all genetic variation observed in domestic cattle, their load of LoF
variants is equivalent, if not somewhat lower than that of humans.

Estimating the proportion of EL among LoF and

missense variants from population data

The observed number of ∼120 LoF variants per individual is
∼20-fold larger than the ∼1–5 recessive lethals estimated to be car-
ried, on average, by individuals (see above). This discrepancy is
thought to reflect the importance of molecular redundancy and
the high proportion of developmentally nonessential genes. The
identification of the minority of EL mutations among the many
LoF variants remains a considerable challenge.

To gain insights into the proportion and nature of EL muta-
tions among LoF variants in cattle, we mined the available lists
of bovine variants for frame-shift, splice-site, and stop-gain vari-
ants. Moreover, we identified missense variants predicted by
PolyPhen2 to be damaging and/or by SIFT to be deleterious
(Kumar et al. 2009; Adzhubei et al. 2010). The corresponding list
of candidate ELs was manually curated for possible sequencing
or alignment artifacts using IGV (Robinson et al. 2011), including
confirmation of the genemodels using fetal RNA-seq data. We fur-
ther selected variants for which none of the well-covered se-
quenced individuals were homozygous and which were breed-
specific (see Methods). We selected 3779 candidate EL variants
in the NZDC population (including 296 LoF and 3483 missense),
and 1050 in the BBC population (108 LoF, 942 missense), and
added them as custom variants to new designs of the Illumina
bovine LD SNP arrays. Moreover, we added 200 breed-specific

Table 1. Estimation, by simulation (≥2000 generations), about lethal mutations as a function of the effective population size (Ne; range:
50–10,000) and the rate of recessive lethal mutations per gamete (MU; 0.01 or 0.015)

Ne MU NR SEGR SITESa NR MUT/INDb MUT FREQc % DEATHd %> 0.02e

50 0.01 4.84 (2.30) 0.37 (0.22) 3.74 (1.64) 1.05 (1.82) 1
0.015 7.36 (2.85) 0.58 (0.31) 3.96 (1.44) 1.87 (2.38) 0.98

100 0.01 11.01 (3.34) 0.53 (0.21) 2.41 (0.69) 1.01 (1.18) 0.94
0.015 17.19 (4.60) 0.85 (0.30) 2.49 (0.58) 1.73 (1.60) 0.98

500 0.01 68.42 (8.86) 1.14 (0.22) 0.84 (0.11) 1.02 (0.60) 0.7
0.015 104.77 (10.83) 1.78 (0.28) 0.85 (0.09) 1.69 (0.75) 0.69

1000 0.01 151.58 (13.51) 1.65 (0.21) 0.54 (0.05) 1.07 (0.40) 0.48
0.015 220.54 (15.18) 2.29 (0.22) 0.52 (0.04) 1.39 (0.45) 0.43

5000 0.01 899.31 (27.71) 3.53 (0.19) 0.2 (0.01) 0.99 (0.18) 0.02
0.015 1366.06 (41.38) 5.37 (0.22) 0.2 (0.01) 1.5 (0.19) 0.02

10,000 0.01 1925.4 (43.46) 4.95 (0.16) 0.13 (0.01) 0.99 (0.12) 0.0006
0.015 2936.68 (55.92) 7.7 (0.19) 0.13 (0.00) 1.54 (0.14) 0.0001

Simulations were conducted assuming complete selection against homozygotes. Numbers in parentheses correspond to standard deviations. Values
for Ne = 100 and Ne = 10,000, corresponding to the effective population size of cattle and human, respectively, are in bold.
aNumber of segregating recessive lethal mutations.
bNumber of recessive lethals carried, on average, per individual.
cAverage frequency of the corresponding recessive lethals in the population.
dPercentage (total) of conceptuses dying as a result of homozygosity for a recessive lethal mutation.
ePercentage of these deaths (cf. footnote d) that are due to homozygosity for common recessive lethal mutations (defined as MAF ≥ 0.02).
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synonymous variants as “matched controls” to one of the BBC de-
signs (Supplemental Table S2). We genotyped ∼35,000 NZDC and
≥6300 BBC healthy animals. For all variants on the array, we
computed the statistical significance (log[1/p]) of the depletion
in homozygosity for the minor allele (versus within-breed
Hardy-Weinberg expectation) (Fig. 2; Supplemental Fig. S1; see
Methods). Wewere struck by the occurrence, in both populations,
of candidate EL variants without homozygote mutant animals de-
spite population frequencies ≥1.3% (NZDC) and 1.8% (BBCB),
while this was never observed for any one of the thousands of neu-
tral (N) variants on the arrays. This suggested that the interrogated
LoF and missense variants might indeed harbor EL mutations.
Alternatively, the observed difference between candidate EL and
N variants might reflect their distinct ascertainment scheme. As
an example, interrogated LoF and missense variants were selected
to be breed-specific and hence probably younger on average than
the N variants shared by multiple breeds. To account for this pos-
sible discrepancy, we compared the behavior of candidate EL var-
iants with a set of breed-specific synonymous variants, selected
using the same criteria as the LoF and missense variants in BBC.
Contrary to LoF and missense variants, there was not a single syn-
onymous variant with population frequency ≥2.2% without ho-
mozygote individuals, again suggesting the occurrence of ELs
among interrogated LoF and missense variants. The proportion
of LoF variants without homozygotes was 0.348 (±0.050), while
it was 0.228 (±0.038) for equally sized (50) sets of frequency-
matched synonymous variants. The same numbers were 0.233 (±
0.056) and 0.185 (±0.044) for frequency-matched sets of missense
and synonymous variants. From this, we estimated the proportion
of ELs at 15.5% of tested LoF variants and 5.9% of tested missense
variants (see Methods).

Confirming the embryonic lethality of nine common

LoF variants in carrier-carrier matings

To provide direct evidence of their embryonic lethality, we retro-
spectively genotyped 25 trios (carrier sire, carrier dam, healthy off-
spring), on average (range: 8–50), for the (at the time) most
significant four LoF and single missense variants in BBC, and for
the (at the time) most significant three LoF and single missense
variants in NZDC, all with MAF ≥1.2%, and without observed ho-
mozygotes. Using information from the matched S variants in
BBC, we estimated the proportion of ELs among LoF andmissense
variants without homozygotes at 0.44 and 0.25, respectively (see
Methods). Genotyping was done directly for 141/200 trios and
by combining direct genotyping in the parents with linkage anal-
ysis for 59/200 trios (seeMethods). No homozygous offspring were
observed in the 200 offspring, supporting the embryonic lethality
of the nine tested variants (four in NZDC and five in BBC). Ratios
between homozygote wild-type and carrier animals did not depart
significantly from the expected 1:2 in these crosses (P≥ 0.13).
Eight of these genes are broadly expressed and code for proteins
fulfilling essential housekeeping processes, such as DNA replica-
tion, transcription, and RNA processing. Expected cis-eQTL effects
were observed in mammary gland for the three LoF variants pre-
dicted to cause nonsensemediated RNA decay (OBFC1 frame-shift,
TTF1 stop-gain, and RNF20 stop-gain) (Supplemental Material S2).
Frequencies of the identified ELs averaged 3.2% and ranged from
1.2% to 6.6% (Table 2).

Identifying nonlethal coding variants with phenotypic effects

Some variants were characterized by a pronounced depletion in
homozygotes in the general population despite the occurrence

Figure 1. (A,B) Number of heterozygous synonymous (gray) and nonsynonymous (yellow) sites per individual (A: humans; B: bovine). (C,D) Number of
heterozygous stop-gain (squares), splice-site (triangles), and frame-shift (circles) sites per individual. CHB: Chinese; JPT: Japanese; FIN: Finns; GBR: Britons;
CEU: Northern Europeans; YRI: Yorubans; ANG: Angus; BBB: Belgian Blue; CHA: Charolais; HOL: Holstein-Friesian; JER: Jerseys; SIM: Simmentals.
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of presumably healthy homozygous individuals. This suggests that
selection acts against homozygotes, albeit without causing early
death. Indeed, one of these variants proved to be a splice-site mu-
tation in the GALNT2 gene, encoding polypeptide N-acetylgalac-
tosaminyltransferase 2. It was recently identified by a standard
forward genetic approach as the mutation causing “Small Calf
Syndrome” in NZDC (M Littlejohn, pers. comm.). Another is a
common (13% frequency in BBC) missense variant in the
WWP1 gene, encoding the WW domain containing E3 ubiquitin
protein ligase 1. The ≥6300 genotyped BBC animals included
581 bulls with an average of 331 (range: 1–4706) offspring records

for more than eight traits pertaining to
muscularityandstature,allowingcompu-
tation of breeding values. A genomewide
association study (GWAS) using these
breeding values indicated that the
R844Q WWP1 variant very significantly
increased muscularity, while decreasing
stature (Supplemental Fig. S2). This
strongly suggests that its observed high
frequency inBBCresults fromyetanother
example of balanced polymorphism op-
erating in intensely selected livestock
populations (Hedrick 2015).

Lack of evidence for synergistic epistasis

It has been suggested that deleterious
variants are more effectively purged
frompopulations as a result of synergistic
epistasis, i.e., that multiple deleterious
genetic variants have a larger cost on fit-
ness than expected from theirmultiplica-
tive effects. This hypothesis predicts that
individuals carrying multiple deleterious
variants will be fewer than expected as-
suming randomassortment. Recent anal-
yses of the GoNL sequence data suggest
that synergistic epistasismight be operat-
ing in humans (Sohail et al. 2016). We
tested the hypothesis using the large
genotype database generated as part of
this study. Analyses were conducted in
the BBC population, separately for LoF
and missense variants. We observed no
evidence for an underrepresentation of
animals carrying multiple LoF or mis-
sense variants in either of these popula-
tions (Supplemental Material S3).

Discussion

Making reasonable assumptions about
the genomic target size for recessive
lethal mutations (∼9 × 106 bp), the pro-
portion of lethal mutations among all
mutations in this space (∼15%), and a
mutation rate per base pair of 10−8, we
herein estimate by simulation that the
number of ELs carried, on average, per in-
dividual increases with effective popula-
tion size (Ne) from ∼0.5 for Ne = 100 to
∼5 forNe = 10,000, corresponding to esti-

mates of the effective population size for domestic cattle and hu-
mans, respectively. We show that the percentage of conceptuses
that will die from homozygosity for EL mutations is independent
of effective population size and on the order of ∼1% under our
model. We show that the majority of these deaths involve on
the order of tens of ELs segregating at frequencies >2% in domestic
cattle, while likely involving a very large number of rare EL variants
in human.

We then show that the exome of domestic cattle is more var-
iable than that of humans, when considering both synonymous
and nonsynonymous variants. These findings are in agreement

Figure 2. Statistical significance [−log(p): y-axis] of the depletion (positive values) or excess (negative
values) inhomozygotes for loss-of-function (red;definedas frame-shift, splice-site, andstop-gainvariants),
missense (yellow), matched synonymous (blue), and random neutral (small gray) variants ordered bymi-
nor allele frequency (MAF: x-axis), based on the genotyping of 6385 healthy BBC (A) and 35,219 healthy
NZDC (B) animals. Variants that have been subsequently tested in carrier × carrier matings and proven to
be embryonic lethals (EL) are labeled in italics and bold.WWP1, shown to affectmuscularity, andGALNT2,
shown to cause growth retardation, are labeled in italics. For NZDC (B), MAFs were computed across
breeds (NZ Holstein-Friesian, NZ Jersey, and NZ cross-bred), explaining the differences with the within-
breed MAF reported in Table 2, and the high proportion of variants with negative −log(p) values. Insets:
loss-of-function-variants-alone graphs for the corresponding BBC (A) and NZDC (B) populations.
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with recent estimates of nucleotide diversity (based on whole-ge-
nome sequence data) shown to be higher in domestic cattle
(1.44/kb) than in humans (Yoruba: 1.03/kb; European: 0.68/kb)
(Daetwyler et al. 2014). The mutation rate in the cattle germ-line
has recently been estimated at∼1.1 × 10−8 per base pair per gamete
(M Georges, unpubl.), hence near identical to human. This
strongly suggests that the past effective population size of domes-
tic cattle was larger than that of humans (e.g., MacEachern et al.
2009). Thus, against expectations, the bottlenecks undergone by
cattle as the result of the domestication process appeared to have
been less severe than the bottlenecks undergone by humans, in-
cluding Africans. One explanation for this is that domestication
of cattle has been a long-lasting process with a sustained flow of
genes from the wild (with large effective population size) into
the domestic populations. Another possible cause of the observed
higher nucleotide diversity in domestic cattle when compared to
humans is that domestication involved subspecies of wild bovids
carrying highly divergent haplotypes. Thus, present-day domestic
taurine cattle might in fact have a mosaic genome tracing back to
distinct wild subspecies. This phenomenon is certainly well docu-
mented in European domestic pig breeds, in which alleles tracing
back to Asian wild boars segregate in a genomewith originates pri-
marily from European wild boars (e.g., Van Laere et al. 2003;
Groenen et al. 2012; Bosse et al. 2014).

When focusing on LoF variants, however, it appears that hu-
mans carry, on average, more such variants than cattle. We attri-
bute this apparent conundrum to the fact that deleterious
recessive alleles are being purgedmore effectively andmore rapidly
from the genome of present-day domestic cattle than from that of
humans as a result of the rapid increase in inbreeding following
breed creation and initiation of intense selection programs partic-
ularly in the nineteenth and twentieth centuries (including the
widespread use of artificial selection) (Goddard et al. 2010). In
agreement with this hypothesis, we observe that the S/NS ratios
are larger in domestic cattle (∼6.3) than in humans (∼4.6), testify-
ing to stronger purifying selection in cattle than in humans.

We havemined exome sequence data from >500 animals and
have identified >400 candidate LoF and >4400 deleterious mis-
sense variants which we have genotyped in large cohorts of
35,000 and 6300 animals in NZDC and BBC cattle, respectively.
From the observed proportion of variants without homozygotes
among healthy individuals, we have estimated that∼15%of tested
LoF variants and ∼6% of tested missense variants might be ELs.
These percentages increase to 44% (LoF) and 25% (missense)
when restricting the analysis to variants without homozygotes
among healthy individuals. We have tested the ELs of nine of
themost commonof these candidate EL variants in carrier × carrier
matings, indeed confirming their lethality. Not unexpectedly, the
corresponding genes are broadly expressed and code for proteins
fulfilling essential housekeeping functions, including DNA repli-
cation, transcription, and RNA processing. We estimated the pro-
portion of affected conceptuses (i.e., homozygous for at least one
of the nine reported ELs) to be ∼0.64% in the NZDC and
∼0.61% in the BBC populations, corresponding to ∼7600 and
∼3000 embryos, and an estimated cost of 13.8 million NZ$ and
2.7 million E, respectively. In offspring of sires that are carrying
the most common ELs, these proportions reach ∼3.3% in the
NZDC and ∼2.7% in the BBC populations, respectively. Knowing
the genotypes of sires and dams for the corresponding EL variants
will assist in avoiding at-risk matings, thereby improving fertility.

There remain two frame-shift and eight missense variants
with population frequency >1% in the BBC population, of which

the EL status has not yet been confirmed in carrier × carrier mat-
ings. At least four of these affect genes fulfilling essential functions
(Supplemental Table S2). Our prediction is that these are likely ELs
as well and work to test this is in progress.

Thus far, a number of ELs have been identified in livestock by
taking advantage of large cohorts that were SNP-genotyped for ge-
nomic-selection purposes and identifying haplotypes never ob-
served in homozygous form. The corresponding haplotypes are
then sequenced to identify the putative EL mutations (e.g.,
Pausch et al. 2015). This approach is only effective if (1) the ELs
are in complete linkage disequilibrium (r2∼ 1) with the corre-
sponding haplotypes, and (2) large enough SNP-genotyped co-
horts are available (which is the case for only very few breeds).
Retrospective analyses indicate that only the single most common
of the four ELmutations inNZDC (inOBFC1) would have been de-
tected using this standard approach (Supplemental Material S4).
For the remaining ones, the ELs are only in perfect LD (D′ ∼ 1; r2

< 1) with flanking haplotypes, indicating that equivalent wild-
type haplotypes still segregate in the population, hence obscuring
the signal. Thus, more ELs are likely to segregate in the studied
populations than might be suspected from haplotype-based anal-
yses alone. The absence of large SNP-genotyped cohorts in BBC (as
in most other smaller breeds) precluded the use of the haplotype-
based approach. Our results demonstrate the efficacy of an NGS-
based reverse genetic screen even in smaller populations.

We observe a significant departure from Hardy-Weinberg
equilibrium for some of the tested variants showing a depletion
in (yet existence of) homozygotes. This could be due to the con-
tamination of the supposedly healthy cohort with affected indi-
viduals, particularly for variants causing mild phenotypes. This
was likely the case for the splice-site variant in the GALNT2 gene
causing a form of dwarfism in the NZDC population.
Alternatively, the expressivity may be variable up to the point of
incomplete penetrance, such that a proportion of homozygotes
may appear healthy and be included in the cohort. Selection
should nevertheless act against such variants and drive them to-
ward low frequencies. We observed a missense variant in the
WWP1 gene showing a striking depletion in homozygotes yet hav-
ing an allelic frequency as high as 13% in the BBC population. We
provide evidence that this is likely due to the fact that it positively
affects desirable phenotypes in the heterozygotes while being del-
eterious in the homozygote state. Thus, these variants, especially
the most frequent ones, possibly encompass additional examples
of balancing selection, which increasingly appear to be common-
place in domestic animals (e.g., Hedrick 2015).

In addition, this study yields a cohort of animals that appear
normal at first glance despite being homozygous for obvious LoF
variants in genes deemed essential. The list included homozygous
mutants for NME7 (NDK7), SYNE2, SLC9A9, and FREM1
(Supplemental Table S2). Such animals will be deeply phenotyped
to possibly uncover physiological perturbations that might be
medically pertinent as illustrated by PCSK9, CCR5, ACTN3,
CASP12, and SCN9A knockouts in humans (Kaiser 2014;
Alkuraya 2015).

Methods

Simulations

To estimate the number of ELs carried on average per individual,
we simulated the reproduction of panmictic populations with
constant effective population size ranging from 50 to 10,000 for
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10,000 generations. At every generation, gametes had a probability
of 0.01 to be affected by a novel recessive lethal mutation, which
was always considered to be distinct and affecting another gene
compared to all othermutations already present in the population.
All mutations were assumed to segregate independently of each
other (no linkage). Individuals that were homozygous for any of
the segregating mutations were removed from the population
with compensatory reproduction.

Next generation sequencing

Genomic DNA was extracted from sperm or whole blood using
standard procedures. For whole-genome resequencing, PCR-free li-
braries were generated and sequenced (100-bp paired ends) on
HiSeq 2000 instruments by Illumina’s FastTrack services for the
NZDC samples, and at the CNAG (Barcelona) for the BBC samples.
For exome sequencing, enrichment was conducted using the Sure
Select Target Enrichment Reagents (Agilent), and sequencing con-
ducted on HiSeq 2000 instruments at the GIGA Genomics plat-
form at the University of Liège.

Variant calling

Sequence reads were aligned to the bosTau6 reference genome us-
ingBWA(LiandDurbin2009).PCRduplicateswere identifiedusing
Picard (http://picard.sourceforge.net/). Local indel realignment
and base quality score recalibration was conducted with GATK
(McKenna et al. 2010). Variants were called using UnifiedGeno-
typer for the NZDC and exome samples, and using the GATK Hap-
lotype caller (McKenna et al. 2010) for the BBC samples. Variant
quality score recalibrationwas conductedusingGATKVariantReca-
librator (McKenna et al. 2010) using the Illumina BovineHDGeno-
typing BeadChip variants and a subset of newly detected sequence
variants showing correct Mendelian segregation within a large se-
quenced nuclear pedigree as reference sets.

Comparing the mutational load of human and bovine exomes

Bovine exome sequencing was generated as described above. Data
from60 unrelatedhuman exomeswere downloaded from ftp://ftp-
trace.ncbi.nih.gov/1000genomes/ftp/data/ and down-sampled to
match the distribution of sequence depth of the bovine samples
using GATK. Variants were called using GATK’s UnifiedGenotyper
(McKenna et al. 2010) as described above. The comparison of the
mutational load was restricted to 148,913 coding exons that
were nonredundant, 1:1 alignable, and of equal size in human
and bovine, flanked by canonical splice-sites, and autosomal.
Olfactory receptor genes were ignored. Variant sites were only con-
sidered if coverage ≥20 and mapping quality ≥30. Additional fil-
ters for qualifying SNPs were: QD < 2.0, MQ< 40.0, FS > 60.0,
ReadPosRankSum <−8.0, MQRankSum <−12.5, and for qualifying
indels: QD < 2.0, FS > 200.0, ReadPosRankSum <−20.0. Heterozy-
gosity was calculated for each individual as the number of hetero-
zygous sites divided by the total number of qualifying sites
(coverage≥ 20 and MQ≥ 30). Variants were annotated as S, MS,
SS, FS, and SG mutation based on the human RefSeq gene model.

Testing for depletion in homozygosity

The significance of the depletion in homozygosity was computed
using a standard likelihood ratio test corresponding to
LRT = 2ln(kL|H1l/kL|H0l in which

kL|H1l = nmm

nmm + nm+ + n++

( )nmm

× nm+ + n++
nmm + nm+ + n++

( )nm++n++

and

kL|H0l = 2× nmm + nm+
2× (nmm + nm+ + n++)

( )2×nmm

× 1− 2× nmm + nm+
2× (nmm + nm+ + n++)

( )2
( )(nm++n++)

.

In these, nxx corresponds to the number of animals with
corresponding genotype (m: mutant, +: wild-type allele). LRT
was assumed to have a χ2 distribution with one degree of freedom
under the null.

Estimating the proportion of ELs among LoF andmissense variants

The proportion of ELs amongLoF (respectively,missense) variants,
p, was estimated as p = b− a/1− a, where b is the proportion of in-
terrogated LoF (respectively, missense) variants without homozy-
gotes and a is the average proportion of variants without
homozygotes among size- and frequency-matched sets of control
“S” variants (cf. main text). This is derived from the assumption
that b = p+ (1− p)a.

The proportion of ELs among LoF (respectively, missense)
variants without homozygous animals, q, was estimated as

q = p
b
= b− a

b 1− a( ) ,

where b and a are defined as above.

Testing for synergistic epistasis

To test for synergistic epistasis, we permuted (1000×) genotypes for
LoF and/or missense variants among genotyped individuals (sepa-
rately for each variant). We then examined the distribution of the
number of individuals carrying 0, 1, 2,… n LoF/missense variants,
looking for a depletion of individuals carrying multiple mutations
when compared to the simulated data.

Data access

VCF files (GATK) and individual BAM files (BWA) from this study,
corresponding to the annotated exonic sequences of the full bo-
vine data set, have been submitted to the European Nucleotide
Archive (ENA; http://www.ebi.ac.uk/ena/) under accession num-
ber PRJEB14827.
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