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ABSTRACT

We scanned the genome of 77,815 Normande cattle
with different Illumina SNP chips (Illumina Inc., San
Diego, CA) to map recessive embryonic lethal mutations using homozygous haplotype deficiency. We detected 2 novel haplotypes on chromosomes 11 and 24
but did not confirm 6 previously reported haplotypes.
The one on chromosome 11 showed a marked reduction
in conception rates and moderate decrease in nonreturn
rate in at-risk versus control mating, supporting late
embryonic mortality. After fine mapping and analyzing whole-genome sequences, we prioritized a missense
mutation in CAD (g.72399397T>C; p.Tyr452Cys)—a
gene encoding a protein (carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase) essential for de novo pyrimidine biosynthesis—as
a candidate causal variant. This transition mutation
replaces a tyrosine residue, which is perfectly conserved
among living organisms, with a cysteine residue in the
carbamoyl-phosphate synthetase 2 domain of the protein. A single animal was confirmed to be homozygous
for the mutation based on Sanger sequencing. However,
large-scale genotyping of the candidate variant with the
Illumina EuroG10k BeadChip revealed an absence of
live homozygotes in a panel of 33,323 Normande animals and an absence of carriers in 348,593 animals from
19 other cattle breeds. These results support recessive
embryonic lethality with nearly complete penetrance,
as was previously reported in CAD mutants in several
eukaryote species. The only homozygous cow had extremely poor udder conformation, suggesting a potential
role of CAD in udder development, but no effect was
detected when comparing daughter yield deviations of
250 heterozygous bulls with that of 2,912 homozygotes
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for the ancestral allele. Together, our results showed
the importance of large-scale screening for homozygous
haplotype deficiency with hundreds of thousands of animals, validating results with an independent data set,
and considering unexpected live homozygotes, to avoid
both false-positive and false-negative discoveries. These
discoveries will be used primarily in mating decisions
to avoid at-risk mating. In addition, we recommend
including CAD in the breeding objectives of Normande
cattle.
Key words: embryonic lethal, CAD, homozygous
haplotype deficiency, dairy cattle, large-scale genotyping
INTRODUCTION

Inbreeding and genetic drift have increased substantially in dairy cattle over the last decades due to
the extensive use of a few elite AI sires (Weigel, 2001;
Bjelland et al., 2013). This situation can increase the
frequency of some deleterious alleles in the population,
and thus unmask recessive genetic defects affecting
various fitness traits (Cole et al., 2016).
Homozygosity mapping is an efficient approach to
map such recessive deleterious alleles with few inbred
live cases (Charlier et al., 2008). However, it requires
the prior detection of live animals showing distinctive
features, which is not possible for all types of genetic
defects (e.g., when homozygotes die very early in the
gestation period or when they display symptoms that
can be confounded with nongenetic diseases). VanRaden
et al. (2011) proposed a new approach for identifying
recessive genetic defects from large-scale screening of
homozygous haplotype deficiency (HHD). Embryonic
lethality or increased perinatal mortality is suspected
when homozygotes are significantly less frequently observed than expected based on population frequency.
This approach enabled the detection of several haplotypes with both complete and incomplete penetrance in
several breeds (Sahana et al., 2013; Pausch et al., 2015;
Schwarzenbacher et al., 2016a), though it required tens
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or hundreds of thousands of genotyped individuals for
rarer disorders.
However, some of these haplotypes could not be confirmed in independent studies, possibly because of falsepositive results or population structure within a breed.
For example, haplotypes HH2 in Holstein and BH1 in
Brown Swiss showed significant HHD in the United
States (VanRaden et al., 2011) but not in Europe (Fritz
et al., 2013; Segelke et al., 2016; Fritz et al., 2018).
For this reason, and because no phenotypic association
and candidate mutation have been reported so far (McClure et al., 2014), HH2 and BH1 have been recently
removed from the list of genetic defects considered by
the National Association of Animal Breeders (NAAB)
in the United States (Olivier Bulot, World Brown Swiss
Federation, Paris, France, personal communication).
Previous studies have highlighted the importance of
large-scale genotyping to validate candidate causal mutations (Schwarzenbacher et al., 2016a,b; Michot et al.,
2017; Fritz et al., 2018). Our team recently excluded a
candidate variant in the SHBG gene for MH1 haplotype
in Montbéliarde cattle (Fritz et al., 2013) and validated
a new causal variant in the PFAS gene (Michot et al.,
2017).
Fritz et al. (2013) reported 6 haplotypes—Normande
haplotype (NH)1 to NH6—showing significant HHD in
11,466 Normande cattle, including 4 that also showed
some reduction in conception rate in at-risk versus
control mating. In this large-scale screening, we were
interested in validating these haplotypes in Normande
cattle, detecting novel loci, and when possible, identifying causal variants.
MATERIALS AND METHODS
Study Samples and Genotype Data

We analyzed 77,815 Normande cattle from the French
genomic evaluation database genotyped between the
year 2008 and 2018 with different Illumina SNP chips
(Illumina Inc., San Diego, CA), including the 777K BovineHD BeadChip, 50K BovineSNP50 BeadChip (Matukumalli et al., 2009), BovineLD BeadChip (Boichard
et al., 2012a), and EuroG10K BeadChip (Boichard et
al., 2018). In the total data set, 27,632 animals had both
parents genotyped, and 49,690 had sire and maternal
grandsire (MGS) genotyped. The others (353 and 140
animals with no or only a single parent genotyped, respectively) were included as sires or MGS only. Because
this data set included all animals studied by Fritz et
al. (2013), we also performed a specific analysis on this
subpopulation. This data set comprised 2,303 animals

with both parents genotyped, and 9,163 animals with
sire and MGS (but not dam) genotyped, as well as 111
sires or MGS with no or a single parent genotyped.
Quality control of the genotype data was carried
out following the French genomic evaluation pipeline.
This included (1) filtering of low-quality genotypes,
(2) verifying the pedigree for Mendelian inconsistency,
and (3) phasing and imputing genotypes (Sargolzaei et
al., 2014) from low to medium density (for details, see
Boichard et al., 2012b). After quality control, 43,801
autosomal SNP from the BovineSNP50 BeadChip were
kept for subsequent analysis. The genomic coordinates
presented in this study refer to bovine genome assembly
UMD3.1 (Zimin et al., 2009).
Screening for HHD

Following the method used by VanRaden et al. (2011)
and Fritz et al. (2013), we screened the 29 bovine autosomes, with sliding windows of 20 consecutive markers,
for HHD. We counted occurrences of every haplotype
and calculated population frequency from the maternal
chromosomal phases. In addition, we estimated the
expected number of homozygotes using within-family
transmission probability, such as from carrier sires
and dams to offspring or from carrier sires and MGS
(with ungenotyped dam) to offspring. For subsequent
analyses, we considered haplotypes with population frequency greater than 1.0%, representing on average 17
different haplotypes for each 20-marker window (range
4 to 34 haplotypes). In total, we performed 717,747
tests to identify HHD, and therefore considered haplotypes with P < 1.39 × 10−8 for further analysis, after
correcting for multiple testing at 1% level of significance. The expected number of homozygotes (lambda)
assuming neutrality was computed from sire, dam, or
MGS genotypes and frequency in the population as in
Fritz et al. (2013). We calculated the probability of
observing q homozygotes with expectation of lambda,
using the Poisson distribution “ppois(q, lambda)” function in R software (version 3.4.3; R Core Team, 2017).
After multiple testing correction, we considered haplotypes for further analysis when the ratio of observed to
expected homozygotes was less than 0.25.
Comparison of Haplotype Status for NH1 to NH6
in 2013 and Present Studies

Haplotype status as computed by Fritz et al. (2013)
was available for 2,364 AI bulls out of the 11,466
animals initially studied. We compared carrier status
between the 2 studies for these animals.
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Analysis of the Survival of Animals
Homozygous for NH2

Information on the date of birth, date of death and
cause (slaughter or natural death) was extracted from
the French genomic evaluation database for 228 females homozygous for NH2 and 8,871 nonhomozygous
paternal half-sisters. In both groups, we evaluated the
proportion of animals that died of natural causes at 1,
2, and 3 yr of age.
Evaluation of Haplotype Effect on Fertility Traits

We evaluated the haplotype effect on 2 “binary”
female fertility traits, conception rate (CR) and nonreturn rate at 56 d (NRR56), separately in heifers
and lactating cows, using phenotypic records from the
French genomic evaluation database (period January
2000 to May 2018). The CR was defined as a measure
of success (1) or failure (0) of each insemination, assessed by a calving after a compatible gestation length;
NRR56 measures whether a female is reinseminated
within 56 d after a previous insemination. It was coded
0 if at least one insemination is recorded within this period and 1 otherwise. As both phenotypes are routinely
evaluated in the French national evaluation system,
nongenetic effect estimates (e.g., effects of herd × year,
year × month of insemination, parity, DIM, AI technician, use of sexed semen) were available and used to
preadjust the phenotypes of these 2 traits. The mating
class was coded 1 for at-risk mating (between carrier
bulls and daughters of carrier bulls), and 0 for nonrisk
mating (all other combinations of genotypes regarding
the bulls and the sires of the dams). We analyzed the
phenotypic effect of the haplotype between at-risk mating and nonrisk mating using the following fixed-effect
model:
Yijk = µ + sire j + mating -classk + eijk ,

where Yijk represents the phenotype of interest (i.e.,
adjusted CR or NRR56), µ is the overall phenotypic
mean, sirej is the fixed sire effect, mating-classk is the
fixed effect of the mating status, and eijk is the random residual error. The analysis was performed using
the GLM procedure of SAS software (version 9.4; SAS
Institute Inc., Cary, NC). In addition, we calculated
the expected decrease in fertility, assuming full lethality
under homozygosity, using the formula

1 
1
 µ,

4  2 − fhap _ k 
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where fhap_k is the frequency of haplotypek, and µ is the
phenotypic mean for CR or NRR56 (as in Michot et
al., 2017).
Fine Mapping the NH7 Locus

To fine map the causal mutation associated with the
newly detected NH7 haplotype, we followed the approach used by Sonstegard et al. (2013) and Fritz et al.
(2018). Briefly, this consisted in identifying phenotypically normal animals presenting a run-of-homozygosity
(ROH) on either side of the candidate haplotype
among the inbred descendant of the bull (Nonnic;
NORFRAM002977029292), the most ancient and influential carrier of NH7 in our data set. Such asymptomatic individuals are very unlikely to be homozygous for
the causal mutation; thus, regions with long ROH can
be ruled out for causal variant screening.
Analyzing Whole-Genome Sequence
Data for Candidate Mutations

We analyzed the whole-genome sequence (WGS) of
2,333 animals (44 Normande cattle and 2,289 animals
from other cattle breeds) from the 1000 Bull Genomes
Project (Run6, 1KBGP; Daetwyler et al., 2014) to
identify putative causal variants. Among the WGS animals, only 2 Normande bulls carried NH7 and the rest
did not. We performed Pearson correlation between
haplotype status and allele dosage for all biallelic SNPs
and small insertions and deletions (indels) within NH7
(±500 kb), to identify highly associated variants. Both
haplotype status and allele dosage were coded as 0, 1,
or 2 when the animal carried either 0, 1, or 2 copies of
alternative allele/candidate haplotype, respectively. We
presented squared values of Pearson correlations (r2) in
a scatterplot.
We also analyzed structural variant (SV) calls on
389 whole-genome sequenced French cattle, which included 44 WGS Normande cattle and 345 animals from
other breeds. The SV were identified using 3 softwares,
BreakDancer v1.3.6 (Chen et al., 2009), Delly v0.6.1
(Rausch et al., 2012), and Pindel v2.5 (Ye et al., 2009),
and consensus SV calls from these tools were included
for the analysis (for details see Letaief et al., 2017). For
candidate SV, we focused our search within NH7 and
±500 kb surrounding regions. We checked for concordance between carrier status of NH7 and SV.
Integrative Annotation of Candidate Mutations
and Nearby Genes

We annotated all strongly correlated variants (r
>0.8) using Variant Effect Predictor (VEP v87) soft-
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ware (McLaren et al., 2016), which includes annotation of sequence ontology, SIFT score (Kumar et al.,
2009) for missense variants, overlapping gene name,
and so on. We retrieved 3 gene-level constraint scores:
(1) the ratio of nonsynonymous (dN) to synonymous
(dS) substitution rate (dN/dS scores) for cow-human
1-to-1 orthologs, using BioMart (Kinsella et al., 2011;
Zerbino et al., 2018); (2) residual variation intolerance
score (RVIS) (Petrovski et al., 2013); and (3) missense Z-scores (Lek et al., 2016) for human orthologs
of cattle genes. We converted genomic coordinates of
variants from UMD3.1/bosTau6 to GRCh37/hg19 to
retrieve variant-level conservation scores using LiftOver
software (http://genome.ucsc.edu/cgi-bin/hgLiftOver;
Casper et al., 2018). We retrieved evolutionary conservation statistics, such as Genomic Evolutionary Rate
Profiling (GERP++) “rejected substitutions” scores
for 35 mammalian alignments (Davydov et al., 2010)
and PhyloP and PhastCons scores for 100-vertebrate
alignments (Pollard et al., 2010), using UCSC Table
Browser
(http://genome.ucsc.edu/cgi-bin/hgTables;
Karolchik et al., 2004).
Multiple-Sequence Alignment

We performed multiple-sequence alignment among
24 different species, representing 6 groups: vertebrates, metazoan, plants, fungi, protists, and bacteria.
We extracted protein sequences from either Ensembl
Genomes (Kersey et al., 2018) or UniProt (UniProt,
2017). We used Clustal Omega version-1.2.4 (Sievers
et al., 2011) for multiple-sequence alignment. For the
candidate gene, we also retrieved functional annotation
of protein domains from NCBI’s Conserved Domain
Database (CDD, https://www.ncbi.nlm.nih.gov/cdd;
Marchler-Bauer et al., 2017).
Large-Scale Genotyping of the CAD Candidate
Mutation in French Cattle Breeds

A molecular test was designed to genotype a candidate
missense mutation in the CAD gene (g.72399397A>G
on chromosome 11, CAD p.Tyr452Cys) with the EuroG10K BeadChip (Boichard et al., 2018) routinely
used for genomic evaluation. Genotypes of 381,916
animals from 20 French cattle breeds were available for
this variant.
Genotyping of the CAD Mutation by PCR
and Sanger Sequencing

We used PCR and Sanger sequencing to genotype
the same mutation in a single individual found to be

homozygous for the NH7 haplotype based on 50K
genotypes, and a noncarrier animal. DNA was obtained from Labogena DNA (Jouy-en-Josas, France).
We designed primers using Primer3 software (Untergasser et al., 2012). The forward and reverse primers were 5′-AGGGGATCACAGAATTGGCA-3′ and
5′-GCCTCTGTCTCCTTGGGATT-3′,
respectively.
We performed PCR using GoTaq Flexi DNA Polymerase (Promega, Madison, WI) in the Mastercycler
Pro thermocycler (Eppendorf, Montesson, France),
following the manufacturer’s instructions, and sent
amplicons to Eurofins MWG (Hilden, Germany) for
sequencing. We used novoSNP software (Weckx et al.,
2005) for variant calling and visualization.
Phenotypic Examination of the Homozygous Cow
and Paternal Half-Sisters

Clinical examination of the NH7 homozygote cow,
named “Genetique,” was not possible because this animal was slaughtered at the beginning of her first lactation due to poor udder conformation (personal communication from the breeder). However, performance records for 34 morphological traits were available for this
cow and its 2,239 paternal half-sisters from the French
National databases (see Supplemental Figure S1; https:
//doi.org/10.3168/jds.2018-16100). Individual performances were ranked for each trait and the position of
Genetique was expressed in term of percentiles.
Effect of the CAD Mutation on Udder
Conformation Traits

Because Genetique displayed extremely poor udder conformation, we evaluated the effect of the CAD
missense mutation on 4 udder traits: teat direction
(TD), teat placement (TP), udder cleft (UC), and udder depth (UD). These traits are initially recorded in
a scale of 1 (low) to 9 (high) (see ICAR, 2018, for
details), before being adjusted for nongenetic factors
and mean-centered in the French national evaluation
system. Daughter yield deviations were available for
250 heterozygous carriers and 2,912 noncarriers of the
CAD mutation. The phenotypic effect of the mutation
was estimated using the following fixed effect model:
Yijk = µ + sire j + CAD_genotypek + eijk ,

where Yijk represents the phenotype of interest (i.e.,
daughter yield deviationsfor TD, TP, UC, or UD), µ is
the overall phenotypic mean, sirej is the fixed effect of
the sire of the bull, CAD_genotypek is the fixed effect
Journal of Dairy Science Vol. 102 No. 7, 2019
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Table 1. List of Normande haplotypes with deficit of homozygotes (haplotypes NH1 to NH6 from Fritz et al., 2013; NH7 and NH8 from the
present study)
Haplotype
ID1

BTA

NH1
NH2
NH3
NH4
NH5
NH6
NH7
NH8

24
1
4
6
7
15
11
24

Start
position2

End
position2

38,086,180
145,682,206
92,261,682
37,704,254
3,661,458
59,789,154
70,750,209
52,606,336

39,153,166
146,833,973
93,828,702
38,869,785
4,592,227
61,044,897
72,476,622
54,542,635

Frequency3
(%)
1.9
6.3
4.6
4.0
18.0
12.7
3.7
1.9

(1.8)
(3.8)
(5.9)
(5.2)
(1.9)
(1.9)

No. of homozygotes
Expected

Observed

9
394
189
172
2,764
1,525
57
40

6
314
159
108
2,735
1,503
1
7

(12)
(49)
(41)
(38)
(58)
(45)

(0)
(14)
(10)
(12)
(20)
(17)

P-value4
0.21 (5.3 × 10−4)
1.7 × 10−5 (5.7 × 10−7)
0.01 (1.3 × 10−6)
1.08 × 10−7 (2.5 × 10−5)
0.29 (6 × 10−7)
0.29 (3 × 10−5)
1.0 × 10−23
1.7 × 10−10

1

Genotypes for markers ARS-BFGL-NGS-97976 and BTA-58084-no-rs within NH1, Hapmap59512-rs29027076 within NH3, BTB-01218649
within NH5, and BTA-37438-no-rs and ARS-BFGL-NGS-29141 within NH6 haplotype were considered in Fritz et al. (2013) but not in the
present study.
2
Start and end positions represent first and last 50K marker of the haplotype; positions correspond to bovine genome assembly UMD3.1 (Zimin
et al., 2009).
3
Information within parentheses and Normande haplotype NH1 to NH6 are from Fritz et al. (2013).
4
P-values are from Poisson distribution, calculated using R software’s “ppois(q = observed, lambda = expected)” function (R Core Team, 2017).

of the genotype (k = AG or AA), and eijk is the random
residual error. The analysis was performed using the
GLM procedure of SAS software (SAS Institute Inc.).
RESULTS AND DISCUSSION
HHD in Normande Cattle

In a sliding window approach, we analyzed 77,815
Normande cattle phased and imputed for 43,801 autosomal markers, to identify HHD. Surprisingly, none of
the 6 Normande haplotypes (NH1 to NH6) previously
reported by Fritz et al. (2013) showed significant HHD
in this follow-up study after correction for multiple
testing (Table 1).
To elucidate the causes of these discrepancies, we reanalyzed the mapping population of 11,466 Normande
cattle from Fritz et al. (2013) using the current French
phasing and imputation data set. In contrast to Fritz
et al. (2013), the current data set did not include markers of the Illumina BovineSNP50v1 BeadChip, which
have been removed from the subsequent versions of
the chip for technical reasons. This change concerns
markers ARS-BFGL-NGS-97976 and BTA-58084-no-rs
within NH1; Hapmap59512-rs29027076 within NH3,
BTB-01218649 within NH5; and BTA-37438-no-rs and
ARS-BFGL-NGS-29141 within the NH6 haplotype.
The removal of these problematic markers, which likely
caused local phasing and imputation errors, explains
the substantial changes in haplotype frequencies (Table
1) and carrier status (Supplemental Table S1; https://
doi.org/10.3168/jds.2018-16100) observed between the
2 studies. Insufficient correction for multiple testing (arbitrary threshold of P < 1 × 10−4 instead of Bonferroni
Journal of Dairy Science Vol. 102 No. 7, 2019

correction) was another reason for the false discovery.
Among the 6 haplotypes, only NH2 was significant for
HHD after Bonferroni correction (Supplemental Table
S2; https://doi.org/10.3168/jds.2018-16100).
It is worth mentioning that the population analyzed
by Fritz et al. (2013) consisted of animals 1 yr or older,
whereas the present data set included numerous young
animals genotyped in their first months of life, which is
expected to reduce the power of detection when mapping loci responsible for juvenile mortality. To verify
whether NH2 is associated with postnatal mortality,
and perhaps explain why it was not detected in the
present study, we analyzed the survival of 228 homozygous females and 8,871 nonhomozygous paternal halfsisters. We found no difference between the 2 groups at
1, 2, and 3 yr of age (Supplemental Table S3; https:/
/doi.org/10.3168/jds.2018-16100). In this context, we
assume that NH2 was a false positive because of the
lower power of detection in the analysis of Fritz et al.
(2013) compared with that of the current study. Indeed,
the present data set is 7-fold larger than the previous
one, and the frequency of NH2 more than doubled in
the population, which increased the probability of observing homozygotes.
Importantly, we detected 2 novel haplotypes with significant deficit of homozygotes (P < 1.39 × 10−8). One,
NH7, was located on chromosome 11 between positions
70,750,209 and 72,476,622 bp, and the other, NH8,
on chromosome 24 between positions 52,606,336 and
54,542,635 bp. Haplotype frequencies in the Normande
breed were 3.7 and 1.9% for NH7 and NH8, respectively. In our data set, we observed 1 homozygote for NH7
and 7 homozygotes for NH8, whereas the expectations
under neutrality were 57 and 40, respectively (Table 1).
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Table 2. Estimated effect of Normande haplotypes NH7 and NH8 on conception rate (CR) and nonreturn rate at 56 d (NRR56) in at-risk
mating1
Number of matings
Haplotype

Trait

Category

NH7

CR

Heifer
Cow
Heifer
Cow
Heifer
Cow
Heifer
Cow

NRR56
NH8

CR
NRR56

Effect on fertility (%)

Nonrisk

At-risk

Total

Mean
(%)

2,981,552
7,008,668
1,870,062
3,999,038
3,014,200
7,095,799
1,893,593
4,047,881

14,474
40,618
7,513
22,494
2,497
3,962
1,520
2,261

2,996,026
7,049,286
1,877,575
4,021,532
3,016,697
7,099,761
1,892,073
4,050,142

57.37
47.20
76.62
67.13
57.44
47.21
76.60
67.16

Expected2

Observed

−7.30
−6.01
−9.75
−8.55
−7.25
−5.95
−9.66
−8.47

−5.53
−5.56
−1.76
−1.52
0.64
0.38
0.47
0.55

1

At-risk matings are defined by mating between a carrier AI bull and a daughter of a carrier sire. Nonrisk mating includes all other combinations
(carrier × noncarrier, noncarrier × carrier, and noncarrier × noncarrier).

1 
1
2
 µ, where fhap_k is the frequency of haplotype k (NH7 or NH8)
Expected effects on CR and NRR56 were calculated using the formula 

4  2 − fhap _ k 
in the population, and µ is the phenotypic mean of CR or NRR56.

The oldest carriers in our data set were born in 1977 for
NH7 [Newgate; NORFRAM002277007498 and Nonnic;
NORFRAM002977029292, 2 sons of Valhalla (NORFRAM007668031767) who was not genotyped] and in
2003 for NH8 (Uvray; NORFRAM002951401444). Because NH8 is a relatively new haplotype in Normande
cattle, created by a recombination in the maternal
gamete that was transmitted to Uvray, there are fewer
opportunities for it to be observed in the homozygous
state in the population. However, we considered both
haplotypes for analyzing their effect on CR and NRR56.
Haplotype NH7 but not NH8 Compromises
Conception Rate in Normande Cattle

To elucidate whether NH7 and NH8 have negative
effect on CR and NRR56, we analyzed ~10 million and
~6 million mating records, respectively, between genotyped bulls and daughters of genotyped bulls (Table 2).
For NH7, we observed a marked decrease in CR of
5.53% in heifers and 5.56% in cows, which is close to
the expectation (7.30 and 6.01%, respectively). We also
observed a moderate decrease in NRR56 of 1.76% in
heifers and 1.52% in cows, much lower than the 9.75
and 8.55% expected values in both groups, assuming
complete lethality in homozygotes. Reinsemination
within 56 d (NRR56) is an indirect measure of embryonic losses within 35 d of gestation, because the average estrous cycle in cow is 21 d (Reece et al., 2015).
Our analysis shows that, on average, only 18% of the
expected embryonic losses occurred within 35 d of gestation, whereas the majority of the failure may occur
later in the gestation. Here, we suspect that gradual
embryonic loss occurred over the length of gestation,
rather than abrupt mass loss in the first month after
fertilization.

We also analyzed the effect of NH8 on CR and
NRR56, and found that this haplotype does not affect
these 2 traits in Normande cattle (Table 2). It is worth
noting that the power of detection was limited by the
reduced number of at-risk matings (0.06% vs. >0.5% of
total mating for NH7) in our data set because of the low
frequency (1.9%) and the recent spreading of this haplotype in the population. Another possibility is that NH8
caused postnatal mortality, possibly with incomplete
penetrance. Seven homozygotes, all inbred descendants
of Uvray, have been observed for this haplotype. These
were all alive and aged between 11 mo and 3 yr at the
time of this study. Despite NH8’s significant HHD, it is
necessary to accumulate more carrier-to-carrier mating,
and inheritance in more generations, to be confident
about the effect and HHD. Considering this and the
fact that juvenile mortality was outside the scope of
our study, we focused the subsequent analyses on NH7.
Homozygote for NH7 Has Particularly Poor
Udder Morphology

We found a single cow, Genetique, homozygous for
NH7 haplotype and for a 20-Mb surrounding segment
(~4.2 Mb upstream and 14.8 Mb downstream of the
source haplotype) due to recent inbreeding. This individual deserves special attention. If it is homozygous at
the causal mutation, penetrance is not complete but the
animal may be affected by severe abnormality. Alternatively, it could be homozygous for the haplotype but
not for the mutation, by carrying an ancestral version of
the haplotype before the mutation event occurred along
with the lethal haplotype. The breeder informed us
that this animal had normal health but was slaughtered
during its first lactation because of very poor udder
morphology. To verify this, we analyzed performance
Journal of Dairy Science Vol. 102 No. 7, 2019
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Figure 1. Ranking of animals (n = 2,240) for 4 udder traits (%). Black dots indicate the relative percentile of Genetique (the cow homozygous for Normande haplotype NH7) among the 2,239 paternal half-sisters. The percentile was calculated as follows: [no. of animals with (≤)
a given score/total animals] × 100. Combined scores (per animal): summation of scores for 4 udder traits, followed by calculation of relative
percentile for the given animal. The boxplots were drawn using R software’s “boxplot” function (R Core Team, 2017). Here, the box represents
the interquartile range (middle 50% of the data set); the solid line represents the median value; and the lower and upper whiskers extend to 5th
and 95th percentiles, respectively.

records for 34 morphological traits on Genetique and
its 2,239 paternal half-sisters. We confirmed that traits
were in the normal range, except for 4 udder traits;
that is, teat placement, teat direction, udder depth,
and udder cleft, for which it ranked among the lowest 1,
5, 2, and 4% of its siblings, respectively (Figure 1 and
Supplemental Figure S1; https://doi.org/10.3168/jds
.2018-16100). Furthermore, Genetique ranked among
the lowest 1% on a linear combination of the scores of
the 4 traits (Figure 1).
Fine Mapping of the NH7 Locus in a ~1.01-Mb
Genomic Region

To fine-map the NH7 locus, we analyzed the pedigree
and found that among genotyped animals, half-brothers Newgate (NORFRAM002277007498) and Nonnic
(NORFRAM002977029292) were the 2 most ancient
carriers of the haplotype. Of these, however, Nonnic is
Journal of Dairy Science Vol. 102 No. 7, 2019

the ancestor of many bulls with high breeding value.
For example, Elixir (NORFRAM 005389014161), a
descendent of Nonnic, is the sixth most influential bull
in the Normande breed with 4.7% contribution in the
population (IDELE, 2017). Therefore, we considered
only phenotypically normal descendants of Nonnic (and
Elixir) to fine-map the NH7 locus.
We identified 2 cows, 0520 (NORFRAF003708210520)
and Fanion (NORFRAF001447822444), presenting an
ROH on either side of the candidate haplotype (Figure 2). Both inherited NH7 paternally from Nonnic
(through Elixir) and NH7 recombinant haplotypes
maternally. In dairy cattle, females were rarely genotyped and therefore, it is difficult to track maternally
inherited recombinant haplotypes (Adams et al., 2016).
Nevertheless, it is likely, from pedigree and sire-haplotype analyses, that Nimbus (Figure 2a) received the
recombinant haplotype from Elixir and passed it to
0520. On the other hand, Fanion received a portion of
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Figure 2. Fine mapping at the Normande haplotype NH7 locus. (a) Pedigrees of the 2 inbred descendants of Nonnic (NORFRAM002977029292):
0520 (NORFRAF003708210520) and Fanion (NORFRAF001447822444); both carry a copy of the 26-marker-long original NH7 haplotype and a
recombinant NH7 haplotype, facilitating fine-mapping at the locus (? denotes an ungenotyped animal). (b) Diagram showing original NH7 and
recombinant haplotype located between the marker rs41610536 (Chr11:70,750,209) and rs109299742 (Chr11:72,476,622), along with 100 markers
on both sides of the haplotype: upstream markers are from rs41569373 (Chr11:65,246,700) to rs41572406 (Chr11:70,703,633), and downstream
markers are from rs109666167 (Chr11:72,524,223) to rs110443631 (Chr11:78,468,627). The recombination occurred between marker rs29022293
(Chr11:71,465,910) and rs29010798 (Chr11:71,520,448) in Fanion, and between marker rs110176879 (Chr11:72,159,929) and rs109299742 (Chr11:
72,476,622) in 0520. The resulting critical region is located between marker rs29022293 and rs109299742; that is, in a chromosomal interval
between 71,465,910 and 72,476,622 bp.
Journal of Dairy Science Vol. 102 No. 7, 2019
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the recombinant haplotype from Nonnic, although the
origin and source of the remaining portion is inconclusive due to ungenotyped female ancestors (Figure 2a).
It is noteworthy that both cows had normal health
and udder morphology. In addition, during this study,
0520 and Fanion were in their second and fourth lactations, respectively. Such phenotypically normal animals
are very unlikely to be homozygous for the genomic
region harboring the causal mutation, unless the mutation is not fully penetrant. Under this assumption,
the critical interval is defined by the 2 recombination
points located (1) between marker rs29022293 (Chr11:
71,465,910) and rs29010798 (Chr11:71,520,448) in Fanion, and (2) between marker rs110176879 (Chr11:
72
,159,929) and rs109299742 (Chr11:72,476,622), in 0520.
This enabled us to fine-map the locus from a ~1.73-Mb
initial region to a ~1.01-Mb mutation-critical region
(Figure 2b).
Identification of Causal Variant from WGS Data

To identify putative causal variants, we considered
biallelic WGS variants (SNP and indels) and large
SV. We used SV calls on 389 WGS French cattle (2

NH7 carriers and 387 noncarriers) to identify SV that
overlapped the NH7 haplotype and the ±500 kb surrounding regions. We identified 2 deletions and 1 inversion within this interval, but none was present in the
genomes of the NH7 carriers (Supplemental Table S4;
https://doi.org/10.3168/jds.2018-16100).
Then, we determined Pearson correlations between
NH7 carrier status of 2,333 animals from the 1KBGP
(2 carriers and 2,331 noncarriers) and allele dosages
for 33,640 biallelic WGS variants within the haplotype
(±500 kb). Here, we identified 8 strongly correlated
(Pearson correlation, r >0.8) variants within the given
interval (Figure 3). All these variants had high confidence call (average phred-scaled quality = 162; minimum = 97), with sufficient mapping quality (average
= 57; minimum = 33) and read coverage (average =
11.75×; minimum = 8.95×). Interestingly, 5 out of the
8 variants were within our fine-mapped critical region,
which could include the causal variant. However, it is
known from studies that the best candidates do not always have perfect correlation with the causal haplotype
(Michot et al., 2017; Fritz et al., 2018), which could be
due to various artifacts (e.g., errors in phasing and imputation, errors in sequencing and WGS genotype calls,

Figure 3. Identification of putative causal variants within the Normande haplotype NH7 locus (±500 kb) using Pearson correlation between
haplotype status and allele dosage of whole-genome sequencing (WGS) variants. Each dot in the scatterplot indicates a WGS variant. The perfectly correlated (r2 = 1) CAD missense mutation is indicated by an arrow (with annotation).
Journal of Dairy Science Vol. 102 No. 7, 2019
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incomplete linkage disequilibrium with causal variant).
We therefore considered all 8 variants for subsequent
gene- and variant-level prioritization.
We annotated these 8 WGS variants using the VEP
software tool (version 87) from Ensembl (McLaren et
al., 2016), including 1 intergenic variant, 2 intronic
variants in PLB1, 3 intronic variants in BRE, and
1 intronic and 1 missense variants in the CAD gene
(Table 3). Next, to prioritize the causal variant from
the list, we assessed the functional impact of these variants using 3 gene-level (e.g., dN/dS, RVIS, and Z-score)
and 4 variant-level (e.g., SIFT, GERP, PhyloP, and
PhastCons) conservation scores.
To identify selective constraint on genes, we first analyzed the dN/dS ratio of cow-human 1-to-1 orthologs.
Although all 3 genes were somewhat constrained (dN/
dS < 1), the selective constraint was stronger on CAD
and BRE (dN/dS < 0.1). We later focused on RVIS and
Z-score for human homologs of those genes, and found
that CAD was the most constrained gene among the 3,
in terms of tolerance to functional variants (Table 3).
We next focused on variant-level conservation scores
(SIFT, GERP, PhyloP, and PhastCons) to elucidate the
strength of evolutionary constraint on those positions.
The SIFT score represents conservation at the protein
level and predicts whether an amino acid substitution is
deleterious (SIFT <0.05) or tolerated (SIFT >0.05) for
protein function; SIFT predicted the missense mutation CAD g.72399397T>C (p.Tyr452Cys) to be deleterious for protein function (Table 3). In contrast, GERP,
PhyloP, and PhastCons represent conservation at the
nucleotide level, generated from multi-species WGS
alignments, where higher positive scores indicate stronger evolutionary constraint. We were able to retrieve
conservation scores for 7 positions, using LiftOver and
UCSC Table Browser, whereas the remaining one did
not have any corresponding position from UMD3.1/
bosTau6 to GRCh37/hg19. Interestingly, all 3 classifiers predicted CAD g.72399397T>C to be the most
constrained position, where damaging mutations are
purged from the population by strong purifying selection (Table 3).
Integrating gene- and variant-level conservation
scores is an effective approach to prioritize causal variants from human genomes (Petrovski et al., 2013).
Although bovine genome annotations are somewhat
limited to sequence ontology and SIFT scores, incorporating cross-species annotations from well-studied
genes or sequence homologs in humans improved our
prioritization of the causal variant. Finally, the perfect
correlation with NH7, localization within the critical
interval, along with strong gene- and variant-level
evolutionary conservation, taken together, strongly
support CAD g.72399397T>C (p.Tyr452Cys) as the

causal variant tagging the (nearly) lethal haplotype in
Normande cattle.
Tyrosine Residue at CAD p.Tyr452Cys Is Fully
Conserved from Humans to Bacteria

Pyrimidines are important building blocks of DNA
and RNA, as well as precursors for uridine-diphosphate
(UDP) sugars that play a vital role in posttranslational
modification, such as UDP-dependent glycosylation of
proteins (Jones, 1980; Fairbanks et al., 1995). Pyrimidines can be synthesized either de novo from small precursors (e.g., glutamine, ATP, and HCO3−), such as in
S-phase of proliferating cells (Mitchell and Hoogenraad,
1975), or by salvaging nucleosides (e.g., uridine) in
resting or matured cells (Jones, 1980; Fairbanks et al.,
1995). In mammals, the first 3 reactions in the de novo
biosynthesis of pyrimidine are catalyzed by CAD—a
trifunctional cytosolic protein composed of carbamoylphosphate synthetase 2 (CPSase-2), aspartate transcarbamylase (ATCase), and dihydroorotase (DHOase)
domains (Jones, 1980; Moreno-Morcillo et al., 2017).
An illustration of bovine CAD protein domains, from
NCBI’s Conserved Domain Database (CDD), is presented in Figure 4a.
Our candidate CAD mutation is located in the CPSase-2 domain (Figure 4). We suspect that the wildtype allele (p.Tyr452 residue) is vital for activity of the
CPSase-2 domain, and therefore should be under strong
evolutionary constraint. To assess the selective constraint on CAD, we performed multi-species sequence
alignment among 24 species using Clustal Omega software (Sievers et al., 2011). We found that this T-to-C
transition mutation (CAD g.72399397T>C) produces
a tyrosine-to-cysteine substitution (p.Tyr452Cys) on
CPSase-2 domain, replacing a fully conserved amino
acid residue among the 24 species analyzed (Figure 4b)
distributed in all life kingdoms.
Large-Scale Genotyping Confirmed Recessive
Inheritance of CAD p.Tyr452Cys in Normande Cattle

We genotyped 33,323 Normande cattle for Chr11
g.72399397T>C (CAD p.Tyr452Cys) mutation (corresponding test in the chip: g.72399397A>G in the TOP
format) using the Illumina EuroG10K BeadChip (Boichard et al., 2018; Table 4). In this data set, the NH7
haplotype and g.72399397G allele frequencies were 2.58
and 2.92%, respectively (Table 5). We did not observe
homozygotes for the g.72399397G allele, although 28
were expected under neutrality (P < 7 × 10−13), which
largely corroborates the observed recessive-lethal inheritance of NH7 (Table 1). This CAD mutation was
also strongly associated with NH7 haplotype status; the
Journal of Dairy Science Vol. 102 No. 7, 2019
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Chromosomal positions correspond to bovine genome assembly UMD3.1 (Zimin et al., 2009).
REF/ALT = reference allele/alternative allele.
3
dN/dS (nonsynonymous to synonymous substitution rate) scores for human-cow 1-to-1 orthologs using BioMart (Kinsella et al., 2011) from Ensembl (Zerbino et al., 2018). Residual
variation intolerance score (RVIS) is retrieved from RVIS (v4, based on ExAC release 2.0; last accessed September 10, 2018, from http://genic-intolerance.org/; Petrovski et al.,
2013). Positive and negative RVIS scores represent tolerant and intolerant genes, respectively, and x% indicates that the respective gene is among the x percentile of most intolerant
human genes. Missense Z-scores were retrieved from http://exac.broadinstitute.org/ (Lek et al., 2016). Positive Z-scores indicate fewer variants than expected and thus a stronger
constraint on gene and vice versa.
4
SIFT and sequence ontology annotations are from Variant Effect Predictor software (VEP v87; McLaren et al., 2016); GERP, PhyloP, and PhastCons scores are from the UCSC
Table Browser (http://genome.ucsc.edu/cgi-bin/hgTables; Karolchik et al., 2004).
5
Unavailable information.
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Table 3. Integrative annotation of whole-genome sequence variants strongly correlated with the Normande haplotype NH7
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Figure 4. Protein domains and conserved sequences in carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase
(CAD). (a) Schematic representation of bovine CAD protein domains from NCBI’s Conserved Domain Database (CDD; domain architecture
ID 11486011; https://www.ncbi.nlm.nih.gov/cdd). The diagram represents 4 functional protein domains: (1) a small subunit of the glutaminedependent form of carbamoyl-phosphate synthase II (GATase1_CPSase from 178 to 354; accession: cd01744); (2) a large subunit of carbamoylphosphate synthase II (CPSase-II from 392 to 1440; accession: TIGR01369)—which catalyzes the first step in de novo pyrimidine biosynthesis;
(3) a subunit of dihydroorotase (DHOase from 1460 to 1806; accession: cd01316), which catalyzes the third step in de novo pyrimidine biosynthesis; and (4) a subunit of aspartate/ornithine carbamoyltransferase (ATCase_N from 1925 to 2065; accession: pfam02729), which catalyzes the
second step in de novo pyrimidine biosynthesis. (b) Multi-species sequence alignment representing a 61-residue-long region in CPSase-II domain
of CAD protein (centering at BTA11 p.Y452C) among 9 vertebrates, 5 metazoans, 2 plants, 3 fungi, 3 protists, and 2 bacterial species. An arrow
highlights the position of the CAD mutation, in bovine and orthologous mutation in humans. An asterisk (*) at the bottom of the alignment
represents residues conserved in all 24 species (shaded vertical boxes); a colon (:) represents conservation among residues with strong similarity;
a period (.) represents conservation among residues with weak similarity. HAS = Homo sapiens autosome.

Pearson correlation between g.72399397G allele dosages
and haplotype status was r = 0.94.
However, the association was not perfect: 237 heterozygotes for the CAD mutation did not carry the NH7
haplotype and 8 heterozygous for NH7 did not carry
the CAD mutation (Table 5). Such imperfect association can arise from recombination between NH7 and

other haplotypes, as well as for other reasons, such as
genotyping, phasing, or imputation errors. Further investigations revealed that approximately 67% (158/237)
of the heterozygotes for the CAD mutation, but not
for NH7, carried the same recombinant NH7 haplotype
with a long stretch of source haplotype downstream. In
addition, the 8 animals heterozygous for CAD mutaJournal of Dairy Science Vol. 102 No. 7, 2019
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Table 4. Genotypes at CAD g.72399397A>G mutation in 20 French
cattle breeds1
Genotype2
Breed
Abondance
Aubrac
Blonde d’Aquitaine
Bretonne pie noir
Brown Swiss
Charolaise
Créole
Gasconne
Holstein
INRA95
Jersey
Limousine
Montbéliarde
Normande
Parthenaise
Rouge des Prés
Salers
Simmental
Tarentaise
Vosgienne

AA

AG

GG

5,161
66
2,705
7
2,742
10,213
32
1
180,565
20
785
887
138,851
31,376
1,439
4
15
268
2,750
2,082

0
0
0
0
0
0
0
0
0
0
0
0
0
1,947
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1

In total, 381,916 animals were genotyped for the candidate-SNP with
EuroG10K (Illumina Inc., San Diego, CA) custom SNP chip (Boichard
et al., 2018).
2
Genotype AA = CAD p.452Tyr/Tyr; AG = CAD p.452Tyr/Cys; GG
= CAD p.452Cys/Cys.

tion didi not carry the original NH7 but a recombinant
identical-by-state (IBS) portion of the haplotype.
Similarly, previous studies showed that haplotypes
are not a perfect proxy for causal mutations (Michot
et al., 2017; Fritz et al., 2018), and there are instances
where 2 different versions of the same haplotype segregate in the population, one with and one without the
causal mutation (Kipp et al., 2016; Menzi et al., 2016).
Yet, haplotype is a good substitute to avoid carrier-tocarrier mating, when the causal mutation is unknown

Table 5. Concordance between Normande haplotype NH7 status and
genotypes for CAD g.72399397A>G in 33,323 Normande cattle
Genotype

+/+1

NH7/+

NH7/NH7

Total

g.72399397 AA
g.72399397 AG
g.72399397 GG
Total

31,368
237
0
31,605

8
1,710
0
1,718

0
0
0
0

31,376
1,947
0
33,323

1

Where + indicates the non-NH7 haplotype.

(VanRaden et al., 2011; Sahana et al., 2013) or when
test results are confidential due to patents (Cole et al.,
2016).
We next analyzed 348,593 additional animals (from
19 other French cattle breeds), genotyped for genomic
selection, to elucidate whether this mutation is also
observed in other populations. We found that the CAD
mutation was only segregating in Normande cattle
(Table 4).
Surviving CAD Homozygotes Exhibit Broad Range
of Symptoms Depending on the Species
and Nature of Mutation

For verification, we genotyped Genetique, the cow
homozygous for a 20-Mb region including NH7, by
PCR and Sanger sequencing and found that it was also
homozygous for our candidate mutation (Figure 5).
Despite being alive and apparently healthy and
fertile, this animal had very poor udder morphology
(scored among the lowest 1% of animals with same sire;
Figure 1). This is consistent with previous observations
in model organisms and humans, in which deleterious
mutations in CAD lead to embryonic lethality with
incomplete penetrance (Norby, 1973; Falk and Nash,
1974; Willer et al., 2005; Franks et al., 2006; Cox et al.,
2014; Ng et al., 2015). Of note, studies in humans and

Figure 5. Genotype (UMD 3.1 assembly) of Normande haplotype NH7 homozygote at chromosome (Chr)11 g.72399397T>C mutation. The
CAD mutation is indicated by the shaded vertical box.
Journal of Dairy Science Vol. 102 No. 7, 2019
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Figure 6. Effect of CAD mutation on 4 udder traits. P-values are from Student’s t-test on 250 animals with the AG genotype (carriers) versus
2,912 animals with the AA genotypes (noncarriers). The boxplots were drawn using R software’s “boxplot” function (R Core Team, 2017). Here,
the box represents the interquartile range (middle 50% of the data set); the solid line represents the median value; the lower and upper whiskers
extend to 5th and 95th percentiles, respectively; and the circles represent data points outside the whisker range (outliers).

Drosophila demonstrated that uridine supplementation
reduces the severity of the symptoms by the salvage
pathway of pyrimidine biosynthesis (Falk and Nash,
1974; Ng et al., 2015; Koch et al., 2017). Depending
on the species and nature of the mutation, surviving
homozygotes display a broad range of clinical manifestations, including defective development of embryonic ectoderm and ectodermal derivatives. Defective
pectoral fins in zebrafish (Willer et al., 2005), nerve
cells in humans (Ng et al., 2015; Koch et al., 2017),
and wings in fruit flies (Norby, 1970, 1973; Falk and
Nash, 1974), are among such examples. The poor udder
morphology observed in the homozygote cow could be
added to this list because the mammary gland is also of
ectodermal origin (Hens and Wysolmerski, 2005; Cowin
and Wysolmerski, 2010; Macias and Hinck, 2012).
To test whether the CAD mutation affected development of the mammary gland, we analyzed the performance of the daughters of 250 heterozygous carriers
and 2,912 noncarriers for 4 traits (teat direction, teat
placement, udder cleft, and udder depth). We did not
find significant difference between daughter yield deviations of heterozygous and wild-type homozygous bulls
(Figure 6). In addition, no udder-related QTL have
been reported in Normande cattle, either within the

NH7 interval or on chromosome 11 (Boichard et al.,
2003; Marete et al., 2018). This is in line with a possible
recessive effect of the mutation on udder morphology in
surviving homozygotes, although more live homozygous
cows are needed to confirm this assumption.
CONCLUSIONS

Here, we performed a systematic screening for recessive lethal mutations from large-scale haplotype scan to
single-variant resolution mapping in Normande cattle.
We report the identification of a deleterious substitution in CAD (p.Tyr452Cys) responsible for embryonic
lethality with incomplete penetrance. We illustrate
the influence of sample size, age of haplotype, and
correction for multiple testing, on the discovery and
replicability of HHD results. Furthermore, we highlight
the importance of large-scale genotyping of candidate
variants and phenotyping of homozygotes to validate
or invalidate them. Although such approaches require
collection of genomic data on hundreds of thousands of
animals over several years, because of genomic selection
this is now a routine practice in dairy cattle breeding.
Finally, we added a test for CAD (p.Tyr452Cys) to
the EuroG10K BeadChip, which is routinely used for
Journal of Dairy Science Vol. 102 No. 7, 2019
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genomic evaluation in France. We recommend using
CAD information to avoid at-risk mating. Because the
economic weight of embryonic lethal defects is limited,
we also suggest including it in the breeding objective, as
proposed by others, instead of eliminating all carriers.
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