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Abstract Hanwoo, Korean native cattle, is indigenous to
the Korean peninsula. They have been used mainly as draft
animals for about 5,000 years; however, in the last 30 years,
their main role has been changed to meat production by
selective breeding which has led to substantial increases in
their productivity. Massively parallel sequencing technol-
ogy has recently made possible the systematic identification
of structural variations in cattle genomes. In particular, copy
number variation (CNV) has been recognized as an impor-
tant genetic variation complementary to single-nucleotide
polymorphisms that can be used to account for variations of
economically important traits in cattle. Here we report
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genome-wide copy number variation regions (CNVRs) in
Hanwoo cattle obtained by comparing the whole genome
sequence of Hanwoo with Black Angus and Holstein
sequence datasets. We identified 1,173 and 963 putative
CNVRs representing 16.7 and 7.8 Mbp from comparisons
between Black Angus and Hanwoo and between Holstein
and Hanwoo, respectively. The potential functional roles of
the CNVRs were assessed by Gene Ontology enrichment
analysis. The results showed that response to stimulus,
immune system process, and cellular component organiza-
tion were highly enriched in the genic-CNVRs that over-
lapped with annotated cattle genes. Of the 11 CNVRs that
were selected for validation by quantitative real-time PCR, 9
exhibited the expected copy number differences. The results
reported in this study show that genome-wide CNVs were
detected successfully using massively parallel sequencing
technology. The CNVs may be a valuable resource for

H.-S. An
e-mail: chivalry78 @naver.com

S. Lee
e-mail: slee46@korea.kr

S. Ahn - S.-Y. Lee

Laboratory of Genomics and Genomic Medicine, Lee Gil Ya
Cancer and Diabetes Institute, Gachon University of Medicine
and Science, Incheon, Republic of Korea

e-mail: smahn@gachon.ac.kr

S.-Y. Lee
e-mail: liketree36@gmail.com

S. S. Moore
Queensland Alliance for Agriculture and Food Innovation,
University of Queensland, St Lucia, QLD, Australia

@ Springer


http://dx.doi.org/10.1007/s00335-013-9449-z

152

J. Choi et al.: Genome-wide copy number variation

further studies to correlate CNVs and economically impor-
tant traits in cattle.

Introduction

Hanwoo is a native cattle breed found on the Korean
peninsula which has been used as a draft animal for about
5,000 years. Currently, four Hanwoo breeds (Korean
Brown, Korean Brindle, Korean Black, and Jeju Black)
within Korea are registered by the Food and Agriculture
Organization (FAO). Among the breeds, Korean Brown
has been widely used for beef, with an emphasis on greater
marbling for the improved juiciness and flavor that is in
demand in the Korean beef market. Over the past 40 years,
the main role of Hanwoo has changed from draft animal to
beef cattle. This change is mainly the result of the accel-
erated industrialization and increased meat consumption in
Korea. The first official genetic breeding program for
Hanwoo was initiated in 1979 by the Korean government
and the productivity of Hanwoo has been substantially
improved. For example, between 1998 and 2010, muscle
mass and area in Hanwoo steer have been increased from
319 to 418 kg and from 75.4 to 88.9 cm?, respectively, and
marbling scores have gone up from 3.5 to 5.1 on a scale
from 1 to 7 (NIAS 2011). In addition, it was reported that
Hanwoo and Wagyu have a higher ratio of monounsatu-
rated fatty acids (15-23 %) in their intramuscular fat
content at final slaughter age than other beef breeds (Kim
et al. 2005; Smith et al. 2009).

After the release of the bovine genome sequence
assembly (Elsik et al. 2009; Liu et al. 2009; Zimin et al.
2009), a large number of genetic variations, especially sin-
gle-nucleotide polymorphisms (SNPs), have become widely
available and commercial high-density SNP panels have
been developed (Matukumalli et al. 2009). The continued
discovery of SNPs in diverse cattle breeds has been further
expedited (Eck et al. 2009; Stothard et al. 2011) by the recent
availability of massively parallel sequencing technologies
called next-generation sequencing (NGS). SNPs and the
commercial SNP marker panels have been successfully used
to identify genomic regions that potentially shape the current
productive cattle (Barendse et al. 2009; Gibbs et al. 2009;
Hayes et al. 2009; Jiang et al. 2010; Sherman et al. 2010).
Recently, copy number variation (CNV) has been attracting
attention as another form of structural variation that can
account for diverse, economically important traits in cattle.
CNV was defined initially as a DNA segment >1 kb in size
that displayed variable copy numbers in comparison with a
reference genome (Feuk et al. 2006). The spectrum of CNV
has now widened to include shorter segments, even down to
50 bp in length. This new definition is mainly the result of
the improved resolution to detect CNV that is provided by

@ Springer

the wide availability of NGS (Alkan et al. 2011). In cattle, a
limited number of investigations have been performed to
detect CNVs using methods that include high-density array
comparative genomic hybridization (aCGH), the Bovine
50K SNP panel, and read depth analysis of NGS short reads
(Bae et al. 2010; Fadista et al. 2010; Liu et al. 2010; Stothard
et al. 2011). In particular, read depth analysis using NGS
short reads to identify CNVs has been seen as a promising
approach because it can provide higher resolution of puta-
tive CNVs than the currently available commercial SNP
chip and aCGH methodologies (Alkan et al. 2011; Stothard
et al. 2011). In the present study, we present genome-wide
CNV regions (CNVRs) that we identified by comparing
whole-genome resequenced Hanwoo (Korean Brown cattle)
data with resequenced datasets from Black Angus and
Holstein, representative beef and dairy breeds in North
America. In addition, we performed deep annotation on all
the detected CNVRs and downstream functional analysis
on selected CNVRs to investigate the potential biological
roles (Tables 1, 5).

Materials and methods
DNA sampling and sequencing

We obtained a proven Hanwoo bull (27223, born on 26 April
2007) from the Hanwoo Experiment Station, National
Institute of Animal Science, Rural Development Adminis-
tration, Korea, for whole-genome resequencing. Genomic
DNA was extracted from the EDTA-blood using a QIAamp
DNA Blood Maxi Kit according to the manufacturer’s
instructions (Qiagen). DNA was fragmented by Covaris S2
(Covaris) and HydroShear (Genomic Solutions) at proper
settings for the targeted sizes. Libraries were prepared
according to the “SOLiD™ System Mate-paired Library
Preparation” protocol of the Applied Biosystems SOLiD
System: Library Preparation Guide (02/2009 and 10/2009
editions). Four mate-pair libraries of three different sizes
(600-700, 1-2, and 0.6-2.2 kb) were constructed, and
sequencing was performed according to the Applied Bio-
systems SOLiD System protocol. Templated beads were
deposited onto two slides of full-scale per library and
sequencing was carried out to 50 bases using SOLiD v3.0
chemistry and following the manufacturer’s instructions; an
exception was the library prepared from the 0.6-2.2 kb
sheared DNA fragments which was used for four slides of
full-scale.

Short-reads mapping

The Hanwoo sequence reads were aligned in color space to
the bovine reference genome assembly UMD 3.1 (Zimin
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Table 1 Gene ontology terms enriched among the genic-CNVRs from HOLvsHAN

GO term Ontology Breed of Gain Description P-HOL P-HAN

Biological process
GO0:0032502 P HOL/HAN Developmental process 3.9E-118 2.9E-020
G0:0032501 P HOL/HAN Multicellular organismal process 2.2E-170 4.5E-030
GO:0016265 P HOL/HAN Death 2.8E-029 2.00E-05
G0:0002376 P HOL/HAN Immune system process 2.2E-027 3.30E-12
G0:0000003 P HOL/HAN Reproduction 4.9E-064 1.30E-08
G0:0016043 P HOL/HAN Cellular component organization 1.2E-038 5.70E-05
GO0:0022414 P HOL/HAN Reproductive process 2.9E-054 5.40E-07
GO0:0051234 P HOL/HAN Establishment of localization 1.2E-016 1.00E-05
GO:0051179 P HOL/HAN Localization 4.9E-022 3.50E-06
GO0:0050896 P HOL/HAN Response to stimulus 3.1E-076 1.8E-025
GO:0048518 P HAN Positive regulation of biological process - 2.20E-23
GO:0048519 P HAN Negative regulation of biological process - 6.20E-09
GO0:0050789 P HOL Regulation of biological process 1.10E-09 -
GO:0065007 P HOL Biological regulation 5.10E-10 -
G0:0022610 P HOL Biological adhesion 1.10E-12 -
GO:0009987 P HOL Cellular process 1.40E-04 -
GO:0008152 P HOL Metabolic process 1.00E-04 -
GO:0040007 P HOL Growth 1.70E-46 -
GO0:0044085 P HOL Cellular component biogenesis 3.70E-13 -

Molecular function
GO0:0005215 F HOL Transporter activity 9.20E-05 -
GO0:0030528 F HOL Transcription regulator activity 6.20E-04 -
GO0:0005488 F HOL Binding 1.40E-08 -
GO0:0030234 F HOL Enzyme regulator activity 1.70E-06 -

Cellular component
G0:0032991 C HOL/HAN Macromolecular complex 3.30E-08 9.50E-03
GO0:0005623 C HOL/HAN Cell 9.00E-10 4.90E-03
GO0:0044464 C HOL/HAN Cell part 9.00E-10 4.90E-03
GO0:0031974 C HOL Membrane-enclosed lumen 7.10E-35 -
G0:0044421 C HOL Extracellular region part 1.70E-47 -
GO:0005576 C HOL Extracellular region 8.80E-25 -
GO0:0045202 C HOL Synapse 1.20E-11 -
GO0:0044456 C HOL Synapse part 1.30E-04 -
GO:0043226 C HOL Organelle 1.10E-26 -
G0:0044422 C HOL Organelle part 6.40E-31 -

et al. 2009) using LifeScope 2.0 (Life Technologies,
Carlsbad, CA, USA) and allowing for up to three mis-
matches. To compare different breeds with Hanwoo, we
remapped the genomic sequences of Black Angus (beef
cattle) and Holstein (dairy cattle), which had been mapped
previously on Btau4 (Stothard et al. 2011), to the bovine
reference genome assembly UMD 3.1 following the same
procedures that were used to map the Hanwoo sequences
(Table 2). Potential duplicates were removed using SAM-
tools version 0.1.18 (Li et al. 2009).

Identification of putative CNVRs

Putative CN'Vs were identified across all 29 autosomes and
X chromosome using the CNV-seq application (Xie and
Tammi 2009). CNV-seq compares two sets of mapped
reads in a sliding window. For each comparison, Black
Angus versus Hanwoo (BAvsHAN) and Holstein versus
Hanwoo (HOLvsHAN), CNV-seq calls regions that show
statistically significant read depth discrepancies CNVs. All
the mapped reads for each breed were used to generate

@ Springer
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Table 2 Coverage of the genomes of Holstein, Black Angus, and Hanwoo cattle

Genome Total mapped reads Assembly coverage (%)* Sequence coverageb
Holstein 1,235,682,841 98.78 16.54

Black Angus 836,682,891 97.50 9.89

Hanwoo 3,582,289,560 99.07 57.23

4 Assembly coverage was calculated as the proportion of bases in the genome assembly that were covered by at least one read

° Sequence coverage was computed as the average depth of coverage of the bases that were covered by least one read

best-hit format files which were used as an input file for
CNV-seq. To detect CNVs across the Hanwoo genome, we
ran a customized Perl script with strict customized
threshold values (P = 0.001 and log?2 threshold = 0.7) and
a window size of 5 to generate a list of CNVs from the
best-hit files. In addition, a minimum-window-required
setting of 10 was used to ensure that ten consecutive sliding
windows showing a significant read depth discrepancy
were required for a region to be annotated as a CNVR.

Annotating CNVRs and gene ontology analysis

The gene content of each CNVR was assessed by searching
each CNVR sequence coordinate against the Ensembl gene
database (release 67) (Flicek et al. 2011). BioMart (Haider
et al. 2009) was used to obtain Ensembl protein IDs for the
genes that overlapped with a CNVR, and the Ensembl
protein IDs were used to perform the Gene Ontology (GO)
analysis. The singular enrichment analysis (SEA) tool in
agriGO, a GO analysis tool kit and database, was applied to
locate enriched GO terms among the list of Ensembl pro-
tein IDs. The significance of term enrichments was asses-
sed using Fisher’s exact test according to the author’s
recommendations, and the default multiple comparison
correction (Benjamini-Yekutieli method) was applied (Du
et al. 2010).

Quantitative real-time PCR validation of CNVs

Quantitative real-time PCR (qQRT-PCR) was performed for
CNV validation using the 7500 Real Time PCR system and
the SDS 1.4 software package (Life Technologies). Primers
and probes (Table 3) were designed for 11 genic-CNVRs
(CNVRs that completely or partially overlapped with
known Ensembl genes) using Custom TagMan Copy
Number Assays (Life Technologies). All the primers were
tested by standard curve analysis using a serial dilution of
genomic DNA from Hanwoo 27223, with amplification
efficiencies above 90 % and no-template control reactions.
All reactions (20 pL) were run in triplicate with 1 x TagMan
Genotyping Master Mix (Life Technologies), 1 puL of 20x
working stock of TagMan Copy Number Assays (Life Tech-
nologies) for target genes, 100 nM of each primer, 250-nM

@ Springer

probe for the reference genes, and 10 ng of genomic DNA.
Thermal-cycling conditions were as follows: 95 °C for 10
min followed by 40 cycles of 95 °C for 15 s and 60 °C for
60 s. To calculate the for all genes. The average ACt for
each sample (from three replicates) was calculated after
normalizing to BTF3 (chr 20: 8480505-8487056 on Btau
4.0) (Liu et al. 2010; Stothard et al. 2011). The copy number
of each target gene was calculated using the CopyCaller
software v2.0 (Life Technologies) based on the assumption
that there were two copies of the DNA segment in the cal-
ibrator animals. The relative quantification analysis of each
target was assayed in seven breeds (Hanwoo: 23 samples,
including the Hanwoo 27223 sample that was sequenced in
this study; Angus: 10 samples; Holstein: 14 samples; Her-
eford: 4 samples; Charolais: 10 samples; Limousin: 17
samples; and Simmental: 14 samples). Overall, the analysis
was performed for 92 animals. To calculate the quantita-
tive copy numbers, the Hanwoo 27223 sample was
assumed to represent two copies of each of the target DNA
segments.

Results and discussion
Genome sequencing and CNV discovery

One individual bull from each of the three breeds, Hanwoo,
Black Angus, and Holstein, were sequenced on the SOLiD™
ver. 3.0 chemistry sequencing platform. In this experiment,
only Hanwoo was actually sequenced at higher sequence
coverage, while raw sequence data of the other two breeds
(Stothard et al. 2011) were reprocessed to be compared with
the Hanwoo sequence dataset. Because Black Angus and
Holstein sequences had been mapped previously to the
bovine reference assembly (Btau4), the sequences were
remapped to the Bos taurus reference sequence assembly
(UMD 3.1) so that they could be directly compared with the
Hanwoo sequences that were mapped to the UMD 3.1
assembly. The number of properly mapped reads totaled
3,582,289,560, 836,682,891, and 1,235,682,841, accounting
for 57.23, 9.89, and 16.54 sequence coverage for Hanwoo,
Black Angus, and Holstein, respectively (Table 2). The
coverage difference between the breeds was evenly balanced
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Fig. 1 Distribution of mapped reads in the Hanwoo, Black Angus, and Holstein genome assemblies

BTAL,3,4,5,7,17, and 18, and no CNV was detected from
HOLvsSHAN on BTA9 and 15. As for the proportion of CNVs
within each chromosome, CNVs from BAvsHAN were highly
enriched (>1 % of each chromosome) on BTA12, 14, 25, 27,
29, and X, while CNVs from HOLvsHAN were highly enri-
ched (>1 %) only on BTA12 (Table 4).

Annotation of the CNVs and gene ontology analysis

GO enrichment analysis of the potential functional roles of
the identified CNVs was performed. The Ensembl database
searches identified 910 and 436 CNVs that completely or
partially overlapped with known genes (genic-CNVs)
among CNVs from BAvsHAN and HOLvsHAN, respec-
tively (see the Supplementary Material for details). The
genic-CNVs that were annotated with Ensembl protein IDs
accounted for 820 and 364 CNVs from BAvsHAN and
HOLvsHAN, respectively. The protein IDs were then used to
look for statistically significant enriched GO terms. The
results indicated that immune system process (GO:0002376),
response to stimulus (GO:0050896), and cellular component
organization (GO:0016043) were enriched in the set of genic-
CNVs from the three breeds in the two comparisons (Tables 1,
5). These enriched terms are well concordant with overrep-
resented terms for CNVs identified in previous studies on
cattle (Stothard et al. 2011), and CNVs particularly enriched
for immune response and response to external biotic stimuli
have been reported in studies on humans (Conrad et al. 2010;
Feuk et al. 2006; Nguyen et al. 2006). In Hanwoo, the over-
represented GO terms for CNVs with higher copy numbers
include developmental process (GO:0032502; P < 0.01) and
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multicellular organismal process (GO:0032501; P < 0.01) in
BAvsHAN (Table 5), and positive regulation of biological
process (GO:0048518; P < 0.01) and negative regulation of
biological process (GO:0048519) in HOLvsHAN (Table 1).

Comparison of cattle CNVRs with previous studies

The two sets of putative CNVRs identified in this study
from BAvsHAN and HOLvsHAN were compared with
CNVRs detected previously by different platforms,
including aCGH and Bovine 50K SNP BeadChip (Hou et al.
2011; Liu et al. 2010). Stothard et al. (2011) observed that
substantial numbers of CNVRs overlapped between the
multiple cattle CNV studies, even when different detection
methodologies and numbers of breeds and individuals had
been used to detect the CNVRs. Among the 1,173 CNVRs
from BAvsHAN, 341 (6,304,549 bp or 37.7 % of the total
CNVRs) and 360 [6,017,588 bp or 36.0 %) of the total
CNVRs) overlapped with the CNVR datasets of Liu et al.
(2010) and Hou et al. (2011), respectively. Of the over-
lapping CNVRs, 552 of the 701 were unique CNVRs,
accounting for 9,272,845 bp or 55.5 % of the total
CNVRs. Among the 963 CNVRs from HOLvsHAN, 350
(3,560,735 bp or 45.8 % of the total) and 408 (3,815,356 bp
or 49.0 % of the total) overlapped with the CNVR datasets
of Liu et al. (2010) and Hou et al. (2011), respectively. Of
the overlapping CNVRs, 539 of the 758 were unique
CNVRs, accounting for 5,004,443 bp or 64.3 % of the total
CNVRs. In addition, there were distinct differences in the
average size of nonoverlapped and overlapped CNVRs.
Longer CNVRs tended to have more overlap with CNVRs
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Table 4 Distribution and characteristics of the putative CNVRs
BTA Chr length Window % Length CNV No. Mean Median Max Min

size in CNV length CNV length length length length
1 158,337,067 1563/817  0.00/0.08  0/130173 0/21 0/6199 0/6121 0/11425 0/4081
2 137,060,424 1542/909  0.49/0.09 673851/124413 51/17 13213/7318  12337/7038  53199/13621  7709/4541
3 121,430,405 1507/900  0.00/0.29  0/355950 0/35 0/10170 0/9675 0/47250 0/4500
4 120,829,699 1543/897  0.00/0.09  0/104848 0/16 0/6553 0/6273 0/11649 0/4481
5 121,191,424 1543/948  0.00/0.40  0/483006 0/62 0/7790 0/9480 0/22752 0/4740
6 119,458,736 1594/906  0.88/0.22  1050455/264106 81/42 12969/6288  14347/7247  60571/19025  7969/4529
7 112,638,659 1511/901  0.00/0.24  0/274535 0/35 0/7844 0/8326 0/18001 0/4501
8 113,384,836 1510/897  0.60/0.21  678754/241050 42/26 16161/9271  15100/9185  47565/34049  7549/4481
9 105,708,250 1573/955  0.16/0.00 172151/0 17/0 10127/0 10612/0 19651/0 7861/0
10 104,305,016 1506/946  0.48/0.25  500750/256366 34/30 14728/8546  12048/7568  73795/29799  7529/4729
11 107,310,763 1456/936  0.86/0.21  920920/226044 67/28 13745/8073  16744/8658  45864/17316  7280/4680
12 91,163,125 1636/1018 2.66/1.82  2423734/1657809  108/149  22442/11126 26994/13743 175870/53445 8180/5089
13 84,240,350 1420/909  0.42/0.16  352870/133944 32/14 11027/9567  11005/6811  51120/51303  7100/4541
14 84,648,390 1498/890  1.12/0.23  944490/194468 74/30 12763/6482  14981/7119  35951/17355  7489/4449
15 85,296,676 1518/955  0.34/0.00 290701/0 25/0 11628/0 11006/0 34915/0 7589/0
16 81,724,687 1472/941  0.86/0.17  702144/142432 63/22 11145/6474  13984/7051  27232/13631  7360/4701
17 75,158,596 1443/882  0.00/0.36  0/273858 0/42 0/6520 0/7055 0/18963 0/4409
18 66,004,023 1403/912  0.00/0.78  0/516648 0/51 0/10130 0/10488 0/49704 0/4560
19 64,057,457 1372/918  0.66/0.29  424634/184058 44/18 9651/10225  11319/9869  21952/25703  6860/4589
20 72,042,655 1517/953  0.32/0.05 233485/37610 21/6 11118/6268  11371/9283  24257/13805  7581/4761
21 71,599,096 1457/914  0.95/0.38 682187/269638 51/36 13376/7490  15289/6855  32033/21937  7281/4569
22 61,435,874 1396/889  0.83/0.18  512332/108353 43/17 11915/6374  13611/6661  42578/12877  6980/4441
23 52,530,062 1450/917  0.98/0.69  514757/360027 35/39 14707/9231  14500/10993  45675/24733  7249/4581
24 62,714,930 1464/908  0.06/0.15 39528/92616 4/9 9882/10291  8052/7945 16104/31780  7320/4994
25 42,904,170 1344/869  1.98/0.27  847392/114596 74/20 11451/5730  13440/6077  55776/9983 6720/4341
26 51,681,464 1430/898  0.48/0.15  249534/75434 22/12 11342/6286  10010/6061  35749/11225  7149/4491
27 45,407,902 1441/717  1.13/0.43  514119/195498 39/30 13183/6517  15121/7340  43201/15395  7201/3581
28 46,312,546 1409/781  0.32/0.50  146443/230916 11/36 13313/6414  11265/7021  21121/17551  7041/3901
29 51,505,224 1338/716  2.04/0.59 1050327/302868 91/51 11542/5939  13380/6444  34119/26134  6689/3580
X 148,823,899  2285/888  1.87/0.29  2785482/429348 144/69 19344/6222  25125/7770  54817/31524  11421/4440
Total 2,660,906,405 1505/896  0.63/0.29 16711040/7780612 1173/963 10026/7178  10721/7472  35104/22398  5770/4176

The CNVs were identified from BAvsHAN and HOLvsHAN comparisons. The data from the comparisons is displayed as BAvsHAN/

HOLvsHAN

from previous studies; in BAvsHAN, the average size of
CNVRs was 11,978 bp (nonoverlapping) and 16,799 bp
(overlapping); in HOLvsHAN, the average size was
6,548 bp (nonoverlapping) and 9,285 bp (overlapping).
This phenomenon probably reflects the relatively lower
resolution in previous studies which would cause many
structural variations to go undetected. The aCGH and
Bovine 50K SNP BeadChip that were used suffer from
limitations in marker or probe density. Thus, it is likely
that a significant number of CNVRs remain undiscovered
and further investigations of CNVRs at a fine scale are
required.

CNVR candidates potentially affecting traits of interest
in cattle

Several genic-CNVRs identified in this study may affect
beef or dairy traits of interest. For example, two genic-
CNVRs on BTA6 (Chr6_CNVR_16 and Chr6_CNVR_17),
which have two times more copies in Holstein (see the
Supplementary Material for detail) than in Hanwoo, are
likely to be associated with a specific dairy physiological
trait. The two CNVRs are closely and consecutively lined
up on BTA6 and overlap with the cGMP-specific phos-
phodiesterase SA (PDE5A) gene. Phosphodiesterase type 5
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Fig. 2 Distribution of CNVRs ‘“‘1
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is widely known as a regulator of nitric oxide (NO)-
induced vasodilation, and the vasodilation can be regulated
by interactions between NO, PDES5, and guanosine 3',5'-
cyclic monophosphate (cGMP). For proper fetal develop-
ment and milk production, the uteroplacental blood flow is
increased by vasodilation during gestation. It was reported
that in sheep, uterine vasodilation is controlled by increases
in nitric oxide synthase (NOS) stimulating cGMP and
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regulating ¢cGMP catabolism by PDES5 (Coppage et al.
2005). The Holstein bull used in this study is one of the top
dairy bulls in the world. He is called ‘Goldwyn’ and his
daughters have very high milk production, suggesting that
the high copy numbers of PDE5A that we detected may
confirm its role as a regulator of vasodilation in dairy cattle
that are highly developed for high milk production. How-
ever, qPCR validation of the PDE5A on multiple
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Table 5 Gene Ontology terms enriched among the genic-CNVRs from BAvsHAN

GO term Ontology Breed of Gain Description P-BA P-HAN

Biological process
GO:0050789 P BA Regulation of biological process 7.90E-27 -
GO:0002376 P BA/HAN Immune system process 1.2E-040 8.2e-11
GO0:0016043 P BA/HAN Cellular component organization 9.4E-140 0.0065
GO0:0065007 P BA Biological regulation 9.70E-31 -
G0:0022610 P BA Biological adhesion 3.50E-24 -
GO0:0016265 P BA Death 1.70E-100 -
GO:0009987 P BA Cellular process 7.10E-14 -
GO:0008152 P BA Metabolic process 7.10E-16 -
GO0:0051234 P BA Establishment of localization 4.00E-57 -
GO:0051179 P BA Localization 4.20E-69 -
GO0:0050896 P BA/HAN Response to stimulus 4.6E-169 9.4e-18
GO0:0044085 P BA Cellular component biogenesis 3.00E-35 -
G0:0032502 P HAN Developmental process - 1.10E-09
G0:0032501 P HAN Multicellular organismal process - 1.60E-11

Molecular function
GO:0005215 F BA Transporter activity 1.80E-06 -
GO0:0030528 F BA Transcription regulator activity 2.20E-06 -
GO:0005198 F BA Structural molecule activity 4.50E-03 -
GO0:0003824 F BA Catalytic activity 2.80E-08 -
GO:0005488 F BA Binding 2.30E-21 -
G0:0030234 F BA Enzyme regulator activity 7.00E-16 -

Cellular component
GO0:0032991 C BA/HAN Macromolecular complex 2.8E-024 0.00016
GO0:0005623 C BA Cell 3.60E-21 -
GO:0044464 C BA Cell part 3.60E-21 -
GO0:0044421 C BA Extracellular region part 1.90E-115 -
GO:0005576 C BA Extracellular region 1.20E-48 -
GO0:0045202 C BA Synapse 1.60E-16 -
GO0:0044456 C BA Synapse part 6.70E-04 -
GO0:0043226 C BA Organelle 1.90E-85 -
GO0:0044422 C BA/HAN Organelle part 4.3E-086 0.0027

individuals failed to show distinctive differences, as esti-
mated (Fig. 3), although there are overall inconclusive
higher tendency of signals in Holstein animals than Han-
woo animals. In addition, because we were unable to
include the sequenced Black Angus and Holstein samples
in the validation, further studies are warranted to clarify the
role of the PDES5A gene in Holstein. As another example, a
CNVR on BTA4 (Chr4_CNVR_12) is within the ATP/GTP
binding protein-like 3 (AGBL3) gene and it is estimated to
have around three times less copies in Holstein than in
Hanwoo (see the Supplementary material for details). The
Gene ontology term of the AGBL3 is proteolysis
(GO:0006508), and a number of genes related to proteol-
ysis were shown to be decreasingly expressed throughout
pregnancy and lactation in the mouse mammary gland

(Rudolph et al. 2003). Further qPCR validation on AGBL3
showed that most Holstein animals do not have any signal
observed (~86 %), as we expected. In spite of the success,
the functional role of AGBL3 is still unclear due to the lack
of studies to dissect the genetics of the AGBL3 in Holstein,
although it may be speculated that the decline of proteol-
ysis is caused by the lower number of copies in AGBL3. In
addition, we do not rule out causal roles for other genes
encoding proteolytic enzymes.

Validation of CNVs by qRT-PCR on diverse breeds
A total of 11 Hanwoo gain genic-CNVR sequences were

selected from the total number of identified CNVRs for
gRT-PCR validation on multiple individuals in diverse
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Fig. 3 Validation of selected CNVRs using qRT-PCR on multiple individuals in diverse cattle breeds
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cattle breeds (see the Material and methods section for
details). Nine of the 11 selected CNVRs successfully
exhibited the expected copy number differences when
Black Angus/Holstein and Hanwoo were compared
(Fig. 3). The one CNVR (C4_Chr23_CNVR_18) that could
not be validated overlapped with the BOLA-DQB gene,
which is in a region of the genome that corresponds to the
major histocompatibility complex (MHC). It was therefore
difficult to set up a standard curve analysis because of the
high similarities in this region. The high success rate of
the QRT-PCR validation experiment shows that most of the
detected CNVRs in this study are reliable, mainly because
of the strict criteria that were set up to detect the CNVRs.
While most of the validated CNVs in Hanwoo 27223
closely approximated our expectations, some obvious
variations of copy numbers were observed within the larger
Hanwoo population. This variable distribution of CNV
copy numbers extended to between populations or to
within the other populations. Interestingly, the Limousin
cattle had higher copy numbers than other breeds of most
of the CNVRs, while in Holstein, copy numbers of some
CNVRs were distinctly lacking (e.g., C6_Chr4_CNV_12,
which overlapped with AGBL3, mentioned in the previous
subsection, and C9_Chr22_CNV_10, which overlapped
with FBXL?2). The extensive variations within a breed and
between breeds are not unexpected because in this study
the CNVs were detected based on just one individual bull
from each of three breeds. It is well recognized that limited
sample size, ethnic diversity of CNV distribution, and
technology platforms can substantially affect the identifi-
cation of potential CNVs, including novel and common
CNVs (Pinto et al. 2007). To our knowledge, there is
currently a severe lack of CNV research on the cattle
genome, particularly with respect to population perspec-
tives. The results of this study clearly support the idea that
diverse breeds and multiple individuals should be further
investigated to elucidate how and which CNVs can influ-
ence economically important traits in cattle. In spite of
these limitations, our results provide a reliable and valuable
resource for further studies to correlate CNVs and eco-
nomically important traits in cattle.

Conclusion

In this study, we identified CNVRs throughout the bovine
genome by comparing massively parallel Hanwoo sequences
with Black Angus and Holstein sequence datasets. A total of
1,173 (16.7 Mbp) and 963 (7.8 Mbp) putative CNVRs were
identified from the BAvsHAN and the HOLvsHAN com-
parisons, respectively. GO enrichment analysis revealed
potential functional roles for the identified genic-CNVRs,
indicating that response to stimulus, immune system process,

and cellular component organization are highly enriched, as
observed in previous studies. Substantially more CNV gains
were identified in Black Angus and Holstein than were found
in Hanwoo. This result may indicate that the intense artificial
selection that those two breeds have undergone has led to
them having more numbers of copies of CNVs, ultimately
affecting the improved productivity traits of interest. To
validate the putative CNVRs, 11 selected CNVRs were
examined by qRT-PCR. The results showed that 9 of the 11
selected CNVRs exhibited copy number differences, as
expected. In conclusion, extensive CNVRs have been suc-
cessfully identified throughout the bovine genome at rela-
tively higher resolution than in previous studies. We expect
that our results can be used as a valuable resource for further
investigation of CNVs and may help elucidate how CNVs are
correlated with economically important traits in cattle.
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