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Over the last 30 years, Hanwoo has been selectively bred 
to improve economically important traits. Hanwoo is cur-
rently the representative Korean native beef cattle breed, 
and it is believed that it shared an ancestor with a Chinese 
breed, Yanbian cattle, until the last century. However, these 
two breeds have experienced different selection pressures 
during recent decades. Here, we whole-genome se-
quenced 10 animals each of Hanwoo and Yanbian cattle 
(20 total) using the Illumina HiSeq 2000 sequencer. A total 
of approximately 3.12 and 3.07 billion sequence reads 
were mapped to the bovine reference sequence assembly 
(UMD 3.1) at an average of approximately 10.71- and 10.53-
fold coverage for Hanwoo and Yanbian cattle, respectively. 
A total of 17,936,399 single nucleotide polymorphisms 
(SNPs) were yielded, of which 22.3% were found to be 
novel. By annotating the SNPs, we further retrieved nu-
merous nonsynonymous SNPs that may be associated 
with traits of interest in cattle. Furthermore, we performed 
whole-genome screening to detect signatures of selection 
throughout the genome. We located several promising 
selective sweeps that are potentially responsible for eco-
nomically important traits in cattle; the PPP1R12A gene is 
an example of a gene that potentially affects intramuscular 
fat content. These discoveries provide valuable genomic 
information regarding potential genomic markers that 
could predict traits of interest for breeding programs of 
these cattle breeds. 
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INTRODUCTION
 
Over the last 100 years, selective breeding has contributed to 
significant genetic improvement in economically important traits, 
including meat, and milk traits in diverse cattle breeds worldwide. 
Hanwoo (HAN) is an indigenous cattle breed in Korea and it has 
been intensively bred for beef during over the past 30 years, 
leading to genetic improvement in production traits (Lee et al., 
2014). Yanbian cattle (YAN) are mainly found in the Korean auto-
nomous province of Yanbian as well as northeast provinces in 
China (Cheng, 1984; Kim et al., 1981). It is presumed that HAN 
and YAN shared an ancestor until the last century. Although there 
are a limited number of publications available (Dadi et al., 2014; 
Lee et al., 2014), the migration routes of HAN and YAN remain to 
be further clarified. It is generally accepted that HAN may have 
been introduced to the northeast areas in China along with Ko-
reans who moved into the area around 100 years ago. YAN are 
used as draft animals as were HAN until the middle of the last 
century, but YAN have recently attracted attention as a promising 
beef cattle breed in China. 

In cattle, genome-wide genetic variants have been intensive-
ly catalogued since the completion of the bovine sequencing 
project (Elsik et al., 2009). Of the genetic variants, single nuc-
leotide polymorphisms (SNPs) have been the most widely used 
to identify genes or genomic regions that are responsible for 
phenotypic variations in cattle (Lu et al., 2013; Utsunomiya et 
al., 2013). In particular, numerous SNPs have been catalogued 
using the bovine reference genome assemblies (Liu et al., 
2009; Zimin et al., 2009) and whole-genome resequencing 
(WGS) of multiple cattle breeds (Eck et al., 2009; Kawahara-
Miki et al., 2011; Stothard et al., 2011). Furthermore, WGS-
derived SNPs were successfully applied in genome-wide asso-
ciation studies and produced higher accuracy predictions of 
economically important traits such as dairy traits (Daetwyler et 
al., 2014) as well as detection of signatures of selection 
throughout the genome (Qanbari et al., 2014). Currently, four 
Korean native cattle breeds are registered with the Domestic 
Animal Diversity Information Service through the Food and 
Agriculture Organization of the United Nations: Hanwoo, Chikso, 
Heugu, and Jeju Heugu (FAO, 2014). With recent advances in 
WGS technology, a representative individual per each of the 
four breeds was recently resequenced and yielded a substan-
tial number of SNPs (Choi et al., 2013a; 2013b; 2014; Lee et al., 
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2013). However, there are overall few publications available that 
investigated the native genome resources at the population level. 

The objective of this study is two-fold. First, we whole-
genome resequenced a total of 10 individuals each of HAN and 
YAN (20 total) to detect numerous genetic variants that could 
be used in further breeding programs. To our knowledge, this is 
the first study to whole-genome resequence YAN. Second, 
using the SNPs derived from this study, we scanned the whole 
genome to identify selective sweeps that may potentially have 
arisen as a result of recent selection of HAN and YAN. 
 
MATERIALS AND METHODS 

Library construction and sequencing 
We generated whole-genome resequencing data from HAN (N 
= 10) and YAN (N = 10). The HAN samples were obtained from 
the Hanwoo Experiment Station, National Institute of Animal 
Science, Rural Development Administration, Pyeongchang, 
Korea, and the YAN samples were obtained from Yanbian Uni-
versity in the People's Republic of China. All the samples rese-
quenced in this study were male individuals. From each animal, 
3 �g of genomic DNA was randomly sheared using the Covaris 
System to generate approximately 90-bp inserts. The frag-
mented DNA was end-repaired using T4 DNA polymerase and 
Klenow polymerase, and Illumina paired-end adaptor oligonuc-
leotides were ligated to the sticky ends. We analyzed the liga-
tion mixture by electrophoresis on an agarose gel and then 
sliced as well as purified 200-250-bp fragments. Clusters of 
PCR colonies were then sequenced on a HiSeq 2000 sequenc-
ing platform (paired-end 90-bp reads) using recommended 
protocols from the manufacturer. 
 
Mapping, SNP calling, and annotation 
The sequences were aligned to the bovine reference genome 
assembly (UMD 3.1) using the Burrows-Wheeler Aligner (BWA, 
version 0.7.7) with default parameters (Li and Durbin, 2010). 
SAMtools (version 0.1.19) was used for converting sequence 
alignment/map (SAM) and binary version of a SAM (BAM) file 
formats, sorting, and indexing alignments (Li et al., 2009). We 
used Picard tools (version 1.106) to generate quality matrices 
for mapping. Duplicate reads were marked with Picard tools 
(version 1.106) and excluded from downstream analysis. We 
performed local re-alignment and re-calibration using the Ge-
nome Analysis Toolkit (GATK, version 3.1) framework (McKen-
na et al., 2010). The initial SNP discovery was performed using 
multi-sample SNP-calling procedure in the GATK package. To 
reduce the false discovery rate, the filtering steps was conducted 
by using these criteria: Phred scaled polymorphism probability 
(QUAL) � 30.0, variant confidence normalized by depth (QD) � 
2.0, mapping quality (MQ) � 40.0, strand bias (FS) � 60.0, Haplo-
typeScore � 13.0, MQRankSum � -12.5, and ReadPos Rank-
Sum � -8.0. Detailed description of the terms can be found at the 
GATK site (https://www.broadinstitute.org/gatk/guide/). All of the 
filtered SNPs were assigned to 19 functional categories using 
snpEff version 4.0 (Cingolani et al., 2012) and the Ensembl Bos 
taurus gene set version 76 (UMD 3.1). In order to utilize the 
representative gene set of downstream analysis, the “-canon” 
option in the snpEff program was enabled. 
 
Functional enrichment analysis 
We performed a functional enrichment analysis of genes that 
were found to have population-specific nonsynonymous SNPs 
(nsSNPs) using the Database for Annotation Visualization and 
Integrated Discovery (DAVID) tool (Huang da et al., 2009). To 

construct a network for functional GO network, the Enrichment 
Map Cytoscape plugin was used to build networks of inter-
related terms based on the number of genes shared between 
gene ontology (GO) terms (Merico et al., 2010). Terms were 
represented as nodes (circles). Edges linking nodes 
represented gene sharing, and their thickness represented the 
degree of gene set overlap. 
 
Selective sweep identification 
To detect putative selective sweeps, we performed whole-
genome screening to identify genomic regions with excess 
homozygosity, according to a previously described method 
(Rubin et al., 2010; 2012). Briefly, all of the SNPs derived from 
each breed were used to calculate the Z transformation of the 
pooled heterozygosity (ZHp) in each of the two breeds in this 
study. The numbers of major and minor allele sequence reads 
were counted; then, any SNP position whose minor allele fre-
quency was less than 0.05 was removed. Subsequently, we 
applied the 50% overlapping sliding windows that were 150 kb, 
where the ZHp was eventually calculated in each of the window. 
In addition, we removed windows with fewer than 10 SNPs, 
and we used the Animal QTLdb to retrieve quantitative trait loci 
(QTL) information and visualize the QTL with putative selective 
sweeps (Hu et al., 2013). 
 
RESULTS AND DISCUSSION 

Sequencing and SNP detection 
We extracted genomic DNA from 10 HAN and 10 YAN samples 
(20 total). A total of ~7.2 million initial reads were generated by 
the Illumina HiSeq 2000 sequencer. All of the sequences were 
aligned against the UMD 3.1 genome assembly using BWA. 
Potential polymerase chain reaction duplications (6%) were re-
moved from the aligned reads, and the reads were further mod-
ified with the Picard toolkit before SNP analysis was performed 
using GATK. This yielded approximately 6.2 billion reads (626 
Giga-bp), covering 98.8% of the reference assembly at an aver-
age of 10.6-fold coverage across the region (Table 1). Analysis of 
the sequence data revealed a total of 7,268,711,330 sequence 
reads across the reference genome. Of these, 6,192,968,178 
reads (85.2%) were finally mapped to the reference genome after 
recalibration. We identified 17,976,093 SNPs after variant filtra-
tion process (Table 2). Of these, 13,936,399 (77.8%) SNPs were 
previously annotated in dbSNP (version 140). The density of 
SNPs was also determined to be approximately one per 148 bp, 
which would be fairly sufficient to locate candidate genomic re-
gions that are associated with various traits of interest in cattle. 

The average ratios of homozygous versus heterozygous SNPs 
are 1:1.8 and 1:2.1 in HAN and YAN, respectively. The higher 
homozygosity in HAN can be explained by the extensive artificial 
insemination (AI) used by the systematic selective breeding pro-
gram for HAN since the 1970s. Alternatively, many genomic re-
gions might still be under genetic drift for YAN. SNP quality was 
further evaluated by calculating the transition-to-transversion ratio 
(Ti/Tv) for each SNP, because the Ti/Tv ratio is used as an indica-
tor of potential sequencing errors. These results (HAN: 2.26, 
YAN: 2.26) support previous observations that were approximate-
ly 2.1 and 2.2 in humans and cattle, respectively (Choi et al., 
2013b; Fujimoto et al., 2010), indicating that most identified SNPs 
in this study were reasonably accurate. 
 
SNP annotation and functional enrichment analysis of 
nsSNPs 
All SNPs were annotated according to the functional categories  
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Table 1. Summary of sequencing results for Hanwoo and Yanbian cattle breeds used in this study. 

Sample Name 
No. 

Sample 
Raw_Reads 

PCR duplication 
reads 

Mapped reads
Properly 

paired readsa 
A_Coverageb Ave_Foldc 

Hanwoo 10 3,625,402,354 3,182,976,738 3,123,899,715 2,989,529,698 98.78 10.71X 
Yanbian cattle 10 3,643,308,976 3,069,068,463 3,069,068,463 2,954,705,966 98.74 10.53X 

Total 20 7,268,711,330 6,306,225,775 6,192,968,178 5,944,235,664 98.76 10.62X 
aProperly Paired reads, “properly paired” means that both ends of the reads were mapped with correct orientation and their fragment sizes were less 
than 500 bp. 

bA_Coverage, assembly coverage calculated as the proportion of bases in the genome assembly that were covered by at least one read. 
cAve_Fold, average fold that was calculated as the average depth of coverage across the whole genome. 
 
 
Table 2. Summary of SNPs identified from Hanwoo and Yanbian cattle in this study. 

Fields Hanwoo Yanbian cattle Total 

Sample counts 10 10 20 
   SNP counta 13,544,560 15,857,687 17,926,093 
   dbSNP 11,477,894 12,892,393 13,936,399 
   Ti/Tv ratio 2.26 2.26 2.26 
SNP categories 

Exon Synonymous variant  49,684 59,232 70,079 
Non-synonymous variant  36,457 42,595 50,827 
Initiator codon variant  4 4 5 
Start lost  34 43 48 
Stop gained  399 491 580 
Stop lost  16 25 27 
Stop retained variant  39 43 52 
Non coding exon variant  5,393 6,180 7,322 

Splice 
site 

Splice region variant  8,499 10,098 11,961 
Splice acceptor variant  224 269 318 
Splice donor variant  230 268 331 

Intron Intron variant  3,347,348 4,047,275 4,703,213 
Intragenic variant  40,614 49,950 56,469 

UTR 5 prime UTR variant  4,094 4,917 5,855 
5prime UTR premature -  

    startcodon gain variant  
674 818 956 

3prime UTR variant  26,280 31,680 37,323 
Intergenic Upstreamd gene variant  531,123 637,361 742,563 

Downstreamd gene variant  545,133 656,190 764,392 
Intergenic region  9,502,323 11,284,480 13,090,691 

Functional classes 
 Missense 36,511 42,667 50,907 
 Nonsense 399 491 580 
 Silent 49,723 59,275 70,131 

aSNP count; the overlapped SNP loci between samples were counted as one. 
bBecause the analysis to categorize the SNPs was done non-exclusively, some SNPs were counted at multiple categories. 
cSNP categories were clustered by six genomic regions: Exon, Splice site, Intron, UTR, Flanking region and Intergenic 
dUpstream/downstream: 5 Kbp regions that are adjacent to the both ends of a gene were defined as upstream and downstream regions respectively. 
 
 
 
using Ensembl gene annotation and dbSNP databases. Most of 
the SNPs were detected in intergenic and intron regions 
(75.9% and 24.3%, respectively), whereas fewer SNPs (0.95%) 

were identified within genic areas, including exonic, splice sites, 
and untranslated regions (Fig. 1 and Table 2). The numbers of 
functionally annotated SNPs were slightly higher than numbers 
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of the detected SNP loci, because a SNP locus may have mul-
tiple annotations (Table 2). For example, a SNP locus discov-
ered at the region of overlapped genes has two or more func-
tional annotations. Among the genic SNPs, 951 nsSNPs and 
453 nsSNPs were population specific for HAN and YAN, re-
spectively (Supplementary Tables S1 and S2), providing useful 
resources to be used in genetic analysis of the phenotypic dif-
ferences in the two cattle populations. 

Because these SNPs may be a consequence of selective 
pressures that are implicated with traits of interest in cattle, we 
further performed functional enrichment analysis of the genes 
including the population-specific nsSNP sets. YAN had no sig-
nificant over-represented GO term from the enrichment analy-
sis, while we observed several GO terms were significantly 
enriched for the genes where the HAN-specific nsSNPs were 
identified, which include regulation of response to stimulus 
(GO:0048583), response to wounding (GO:0009611), wound 
healing (GO:0042060), and hemostasis (GO:0007599) pairs 
(Fig. 2). Recent studies have shown signatures of selection or 
mutations in the genes that potentially affect immune response 

in cattle (Qanbari et al., 2014; Utsunomiya et al., 2013). Thus, 
these nsSNP set can be useful genomic resources to further 
test how these genes are genetically implicated with immune 
response or infection process in HAN. 

Additionally, a nutrient-related GO network was constructed 
between several transporters such as carboxylic acid and 
amine-organic acid (Fig. 2). Carboxylic acid and amine-organic 
acid contribute to meat flavor chemistry, as do organic com-
pounds such as hydrocarbons, alcohols, aldehydes, and fatty 
acids (i.e., palmetic, stearic, or oleic acid) (Wasseriwan, 1979). 
Muscle is the main source of amino acids and protein. The 
contents of many different transporters can change the forma-
tion of carcass characteristics (Kozova et al., 2009). These 
transporters (amine, carboxyl acid or organic acid) as called 
food (muscle) proteins also have some connections between or 
within muscles during meat (meat muscle) fermentation like as 
the ion channel. For example, Amino acids are known to affect 
structural properties in intramuscular connective tissue and 
toughness of various skeletal muscles (Quang et al., 1989). 
Carboxylic acid is also involved in flavor-forming pathways by 

Fig. 1. The SNP distribution according to
the functional categories 

Fig. 2. Network of functional terms of 
nsSNP in Hanwoo. Nodes (circles) are 
annotated functional terms. Edges con-
necting nodes represent gene share, 
being thickness proportional to the num-
ber of genes shared between terms (i.e., 
the degree of gene set overlap). 
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converting amino acid sources into flavor compounds through 
the transamination route (Liu et al., 2008). Meat tenderness 
and flavor are affected by the proportion and composition of 
intramuscular fat (marbling). From these reasons, these trans-
porters can be one of the factors to be implicated with in meat 
characteristics such as bovine connective tissue components of 
intramuscular fat muscle. 
 
Functional impact of fixed SNPs in HAN 
We also identified fixed SNPs in each breed from the SNP 
annotation results. The fixed SNPs were defined as those 
where all specimens had the alternate allele type. We observed 
1,173 and 1,058 fixed SNPs in HAN and YAN, respectively. 
Among these fixed SNPs, we only considered the proportion of 
the fixed SNPs that were present in at least 50% of each popu-
lation because of missing (or unknown) genotype information in 
individuals. According to the criteria, 339 and 84 fixed SNPs 
were detected in HAN and YAN, respectively. These fixed 
SNPs might represent variants during selection in the popula-
tion and may be useful information for further investigating 
breed identification. Interestingly, some fixed SNPs in HAN (28 
of 104 coding SNPs, 27%) were located in fertility-related 
genes such as ubiquitously transcribed tetratricopeptide repeat 
containing Y-linked (UTY); prostate transmembrane protein, 
androgen induced 1 (PMEPA1); sex-determining region Y 
(SRY); and eukaryotic translation initiation factor 1A, Y-linked 
(EIF1AY). SRY is used as a candidate marker for sperm quality 
and fertility in bulls (Mishra et al., 2013), and EIF1AY and UTY 
are also known to play key roles in spermatogenesis and bull 
fertility (Liu et al., 2009). Since the national breeding program 
started in the 1970s (Lee et al., 2014), proven bulls have been 

intensively selected based on production traits through progeny 
tests in HAN (Kim et al., 1981). The use of AI in HAN has been 
used to obtain high selection intensity with a more rapid ad-
vance in genetic selection, which is similar to that in the Hols-
tein industry (Norman et al., 2003). In Korea, classical semen 
parameters (i.e., viability, motility, and abnormal shapes) are 
normally checked before AI. Moreover, bull fertility is significant-
ly correlated with sperm shape (r = 0.85, p � 0.05) (Ostermeier
et al., 2001). Thus, HAN fertility might be indirectly selected for 
based on selection for meat quality traits during artificial selec-
tion. This might also affect genomic regions that are associated 
with the reproduction traits in HAN, which deserve to be vali-
dated in further studies, using multiple individuals as well as 
diverse cattle breeds. Because there are a limited number of 
publications available for genetic dynamic of fertility traits in 
Hanwoo, these findings would grant a useful opportunity to 
perform further association studies between fertility-related 
genes and reproductive fitness in HAN. 
 
Selective sweep analysis 
Using all of the WGS-derived SNPs from this study, we 
scanned the whole genome to detect regions with high degrees 
of fixation, which are indicative of signature of selection, in each 
breed. We applied 50% overlapping sliding windows that were 
150 kb along all 29 autosomes; however, 30 windows with 
fewer than 10 SNPs were excluded. A total of 33,482 windows 
were used to calculate the Z transformations of the pooled 
heterozygosity (ZHp) in each window. The ZHp scores ranged 
from -7.95 to 1.54 and from -10.96 to 1.61, with median values 
of 0.24 and 0.22 for HAN and YAN, respectively (Fig. 3, Sup-
plementary Tables S3 and S4). Because extremely low ZHp  

Fig. 3. Distribution of ZHp scores across all
29 Bos taurus autosomes for HAN and
YAN. The upper and lower plots indicate the
ZHp score distribution of Hanwoo and Yan-
bian cattle, respectively. Even numbered
chromosomes are presented in gray and
odd numbered chromosomes are black.
The blue and red horizontal lines indicate
ZHp thresholds of -4 and -5 that could be
strong candidates of selective sweeps in
this study. 



Whole-Genome Resequencing of Hanwoo and Yanbian Cattle 
Jung-Woo Choi et al. 

 

http://molcells.org  Mol. Cells  471 

A
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B
 
 
 
 
 
 
 
 
 
 
 
 
 
C
 
 
 
 
 
 
 
 
 
 
 
 
 
scores indicate putative selective sweeps because of excess 
homozygosity, we focused on the ZHp score in the extreme 
lower end of the distribution. We observed 195 and 173 win-
dows with ZHp values of less than or equal to -4 in HAN and 
YAN, respectively, whereas 73 and 68 windows showed ZHp 
scores less than -5 that corresponded to approximately the 
lowest 0.2% for HAN and YAN, respectively. 

Among the putative selective sweeps, we located several loci 
that potentially contribute to phenotypic differences between 
HAN and YAN. For example, a putative selective sweep was 
observed in a locus with an extremely low ZHp score of -6.93 in 
HAN (window #396 in chromosome 5), which included a gene 
that encodes protein phosphatase 1 regulatory subunit 12A 
(PPP1R12A). Alternatively, the ZHp score in the same window 
was distinctively lower for YAN (ZHp: -2.88) (Supplementary 
Table S4). Furthermore, we observed a cluster with a higher 
degree of homozygosity in the adjacent windows including the 
PPP1R12A gene in HAN (Fig. 4 and Supplementary Table S3); 
alternatively, windows surrounding the adjacent windows did not 
show such distinct difference of the ZHp values between HAN 

and YAN. This phenomenon is a typical pattern for inferring 
selective sweep, indicating that this genomic region or the gene 
may be implicated with selection of HAN during recent decades. 

PPP1R12A, also called myosin phosphatase target subunit 1 
(MYPT1), is known to be involved in diverse cellular processes 
(Ito et al., 2004; Matsumura and Hartshorne, 2008), including 
insulin signaling regulation in skeletal muscle (Zhang et al., 
2014). There are limited available publications that have inves-
tigated this gene in cattle. Sun et al. (2013) reported that 
PPP1R12A was one of the highly expressed genes in pig 
intramuscular adipose tissue, which indicates that the gene 
may be associated with intramuscular fat content (marbling). In 
the Korean beef industry, intramuscular fat content is the most 
important palatability factor and has been selected for in the 
HAN selective breeding program. Consequently, selective 
breeding led to the genetic improvement in this economically 
important trait (Lee et al., 2014). Genetic improvement by the 
selection may have left a genomic footprint, which would be 
shown as an extreme ZHp value. Interestingly, the gene was 
found to overlap with QTL for marbling in cattle (McClure et al., 

Fig. 4. A putative selective sweep at the 
PPP1R12A locus in Hanwoo. (A) and (B) 
present the Z score of the pooled hetero-
zygosity (ZHp) plot for Hanwoo and Yan-
bian cattle, respectively. The red and blue 
horizontal lines in these plots indicate ZHp 
scores of -5 and -4, respectively. Each 
circle-point represents ZHp score in each 
window used in this study. The yellow-
highlighted marks the vicinity of the 
sweep including the PPP1R12A gene. 
ZHp scores in the interval were indicated 
as a green color. (C) The annotated gene 
structure of the PPP1R12A gene as well 
as underlying QTLs for the genomic re-
gion as visualized using the Animal 
QTLdb. 
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2010; Nalaila et al., 2012; Peters et al., 2012). Although con-
cluding detailed functions of genes in the selective sweeps is 
beyond the scope of this study, the findings of this research 
provide useful genomic information for further studies to better 
understand genetic mechanisms that underlie economically 
important traits in cattle. 
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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