
ABSTRACT

Genome-wide association studies based on SNP have 
been completed for multiple traits in dairy cattle; how-
ever, copy number variants (CNV) could add genomic 
information that has yet to be harnessed. The objec-
tives of this study were to identify CNV in genotyped 
Holstein animals and assess their association with hoof 
health traits using deregressed estimated breeding 
values as pseudophenotypes. A total of 23,256 CNV 
comprising 1,645 genomic regions were identified in 
5,845 animals. Fourteen genomic regions harboring 
structural variations, including 9 deletions and 5 dupli-
cations, were associated with at least 1 of the studied 
hoof health traits. This group of traits included digital 
dermatitis, interdigital dermatitis, heel horn erosion, 
sole ulcer, white line lesion, sole hemorrhage, and in-
terdigital hyperplasia; no regions were associated with 
toe ulcer. Twenty candidate genes overlapped with the 
regions associated with these traits including SCART1, 
NRXN2, KIF26A, GPHN, and OR7A17. In this study, 
an effect on infectious hoof lesions could be attributed 
to the PRAME (Preferentially Expressed Antigen in 
Melanoma) gene. Almost all genes detected in associa-
tion with noninfectious hoof lesions could be linked to 
known metabolic disorders. The knowledge obtained 
considering information of associated CNV to the traits 
of interest in this study could improve the accuracy of 
estimated breeding values. This may further increase 
the genetic gain for these traits in the Canadian Hol-
stein population, thus reducing the involuntary animal 
losses due to lameness.
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INTRODUCTION

Since the implementation of genomic selection in 
dairy cattle, millions of animals have been genotyped 
and evaluated. Single nucleotide polymorphisms have 
been the main type of genetic variant used in dairy 
cattle genomic research. Genomic studies have greatly 
improved our understanding of the genetic architecture 
of many economically important traits and diseases and 
have contributed to maximizing genetic gain through 
selection (Goddard et al., 2016). Several GWAS have 
been performed to elucidate the genetic background of 
dairy cattle traits. However, only a few GWAS have 
been conducted with different types of variants, such as 
copy number variants (CNV). The CNV are inherit-
able chromosomal structural variations in the form of 
deletions or insertions greater than 50 bp (Sudmant 
et al., 2015), which cover a greater percentage of the 
genome than SNP (Fadista et al., 2010; Stothard et al., 
2011). In addition, the lack of linkage disequilibrium 
between any SNP and 25% of the detected CNV led to 
the conclusion that CNV carry information that cannot 
be detected solely by SNP (Xu et al., 2014; Hay et al., 
2018). In other words, SNP can be used to tag three-
quarters of the CNV information, but one-quarter 
remains untagged. Therefore, CNV are proposed as an 
additional information source to explain the genetic 
variance of complex traits not accounted for by SNP 
alone (Hay et al., 2018).

Identification and genotyping of CNV is challenging, 
which may explain the limited number of CNV asso-
ciation studies in livestock (Bickhart and Liu, 2014). 
As a result, imputation methods for CNV are not well 
established (Butty et al., 2019). Most commonly used 
methods to detect CNV include comparative genome 
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hybridization, obtaining CNV information from SNP 
arrays, and whole-genome sequence (WGS) approach-
es (Alkan et al., 2011; Yang et al., 2018; Butty et al., 
2020). The latter might be more precise in detecting 
CNV boundaries than array methods (Alkan et al., 
2011). Array-based approaches would suit scenarios 
in which the downstream CNV analyses include phe-
notype association studies, due to the high number of 
available samples (Spencer et al., 2009; Yang et al., 
2018). Each CNV detection method handles the control 
of false discovery rates differently; therefore, common 
results between different identification methods and 
types of information may represent CNV with higher 
confidence (Zhan et al., 2011; Rafter et al., 2020). 
Another factor affecting the accurate identification of 
structural variants is the quality of the reference assem-
bly used to map either WGS or SNP array information 
(Winchester et al., 2009; Baes et al., 2014; Pirooznia 
et al., 2015). In this sense, the recently released bovine 
reference genome, ARS-UCD1.2 (Rosen et al., 2018), 
might enable more precise CNV identification in cattle 
and benefit further association tests.

Copy number variants have been associated with 
economically important traits in dairy cattle, including 
reproduction, health, and conformation traits (Glick et 
al., 2011; Xu et al., 2014; Ben Sassi et al., 2016; Durán 
Aguilar et al., 2017; Prinsen et al., 2017; Zhou et al., 
2018; Liu et al., 2019). However, associations between 
CNV and traits related to hoof health are yet to be 
assessed. Hoof disorders are the third major reason for 
premature culling in dairy cattle worldwide, after mas-
titis and reproductive failures (Heringstad et al., 2018). 
Canadian data showed that approximately 40% of Hol-
stein cows presented to hoof trimmers had at least 1 
foot disorder (Chapinal et al., 2013; Malchiodi et al., 
2017). Hoof health can be genetically improved; since 
2018, genetic evaluations in Canada include infectious 
and noninfectious lesion traits, recorded according to 
the claw health atlas developed by the International 
Committee for Animal Recording (Egger-Danner et al., 
2015). Infectious traits mostly refer to skin injuries, 
such as digital dermatitis (DD), interdigital dermatitis 
(ID), and heel horn erosion (HHE), whereas noninfec-
tious traits refer to claw horn lesions, including sole ul-
cer (SU), toe ulcer (TU), white line lesion (WL), sole 
hemorrhage (SH), and interdigital hyperplasia (IH). 
As these traits have low heritability estimated in Cana-
dian Holsteins (Chapinal et al., 2013; Malchiodi et al., 
2017), analysis of association involving in silico–identi-
fied CNV and a large number of phenotypes provides 
an initial basis for a better comprehension of genetic 
mechanisms behind hoof health traits.

This study aimed to identify CNV with high confi-
dence in a large sample of genotyped Holstein animals 
and to assess the association between the identified 
CNV and hoof health traits, followed by functional an-
notation of the associated CNV regions.

MATERIALS AND METHODS

Animal Genotypes and CNV Identification

Genotypic information of 10,682 Holstein animals 
genotyped with different platforms (Table 1), along 
with Log R ratio (LRR) and B allele frequency (BAF) 
information for every SNP, were used for CNV identi-
fication. The samples comprised 70 animals genotyped 
with the BovineHD Beadchip (HD; Illumina Inc.), 
587 with the Genome Profiler Bovine 150K (Neogen 
Corp.), 807 with Genome Profiler Bovine HD (Neogen 
Corp.), 9,035 with BovineSNP50 (50K; Illumina Inc.), 
and 183 with Genome Profiler Bovine 50K (Neogen 
Corp.). The SNP positions were updated from the 
bovine reference genome assembly UMD3.1 (Zimin et 
al., 2009) to ARS-UCD1.2 (Rosen et al., 2018) using 
the information made available on the National Animal 
Genome Research Program (NAGRP) data repository 
(https:​/​/​www​.animalgenome​.org/​repository/​cattle/​
UMC​_bovine​_coordinates/​). Nonautosomal SNP and 
SNP with a GenCall score below 0.15 were removed on 
a per-sample basis. After these edits, the average num-
ber of markers was 680,557; 136,968; 76,009; 46,683; 
and 46,909 for the HD, Genome Profiler Bovine150K, 
Genome Profiler HD, 50K, and Genome Profiler Bovine 
50K panels, respectively (Table 1).

The CNV identification was performed per panel 
using the PennCNV software (version 1.0.3; Wang et 
al., 2007), which integrates LRR and BAF on a per-
sample basis into a hidden Markov model to determine 
the number of copies and genotypes of each CNV. The 
LRR values were corrected to the guanine-cytosine 
content at 500Kb upstream and downstream of each 
SNP based on a regression model (Diskin et al., 2008) 
to reduce waviness due to the correlation between LRR 
and guanine-cytosine contents of the genomic regions. 
After CNV calling, a sample-based quality control was 
performed to filter out possible false-positive CNV us-
ing ParseCNV software package (release 20, Glessner 
et al., 2013). Samples that were filtered out had a low 
genotype call rate (<0.97), a high intensity noise (LRR 
SD >0.3), extreme intensity waviness (absolute wavi-
ness factor >0.05, after LRR correction), BAF drift 
<0.01, more than 9 CNV identified per animal, or 
shared more than 50% of their genotypes with another 
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animal. Nine CNV per animal was chosen as the upper 
limit as it represented the mean number of CNV found 
per animal plus 3 standard deviations. In addition, the 
minimum number of SNP covered by a CNV was set to 
10 for samples genotyped with HD panel, and 3 for all 
other panels. Finally, 5,845 samples and 23,256 CNV 
(out of 56,561 detected with PennCNV) remained for 
further analyses.

Phenotypes

Genomic estimated breeding values (GEBV) and 
heritability estimates for 8 hoof health traits including 
DD, ID, HHE, SU, TU, WL, SH, and IH were retrieved 
from the April 2019 routine genetic evaluation per-
formed by the Canadian Dairy Network (Table 2). Phe-
notypes used for GEBV estimation comprised 345,436 
observations of each trait, recorded by 54 trimmers on 
206,417 cows from 1,312 herds. The following animal 
model was fitted to estimate the GEBV for each trait:

	 Y = HD + P + T + S + a + pe + e,	 [1]

where Y was 0 or 1 in the absence or presence of each 
lesion, and HD, P, T, and S were the fixed effects of 

herd by date of trimming, parity, trimmer, and stage 
of lactation at trimming, respectively. The random ef-
fects were the animal additive effect a, the permanent 
environmental effect pe, and the residual effect e.

The GEBV were deregressed following the method 
presented in VanRaden et al. (2009). The deregressed 
GEBV (dGEBV) were used as the pseudophenotype 
for the association analyses. The dGEBV were com-
puted for 1,889 bulls that all had phenotyped daugh-
ters, whose GEBV had a reliability above 0.25, and for 
which CNV could be detected and were thus used for 
association analyses. The average and range values of 
the dGEBV are presented in Table 2.

Association Analyses

The software program ParseCNV was used to identify 
associations between the CNV identified and dGEBV 
of 1,889 Holstein bulls. ParseCNV converts the CNV 
calls into probe-based genotypes. In other words, it 
separates the markers depending on their CNV geno-
type (deletions or duplications), correcting at the same 
time for family structure based on the parents of each 
sample. These probe statistics, independent for dele-
tions or duplications, were then used for an association 
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Table 1. Number of markers before and after quality control (QC) and number of samples for each genotype array used in the study

Panel1

Number of markers

 

Number of samples

Before QC After QC2 Genotyped (cows; bulls) Association analyses3

HD 777,962 680,557 (43,730)   70 (12; 58) 5
GGP-150K 138,892 136,968 (4,692)   587 (497; 90) 19
GGP-HD 76,883 76,009 (1,282)   807 (653; 154) 35
50K 54,001 46,683 (1,322)   9,035 (4,007; 5,028) 1,827
GGP-50K 49,463 46,909 (307)   183 (177; 9) 3
1Genotyping platforms: HD = Illumina BovineHD Beadchip (Illumina Inc.); GGP-150K = Neogen Corp. Genome Profiler Bovine 150K; GGP-
HD = Neogen Corp. Genome Profiler Bovine HD, 50k = Illumina BovineSNP50 Beadchip; GGP-50k = Neogen Corp. Genome Profiler Bovine 
50K.
2Average number of SNP per array after QC. Standard deviation in parentheses.
3Number of genotyped bulls presenting great genomic EBV reliability, then kept for association analyses.

Table 2. Heritability estimates (and SD) as published by the Canadian Dairy Network used for deregression 
of the hoof health EBV and descriptive statistics of the deregressed EBV (dEBV)

Trait Heritability (SD)

dEBV

Mean Min. Max.

Digital dermatitis 0.08 (0.004) 0.27 −0.02 0.86
Interdigital dermatitis 0.05 (0.003) 0.16 −0.04 0.62
Heel horn erosion 0.08 (0.005) 0.26 −0.67 1.14
Sole ulcer 0.05 (0.003) 0.41 −1.00 1.00
Toe ulcer 0.04 (0.003) −0.01 −0.62 1.00
White line lesion 0.04 (0.003) −0.06 −0.62 0.75
Sole hemorrhage 0.03 (0.003) 0.61 −0.33 1.25
Interdigital hyperplasia 0.07 (0.004) 0.03 −0.73 0.45
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analysis as implemented in Plink (version 1.07; Purcell 
et al., 2007). Correction for population structure was 
also carried out at this stage using the covar option and 
multidimensional scaling between the samples.

The model used for association testing was:

	 y = Xb + e,	 [2]

where y was a vector containing the dEBV, X was the 
design matrix of the fixed effect of 1 CNV genotype at 
a time, b was the CNV effect, and e was the vector of 
random residual effects. The output of the association 
tests was used to merge neighboring SNP (less than 
1Mb apart) reaching a similar significance level to CNV 
regions (CNVR). This method to create CNVR was 
shown to be flexible, and thus appropriate to define 
the breakpoints of the significantly associated regions 
(Glessner et al., 2013). Significance of each CNVR were 
computed with a Wald test based on the regression co-
efficients and the standard errors of each single CNVR. 
To account for multiple testing, a stringent criterion 
was required (P < 0.0005) to consider a CNVR signifi-
cantly associated with the studied trait, as suggested 
by the ParseCNV developers (Glessner et al., 2013).

To reinforce the control of false-positive results, only 
significantly (P < 0.0005) associated regions that had 
overlap with CNVR previously identified with WGS 
information of 80 Holstein bulls (Butty et al., 2020) 
were kept to functional annotation.

Description of Associated Regions

Peptide sequences of the associated regions were re-
trieved from the Ensembl Gene database (release 99, 
Cunningham et al., 2019) with the Ensembl Biomart 
tool (Kinsella et al., 2011). The OmicsBox (version 
1.1.0, Götz et al., 2008) was used to annotate the sig-
nificantly associated regions. The gene ontology (GO) 
analyses were performed by taking the 3 GO categories 
(biological processes, molecular function, and cellular 
component) into account and using OmicsBox (Götz 
et al., 2008). Coding sequences were annotated with 
blastx and the OmicsBox mapping and GO annotation 
routines as in Conesa et al., (2005). Query sequences 
were compared against all the sequences found in the 
database of the National Center for Biotechnology 
Information (NCBI, https:​/​/​www​.ncbi​.nlm​.nih​.gov, 
last accessed May 31, 2019). A significance level of at 
least 0.001 (e-value) and similarity of at least 70% were 
needed to consider a reported match for further analy-
sis. The GO significance levels were computed following 
Fisher’s exact test for multiple testing in OmicsBox. As 
described by Cánovas et al. (2013) and Li et al. (2016), 

the OmicsBox suite was used to examine associations 
between the sequences and biological pathways from the 
Kyoto Encyclopedia of Genes and Genomes (KEGG; 
Ogata et al., 1999). Information about the genes an-
notated in the significantly associated sequences was 
retrieved from GeneCards (Safran et al., 2010).

RESULTS

The CNV Identification

On average, 4 CNV (min: 1, max: 9) were identi-
fied per sample on the 5,845 samples remaining after 
quality control on a per sample basis. Of the 23,256 
CNV included in the association analysis, 13,724 were 
deletions and 9,532 were duplications. The length of 
the CNV was not parametrically distributed (P < 0.05; 
Shapiro-Wilk normality test) and ranged from 76bp to 
4.17Mb with an average length of 168.52Kb. The distri-
bution of the length of the CNV showed no statistical 
differences (P > 0.05, Wilcoxon rank-sum test with 
continuity correction) between the cattle chromosomes. 
The CNV were found on all autosomes with a maxi-
mum of 2,775 CNV on BTA12 and a minimum of 106 
CNV on BTA24. All CNV had a frequency below 2% in 
our sample set. Merging CNV with at least 1bp overlap 
to nonoverlapping CNVR reduced the number of vari-
ants to 1,645. Accounting for redundancy of variants 
over the genome, 9.43% of the total bovine genome was 
found to be within a CNVR (Figure 1).

The CNVR Associated With Hoof Health Traits

Association analyses between hoof health traits and 
the discovered CNV of 1,889 bulls led to the identifica-
tion of 23 CNVR significantly associated with at least 1 
of the evaluated traits (P < 0.0005; Supplemental Table 
S1, https:​/​/​data​.mendeley​.com/​datasets/​xwmnrgn97f/​
1; Butty, 2021). Fourteen of these regions overlapped 
with CNVR previously identified with the WGS in-
formation of 80 Holstein bulls (Butty et al., 2020), 
corresponding to the most likely true-positive results. 
The 14 regions represented 9 deletions and 5 duplica-
tions, distributed on 13 chromosomes (Table 3, Figure 
2), and had an average length of 104Kb (ranging from 
9.8–343.3Kb). The number of samples on which the as-
sociated CNVR were detected ranged between 1 and 
807. Detection of CNV can be biased by the quality of 
the reference genome assembly. Although ARS-UCD1.2 
is of high quality, some gaps are still present that could 
not be sequenced; therefore, CNV detected in those 
gaps cannot be controlled for their veracity. None of the 
14 CNVR associated with hoof health traits were found 
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in any gap of the reference assembly ARS-UCD1.2. All 
of the traits showed association with at least 1 CNVR, 
except TU. Only 2 CNVR were associated with more 
than 1 trait: CNVR3 on BTA9 associated with ID and 
IH, and CNVR14 on BTA29 associated with DD and 
SU.

As the CNV and the resulting CNVR were based 
on genotype array information, the associated regions’ 
breakpoints had to be at a SNP position. Use of the 
WGS information of 80 Holstein bulls (Butty et al., 
2020) to filter the associated CNVR showed that the 
true breakpoint of the associated CNVR is probably 
a few bases next to the breakpoints given by the ar-
ray information. Figure 3 depicts the read depth over 
CNVR7 on BTA16 in 3 sequenced samples; the 2 top 
samples represent a deletion that starts before and ends 
after the region as described with genotype array (red 
bar). Moreover, the red-colored reads observed in the 
sequences of the CNV carriers mark reads that were 
split at the time of alignment, a further hint on the 
presence of a CNV in this region. The bottom sample 
in Figure 3 has no deletion in CNVR7. Definition of the 
region breakpoint could therefore be more precise with 
additional sequencing of a selection of animal carriers 
of deletions or duplications at each of the significantly 
associated CNVR.

The 14 regions significantly associated with hoof 
health traits comprised 54 Ensembl peptide sequences. 
Performing analyses using the OmicsBox mapping and 
annotation routines, 43 sequences were found to have 
basic local alignment search tool (BLAST) hits, and 
genes could be annotated for 11 associated CNVR 
(Table 3). We found CNVR9 on BTA20 contained the 
highest number of genes (6), whereas only 1 gene was 
found in the regions of CNVR1, CNVR2, CNVR3, 
CNVR4, CNVR13, and CNVR14.

Associated GO terms in the 3 main GO categories 
(biological processes, molecular functions, and cellular 
component) were identified. At the most informative 
level of the biological processes, 11% of the GO terms 
were related to biological regulation, 14% to metabolic, 
and 25% to cellular processes. The remaining 50% were 
distributed over multiple categories that never reached 
more than 4% of the terms. Regarding the molecular 
function terms, 51% were related to binding, 27% were 
related to catalytic activity, 16% were related to trans-
porter activity, and 5% were related to receptor activ-
ity. Of the cellular component terms, 46% related to cell 
parts, 45% related to membrane parts, and 9% related 
to protein-containing complex. Enzyme codes were re-
trieved for 13 sequences and associated with 5 KEGG 
pathways. Among them, the folate biosynthesis pathway 
was associated with CNVR4, whereas CNVR10 was as-
sociated with purine metabolism; alanine, aspartame, 
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Figure 1. Distribution of the copy number variant regions identi-
fied on 5,845 samples over the bovine autosomes (black stripes).
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and glutamate metabolism; cyanoamino metabolism; 
and thiamine metabolism pathways.

DISCUSSION

In this study, 23,256 CNV were identified relying on 
the genotype array data of 5,845 Holstein individuals 
aligned to the bovine reference genome ARS-UCD1.2. 
Association analysis between the identified CNV and 
deregressed GEBV of 8 hoof health traits were per-
formed for 1,889 Canadian bulls. The CNVR signifi-
cantly associated with hoof health traits were analyzed 
for their gene content and putative functions related 
to the traits. The large number of samples included in 
this study for CNV identification, the use of updated 
SNP position to ARS-UCD1.2, and the discovery of 
associations between CNV and hoof health traits make 
this study novel on multiple levels. Moreover, conserva-
tive approaches were applied: (1) use of strict quality 
thresholds for CNV identification; (2) deregression of 
highly reliable GEBV only; and (3) removal of asso-
ciated CNVR that were not overlapping with CNV 
identified on a set of partly similar samples but relying 
on WGS information. Therefore, the presented associ-
ated CNVR and genes are highly reliable candidates for 
their effects on hoof health traits.

Identified CNV

Although a high number of CNV were identified in 
this study, the average number of 4 CNV per sample 
can be compared with results presented in other studies 
relying on genotype array data (e.g., Butty et al., 2020). 
The density of the genotype array used is known to af-
fect the number and length of the variants identified. 

The average length of the identified CNV (168.52Kb) 
was equivalent to the average distance between mark-
ers of the 50K panel after quality control (174.53Kb; 3 
SNP were needed to consider a CNV valid). Eighty-five 
percent of the samples on which CNV identification 
relied were genotyped with the 50K marker panel. This 
showed that the higher number of samples genotyped 
with this panel truly influenced the final CNV set.

In line with the expectations, more deletions than 
duplications were detected in the Holstein population; 
current CNV detection methods relying on genotype 
array information often behave this way (Boussaha et 
al., 2015; Sasaki et al., 2016; Letaief et al., 2017; Miel-
czarek et al., 2017; Prinsen et al., 2017). In addition, 
the CNV were not distributed equally over the bovine 
autosomes due to CNV formation mechanisms such 
as nonallelic homologous recombination, fork stalling 
and template switching, nonhomologous end-joining, 
and mobile element insertion. These would take place 
more often in some genomic regions than others, in 
a similar way that recombination events occur more 
often in hotspots of the genome (Fadista et al., 2010; 
Bickhart and Liu, 2014). The genome coverage of the 
CNVR observed in this study (9.43%) is higher than 
reported by previous studies that show coverage values 
below 8% in the cattle genome (Fadista et al., 2010; 
Hou et al., 2011; Stothard et al., 2011; Boussaha et al., 
2015; Letaief et al., 2017). This can be explained by 
the fact that variants in this study were identified on 
a higher number of samples in comparison with these 
studies. Also, our samples were mostly genotyped with 
medium-density marker panels. Due to the lower num-
ber of possible breakpoints than with higher density 
genotype array information, the CNV identified were 
longer and covered a greater part of the genome.
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Table 3. Copy number variant regions (CNVR) significantly (P < 0.0005) associated with hoof health traits, their type (duplication, DUP, or 
deletion, DEL), and their gene content

CNVR BTA Start End Type   Trait1   Gene

CNVR1 7 10,422,889 10,432,630 DEL WL   OR7A17
CNVR2 8 23,776,015 23,878,364 DEL IH   MLLT3
CNVR3 9 44,794,304 44,864,222 DUP ID, IH   POPDC3
CNVR4 10 78,557,712 78,830,390 DUP SH   GPHN
CNVR5 12 86,121,984 86,338,161 DEL SU   ATP11A, TUBGCP3, SPACA7
CNVR6 15 79,760,818 79,808,157 DEL HHE   OR5M11, OR5M3
CNVR7 16 54,477,653 54,495,676 DEL HHE   PRAME8
CNVR8 18 31,109,599 31,125,563 DUP HHE    
CNVR9 20 70,834,509 71,177,834 DEL SH   LPCAT1, CLPTM1L, NDUSF6, TERT, SLC6A18, 

MRPL36
CNVR10 21 68,617,018 68,743,664 DEL DD   ASPG, KIF26A
CNVR11 23 25,984,486 26,166,446 DEL WL    
CNVR12 26 25,491,013 25,509,679 DUP HHE   SORCS3, SCART1
CNVR13 29 42,865,742 42,882,539 DUP HHE   NRXN2
CNVR14 29 49,648,648 49,670,956 DEL DD, SU   SYT8
1WL = white line lesion; IH = interdigital hyperplasia; ID = interdigital dermatitis; SH = sole hemorrhage; SU = sole ulcer; HHE = heel horn 
erosion; DD = digital dermatitis.
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Figure 2. Copy number variant regions associated with hoof health traits: sole hemorrhage (SH), sole ulcer (SU), heel horn erosion (HHE), 
digital dermatitis (DD), white line lesion (WL), interdigital hyperplasia (IH), and interdigital dermatitis (ID).
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Associations Between CNVR and Hoof Health Traits

Several CNVR were found associated with hoof health 
traits. Two regions were significantly associated with 2 
traits, whereas all other associated CNVR were linked 
to a single trait. This discovery rate can be explained 
by the more stringent conditions adopted to consider a 
CNVR significantly associated in this analysis. First, 
the CNV had to cover at least 3 SNP. Second, they had 
to pass the PennCNV defaults and the ParseCNV-ad-
justed filter values. Third, only CNVR that overlapped 
with CNVR identified on WGS information were kept. 
Further analyses with less stringent conditions at the 
time of CNV identification or at the time of CNVR 
association would likely result in a higher number of 
associated regions. However, the risk for false positives 
would also be higher.

No region associated with hoof health traits in the 
current study coincided with genomic regions described 
in a GWAS on the same trait in the same Canadian 
Holstein cattle population but using SNP (Malchiodi 
et al., 2018). The lack of concordance between stud-
ies might be due the stringent criteria adopted in this 
study to identify CNVR and consider them significantly 
associated with the hoof health traits. However, such 
inconsistency might also reflect the potential of CNV 
to provide additional information not captured by SNP 
(Xu et al., 2014; Hay et al., 2018).

Gene Content and Putative Function  
of the Associated CNVR

Immune-related genes are expected to be related to 
infectious traits, whereas noninfectious traits are often 

related to metabolic or mechanic processes (Heringstad 
et al., 2018). Therefore, it was expected that differ-
ent genomic regions would be associated with these 2 
groups of traits. Interestingly, both CNVR that were 
associated with 2 hoof health traits included 1 trait 
of each category, indicating that common mechanisms 
affect infectious and noninfectious traits. However, the 
roles of the genes mapped within these 2 CNVR in 
resistance to hoof lesions are not fully understood. The 
POPDC3 gene, located at CNVR3 that was associated 
with ID and IH, encodes a membrane protein associ-
ated with muscle dystrophy and serum level of creatine 
kinase (Vissing et al., 2019). The CNVR14 that was 
associated with DD and SU comprises the SYT8 gene, 
a critical regulator of exocytosis and insulin secretion 
(Xu et al., 2011). The deletion of this gene might be 
associated with propensity to negative energy balance 
and a declining metabolism, which are presumed effects 
leading to increased susceptibility for hoof diseases 
(Collard et al., 2000; Heringstad et al., 2018).

Immune-related genes were identified in the CNVR 
associated with infectious lesions DD and HHE, includ-
ing SCART1, NRXN2, and KIF26A. The SCART1 gene 
encodes a protein only expressed in a specific type of 
delta gamma T-cell, acting in recognition of important 
pathogens (Baldwin et al., 2014). Thus, an effect of the 
number of SCART1 copies on HHE (an infectious trait) 
can exist. The NRXN2 was mapped to CNVR13, which 
is also associated with HHE, and it affects leukocyte 
adhesion deficiency type 3 (Safran et al., 2010). With 
a higher number of copies, this gene could lead to an 
increased ability of the leukocytes to act in the case of 
the presence of a pathogen in the organism. KIF26A is 
the gene in CNVR10 that can be related to the other 
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Figure 3. Read depth around the copy number variant region no. 7 (CNVR7; 16:54,474,882–54,500,285) for 3 sequenced samples. The red bar 
shows the breakpoints defined for CNVR7 with genotype array information. Deletions can be observed on the 2 top samples. Red-colored reads 
in the copy number variant (CNV) carrier sequences represent reads split at the time of alignment. No CNV is observed in the bottom sample.
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infectious trait DD. Kinesin proteins are part of the mi-
crotubules used to form vacuoles in the cells and affect 
their stability (Jancsik et al., 1996). The less solidified 
vacuoles could be more prone to fail their purpose of 
isolating pathogens in the cell, leading to a susceptibil-
ity to infections (Mostowy and Shenoy, 2015).

Metabolic diseases often lead to poor hoof quality, 
and thus higher incidence of lesions, as nutrients are 
not supplied to the dermal-epidermal junction between 
the live and the horn tissues of the hoof, which slowly 
degenerate and lead to a lack of support inside the 
hoof. This can be followed by the appearance of ul-
cers, hemorrhages, and white line diseases (Lischer 
and Ossent, 2007). The CNVR detected on BTA10 
and BTA20 were significantly associated with SH. The 
GPHN gene on BTA10 was associated with the folate 
biosynthesis KEGG pathway. Changes in the folate 
metabolism lead to an increase of metabolites in the 
blood that may affect hoof quality (Lischer and Ossent, 
2002). The genomic region of CNVR9 on BTA20 was 
previously identified in Holstein and associated with 
SCS (Durán Aguilar et al., 2017), suggesting influence 
of its gene content (LPCAT1, NDUFS6, CLPTM1L, 
TERT, SLC6A18, MRPL36) on the resistance to mas-
titis and metabolic disorders, 2 causes of economic 
losses in dairy industry. Interestingly, both CNVR1 and 
CNVR9 were also associated with ketosis traits (data 
not shown), a common metabolic disease of dairy cattle 
(Duffield, 2000). The only gene mapped in CNVR1 
associated with WL was the olfactory receptor (OR) 
OR7A17. The other 2 OR genes were also detected in 
the CNVR5, which was associated with an infectious 
lesion, HHE. The OR represent a superfamily of genes 
crucial to the development of the sensory system in 
mammals that underwent high evolutionary selection 
pressure (Bickhart and Liu, 2014). Several studies re-
port the expression of OR genes across nonolfactory 
issues, and unclear additional functions unrelated to 
olfaction, including the control of metabolic health and 
energy homeostasis, recognition of pathogens, and acti-
vation of immune cell responses (Li et al., 2013; Ferrer 
et al., 2016; Riera et al., 2017).

CONCLUSIONS

This study describes CNV associated with hoof 
health traits using pseudophenotypes and provides 
information on functional annotation of the associated 
CNVR. Fourteen CNVR were found to be significantly 
associated with infectious and noninfectious hoof le-
sions using strict quality control parameters and can 
therefore be considered high-confidence associations. 
Genes were mapped to the associated CNVR that had 
previously described functions related to the recorded 

hoof health traits in Canada. This study is a good 
foundation for the analysis of association between hoof 
health traits and in silico–identified CNV. Neverthe-
less, additional data will be needed to strengthen the 
analysis. Inclusion of the associated CNV identified in 
this study into national genetic evaluations could lead 
to greater genetic improvement rates in the Holstein 
dairy cattle population, thus reducing the involuntary 
animal losses due to lameness on farms.
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