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Copy number variation in cattle

(Altschul et al., 1990) was used to detect DNA
sequences that were homologous between the
upstream and downstream regions of each CNV
hotspot in the population. The BLAST search was
of the upstream region against the downstream
region using a nucleotide comparison (blastn)
to identify highly similar sequences (megablast).
The BLAST tool reports the length of the aligned
regions, the percentage match between the 2 aligned
regions, an expectation score, and an alignment
score. The alignment score is a function of the
length of the aligned region and the proportion of
matching bases in the aligned sequence. The expect-
ation score is a measure of how likely it would be
for the homologous stretch of DNA, in the anking
genomic regions, to occur by chance. The chi-square
test was used to determine whether more CNV hot-
spots were anked with stretches of homologous
DNA than was expected by chance.

RESULTS

Comparison of Copy Number Calling Platforms
and Protocols

PennCNYV without the GC adjustment called
415,037 deletions and 176,942 duplications from
the whole population. When the GC adjustment
was applied, 176,910 deletions and 105,197 dupli-
cations were called. Of the 176,910 deletions
called with the GC adjustment, 105,287 were also
called by PennCNV without GC adjustment; the
remaining 71,623 were unique to PennCNV with
GC adjustment. Of the 105,197 duplications
called with the GC adjustment, 82,701 were also
called by PennCNV without the GC adjustment,
whereas 22,496 were only called by PennCNV
with GC adjustment. When the GC adjustment
was applied, 730 animals which had previously
had CNVs called when the GC adjustment was
not applied, no longer had any CNVs called. The
loss of CNVs in these 730 animals accounted for
41.3% of the reduction in the number of dele-
tions called from the whole population and 19.6%
of the reduction in the number of duplications
called from the whole population. The percent-
age of CNVs per animal that were concordant
between PennCNV with or without GC adjust-
ment was positively skewed for both deletions and
duplications. The median percentage of deletions
that were concordant per animal was 45.7%. The
median percentage of duplications that were con-
cordant per animal was 55.6%.
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A total of 425,279 deletions and 261,432
duplications were called by QuantiSNP, whereas
418,225 deletions and 176,827 duplications were
called by PennCNV. The percentage of CNVs per
animal, that were concordant between PennCNV
and QuantiSNP, without the GC adjustment, was
positively skewed. The rst quartile, median, and
third quartile for the percentage of concordant
deletions per animal was 9.6%, 18.5%, and 38.5%,
respectively. The rst quartile, median, and third
quartile for the percentage of concordant duplica-
tions, per animal, was 0%, 0%, and 2.5%, respec-
tively. The concordance rate between PennCNV
and QuantiSNP, for deletions and duplications,
increased with each relaxation of the overlap criter-
ion for concordant CNVs (Figure 1)

Frequency of CNVs

PennCNV and QuantiSNP collectively iden-
ti ed 432,523 duplications and 747,129 deletions
from all animals in the whole population. Per ani-
mal, there were more deletions than duplications
(P < 0.05). The distribution of the number of
deletions per animal was positively skewed, as was
the distribution of the number of duplications
per animal (Figure 2). Per animal, there tended to
be more than twice as many deletions as duplica-
tions (Table 1). The majority of CNVs were rare
(Figure 3); 69.1% of deletions and 80.2% of dupli-
cations were present in only one animal in the popu-
lation. Only 2.9% of deletions, and just over 1.1% of
duplications, were present in more than 10 animals
in the population. The most common deletion was
present in 11.7% of the population (650 animals); it
was located between 72,432,362 and 72,503,466 bp
on chromosome 12. The most common duplica-
tion was present in 11.2% of the population (623
animals); it was located between 83,429,553 and
83,452,740 bp on chromosome 4.

Of the 7 common breeds in the study popu-
lation, the Holstein-Friesians had a higher mean
number of deletions per animal (204) than any
of the 6 beef breeds (P < 0.05). There was no
difference in the mean number of deletions per
animal between the beef breeds, which ranged
from 102 (Limousin) to 142 (Belgian Blue)
(Table 2). For the 7 common breeds in the study
population, the mean number of duplications
per animal ranged from 66 (Belgian Blue) to
109 (Simmental) (Table 2). There was no dif-
ference in the mean number of duplications
per animal, except for the following pairs: the
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Figure 1. The mean concordance rate (as a percentage) between CNVs called with PennCNV and QuantiSNP with different overlap criterion
for concordant CNVs. The CNVs called by PennCNYV and QuantiSNP were considered concordant when a certain percentage of their lengths were
overlapping. The black bars represent the interquartile range for the rate of concordance. Deletions are represented by red circles and duplications

are represented by blue circles.

Holstein-Friesian v Belgian Blue, Charolais,
Hereford, and Limousin (P < 0.05) and the
Simmental v Limousin (P < 0.05).

Length of CNVs

The distribution of the length of deletions in the
population was positively skewed, as was the dis-
tribution of the length of duplications (Figure 4).
Duplications were on average more than twice as
long as deletions (P < 0.05). As well as being longer,
the interquartile range for the length of duplications
was more than twice that of deletions. The major-
ity (i.e., 69.8%) of CNVs < 175 kb were deletions,
whereas 64.3% of CNVs > 175 kb were duplica-
tions. On average, deletions that were present only
once in the whole population were 38.6% longer
than deletions that were present twice in the pop-
ulation. On average, duplications that were present
only once in the population were 29.3% longer than
duplications that were present twice in the popu-
lation (Figure 5). For the 7 common breeds in the
study population, the mean length of deletions per
breed ranged from 78 kb (Limousin) and 104 kb
(Holstein-Friesian) (Table 2). The mean length of
duplications per breed ranged from 166 kb (Belgian

Blue) to 248 kb (Aberdeen Angus) (Table 2). The
mean length of deletions per breed was different
between all of the breeds (P < 0.05), except for
the following pairs: the Aberdeen Angus v Belgian
Blue, the Hereford v Aberdeen Angus, the Hereford
v Belgian Blue, and the Simmental v Hereford. The
mean length of duplications per breed was different
between all of the breeds (P < 0.05), except for the
Hereford v Charolais, the Limousin v Charolais,
and the Simmental v Limousin.

For the whole population, the distribution of
the percentage of the autosomes that were com-
posed of deletions, per animal, was positively
skewed, as was the distribution of the percentage of
the autosomes that were composed of duplications
per animal (Figure 6). Most animals tended to have
more of their genome composed of deletions rather
than duplications (Table 1).

For the 7 most common breeds in the popu-
lation, on average, more of the Holstein-Friesian
autosomes were composed of deletions than any of
the 6 beef breeds (P < 0.05). On average, 0.71% of
the autosomes in the Holstein-Friesian were com-
posed of deletions (Table 2). There was no differ-
ence in the mean percentage of the autosomes that
were composed of deletions between any of the 6
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Figure 2. Frequency distribution of the number of copy number variants (CNVs) per animal. The distributions are shown separately for dele-
tions and duplications; animals with >150 (n = 751) duplications or >150 deletions (n = 1,219) not included.

Table 1. Summary statistics on the number of copy number variants (CNVs) per animal, the percentage of
the autosomes that were composed of CNVs per animal, and the length of CNVs in the population

Autosomes per- Autosomes per-

Length deletions  Length dupli- centage dele- centage duplica-
Count deletions Count duplications (kb) cations (kb) tions (%) tions (%)
25th percentile 16 8 25 46 0.020 0.014
Median 29 12 52 109 0.039 0.029
Mean 135 78 87 202 0.468 0.627
75th percentile 117 23 101 235 0.211 0.080

beef breeds, which ranged from 0.27% (Limousin)
to 0.41% (Belgian Blue). The mean percentage of
the autosomes that were composed of duplications
was between 0.81% (Holstein Friesian) and 0.37%
Belgian Blue (Table 2). There was a difference in the
mean percentage of the autosomes that were com-
posed of duplications for Limousins v Aberdeen
Angus (P < 0.05), and the Holstein-Friesian v
Belgian Blue, Charolais, Hereford, and Limousin
(P <0.05).

Copy Number Variable Regions

There were 7,004 deletion CNVRs discovered
in the entire population. The distribution of the

length of deletion CNVRs was positively skewed.
The rst quartile, median, and third quartile were
15, 40, and 103 kb, respectively. Per autosome, the
percentage of the chromosome that was a deletion
CNVR ranged from 21.8% (chromosome 22) to
68.2% (chromosome 19). In total, 34.3% of all the
autosomes were composed of deletion CNVRs.
The average distance between deletion CNVRs was
221 kb. In the whole population, there were 4,866
duplication CNVRs. The distribution of the length
of CNVR duplications was also positively skewed.
The rst quartile, median, and third quartile were
19, 59, and 162 kb, respectively. The average dis-
tance between duplication CNVRs was 344 kb.
Per autosome, the percentage of the chromosome
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Figure 6. Frequency distribution of the percentage of the autosomes that were composed of copy number variants (CNVs) per animal in the
population. The distributions are shown separately for deletions and duplications. Animals whose a percentage of the autosomes that were com-
posed of deletions was > 0.25% (n = 1,218), or animals whose percentage of the autosomes that were composed of duplications was > 0.25% (n =

953) were not included.

lengths > 175 kb. This could be the reason why da
Silvaetal. (2016) observed more duplications than
deletions. There is both a biological and a techni-
cal reason why more deletions than duplications
may be observed in a population. Firstly, one of
the modes of CNV formation is nonallelic homol-
ogous recombination; nonallelic homologous
recombination has a bias towards deletion for-
mation rather than duplication formation (Turner
et al., 2008). Secondly, it has been suggested that
deletions are more readily detectable than dupli-
cations because a deletion represents a larger pro-
portional change in the LRR value of SNPs than
a duplication (Fadista et al., 2010; Eckel-Passow
et al., 2011). As PennCNV and QuantiSNP call
CNVs based on the LRR values of SNPs, dele-
tions might be more recognizable to the CNV call-
ing algorithms.

After adjusting for chromosome length,
chromosome 12 had the greatest frequency of
deletions in the present study. Daetwyler et al.
(2014) examined the whole genome sequence of
234 bulls and found that chromosome 12 had the
greatest proportion of Mendelian inconsistencies.

Deletions can result in apparent Mendelian incon-
sistencies (Winchester et al., 2009). For example,
a single copy deletion (A ) has a reported geno-
type of a homozygote (AA). If a mating occurs
between the single copy deletion (A ) and an
opposing homozygote (BB), the resulting progeny
will have the genotypes (AB) or (B ). The single
copy deletion parent will have a reported genotype
of AA and the single copy deletion offspring will
have a reported genotype of BB. Hence, deletions
can result in an apparent Mendelian inconsistency
where none actually exists. This may explain why
chromosome 12 was reported to have the high-
est proportion of Mendelian inconsistencies by
Daetwyler et al. (2014).

Length of CNVs

Similar to other studies in cattle (Fadista et al.,
2010; Jiang et al., 2012; Wang et al., 2015), it was
observed that the distributions of length of dele-
tions and duplications in the present study were
positively skewed. Xu et al. (2013) observed an
average length of 49.9 kb for CNVs called with












