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ABSTRACT: Genomic selection using high-den-
sity  single-nucleotide polymorphism (SNP)
markers is used in dairy and beef cattle breeds
to accurately estimate genomic breeding values
and accelerate genetic improvement by enabling
selection of animals with high genetic merit.
This genome-wide association study (GWAS)
aimed to identify genetic variants associated with
beef fatty-acid composition (FAC) traits and to
evaluate the accuracy of genomic predictions
(GPs) for those traits using genomic best linear
unbiased prediction (GBLUP), pedigree BLUP
(PBLUP), and BayesR models. Samples of the
longissimus dorsi muscle of 965 thirty-month-
old Hanwoo steers (progeny of 73 proven bulls)
were used to investigate 14 FAC traits. Animals
were genotyped or imputed using two bovine
SNP platforms (50K and 777K), and after qual-
ity control, 38,715 (50K) and 633,448 (777K)
SNPs were subjected to GWAS and GP study
using a cross-validation scheme. SNP-based her-
itability estimates were moderate to high (0.25 to
0.47) for all studied traits, with some exceptions
for polyunsaturated fatty acids. Association ana-
lysis revealed that 19 SNPs in BTA19 (98.7 kb)
were significantly associated (P < 7.89 x 107%)
with C14:0 and C18:1n-9; these SNPs were in
the fatty-acid synthase (FASN) and coiled-coil
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domain-containing 57 (CCDC57) genes. BayesR
analysis revealed that 0.41 to 0.78% of the total
SNPs (n = 2,571 to 4,904) explained almost all
of the genetic variance; the majority of the SNPs
(>99%) had negligible effects, suggesting that the
FAC traits were polygenic. Genome partitioning
analysis indicated mostly nonlinear and weak cor-
relations between the variance explained by each
chromosome and its length, which also reflected
the considerable contributions of relatively few
genes. The prediction accuracy of breeding val-
ues for FAC traits varied from low to high (0.25
to 0.57); the estimates using the GBLUP and
BayesR methods were superior to those obtained
by the PBLUP method. The BayesR method
performed similarly to GBLUP for most of the
studied traits but substantially better for those
traits that were controlled by SNPs with large
effects; this was supported by the GWAS results.
In addition, the predictive abilities of the 50K
and 777K SNP arrays were almost similar; thus,
both are suitable for GP in Hanwoo cattle. In
conclusion, this study provides important insight
into the genetic architecture and predictive abil-
ity of FAC traits in Hanwoo cattle. Our findings
could be used in selection and breeding programs
to promote production of meat with enhanced
nutritional value.
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INTRODUCTION

The fatty-acid composition (FAC) of beef is
important for its quality, palatability, and nutri-
tional value. The amounts and types of fatty acids
present in beef influence the meat quality, color,
flavor, and fat firmness (Webb and O’Neill, 2008).
Consumers are now concerned about the types and
amounts of fat and fatty acids, particularly those of
animal origin, that they consume. Hanwoo (Korean
native cattle) beef is popular in Korea due to its
marbling, juiciness, tenderness, and characteris-
tic flavor (Hwang et al., 2010), but its cost is triple
that of imported beef (KAFTC, 2015). Therefore,
the Hanwoo beef fatty-acid profile needs to be
improved to meet consumer demand for palata-
ble, healthy, and high-quality meat. Genomic tech-
niques facilitate determination of the underlying
genetic architecture and causal variants of complex
traits, such as FAC.

Genome-wide association studies (GWASSs)
using high-density single-nucleotide polymor-
phism (SNP) markers enable determination of the
genetic basis of complex traits in dairy and beef
cattle populations (Goddard et al., 2016). Genetic
variants associated with FAC traits in various cat-
tle breeds and their crosses have been reported
(Kelly et al., 2014; Lemos et al., 2016). Genomic
prediction (GP) is used to evaluate the genetic
merit of animals based on genome-wide SNP
information for selection of prospective candidates
at a younger age. Generally, prediction equations
are developed based on the genotype and pheno-
type information of a reference population, and
are used to predict the breeding values of geno-
typed animals (validation population). Various
analytical methods are used to estimate breeding
values and prediction accuracies in diverse cattle
breeds (Erbe et al., 2012; Mehrban et al., 2017).
However, no GWAS or GP using high-density
SNP data for FAC traits in Hanwoo cattle has
been reported. Here, we performed GWAS using
a high-density SNP array (777K) to detect genetic
variants or candidate regions associated with FAC
traits and to compare the GP performances of
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best linear unbiased prediction (BLUP), genomic
BLUP (GBLUP), and BayesR methods for those
traits in Korean Hanwoo cattle.

MATERIALS AND METHODS

Animals and Phenotypes

A total of 965 Hanwoo steers born between
2010 and 2012 were included in this study. This
half-sib population comprises the progenies of 73
Korean proven bulls and unrelated dams of the
Daegwallyeong Hanwoo Company, Pyeongchang,
Gangwon Province, South Korea. The Animal
Care and Use Committee of the National Institute
of Animal Science (NIAS), Rural Development
Administration (RDA), South Korea, approved the
experimental procedures, and the appropriate ani-
mal health and welfare guidelines were followed.
The feeding regimen was similar to feedlot condi-
tions, and concentrate and rice straw—based rations
were provided. The ratios of concentrate and
roughage to total feed were approximately 2.5:1,
4.5:1, and 8:1 for early (12 to 15 mo), middle (16 to
21 mo), and final (22 to 29 mo) fattening periods,
respectively. The concentrate mixtures used in the
aforementioned three fattening ratios contained 71
and 14%, 72 and 13%, and 73 and 12% total digest-
ible nutrients and crude protein (CP), respectively.
All animals were slaughtered at around 30 mo of
age. After storage for ~24 h at 4°C, samples of lon-
gissimus dorsi (LOD) muscle were collected from
the junction between the 12th and 13th ribs and
were stored at —20°C until further analysis. The
intramuscular fatty-acid levels were determined
according to Bhuiyan et al. (2017). Briefly, total
lipids were extracted from 200 mg of intramuscular
adipose tissue according to a modification of the
method of Folch et al. (1957). Individual triglycer-
ides and phospholipids classes were isolated from
total lipids by thin-layer chromatography using
Silica Gel H (Merck, Darmstadt, Germany) with
a solvent of chloroform:methanol:water (45:35:10,
v/vlv). The appropriate standards were visualized
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by exposure to iodine vapor. Fatty acids were ana-
lyzed by gas-liquid chromatography (model 437,
Chrompack, NJ) using a Packard Chrompack
stainless steel column (3 mm X 10 mL) containing
Chromasorb WAW 80/100 (Supelco Inc., Bellefonte,
PA). The flow rate of the carrier gas (nitrogen) was
22 mL/min. Lauric acid (C12:0) was added as an
internal standard methyl ester. The quantities of
the fatty acids were calculated from the respective
fatty-acid peaks according to Slover and Lanza
(1979). The following 10 individual fatty acids and
4 fatty-acid groups were analyzed: myristic (C14:0),
palmitic (C16:0), palmitoleic (C16:1n-7), stearic
(C18:0), oleic (C18:1n-9), linoleic (C18:2n-6), y-li-
noleic (C18:3n-6), linolenic (C18:3n-3), eicosenoic
(C20:1n-9), and arachidonic (C20:4n-6); and sum
of saturated fatty acids (SFA) = C14:0 + C16:0 +
C18:0; sum of monounsaturated fatty acids
(MUFA) = C16:1n-7+ C18:1n-9 + C20:In-9; sum of
polyunsaturated fatty acids (PUFA) = C18:2n-6 +
C18:3n-6 + C18:3n-3 + C20:4n-6; and sum of
unsaturated fatty acids (UFA) = sum of MUFA +
PUFA.

Genotyping and Quality Control

Genomic DNA was extracted from LOD mus-
cle samples using a DNeasy Blood and Tissue Kit
(Qiagen, CA). DNA concentration and purity were
determined usinga NanoDrop 1000 (Thermo Fisher
Scientific, Wilmington, DE). Animals were geno-
typed using the Illumina Bovine SNP50 BeadChip
(50K) and Illumina Bovine HD BeadChip (777K)
platforms. All 50K genotyped animals were imputed
to a high-density level (671,902 SNPs) using 777K
genotype data as a reference, with Beagle 3.2.2
(Browning and Browning, 2009). SNPs on the sex
chromosomes were not included in the analysis.
SNP filtering was performed using PLINK 1.9 soft-
ware (Purcell et al., 2007) based on the following
exclusion criteria: minor allele frequency (MAF)
<0.01; call rate <0.10, and Hardy—Weinberg equi-
librium <0.0001; this resulted in exclusion of
38,873 SNPs. After quality control, 633,029 SNPs
were retained for further analyses.

Genomic Heritability Estimates

Variance components and genomic heritabil-
ities were estimated using a univariate restricted
maximum likelihood (REML) model implemented
in ASReml 4.0 (Gilmour et al., 2015). For this, the
genetic relationship matrix (GRM) for additive
genetic effects was constructed between all pairs of

4065

individuals from genotyped autosomal SNPs using
GCTA 1.26 (Yang et al., 2011). The animal model
included fixed effects of growing sites (3 regions, 21
farms), birth year (3 levels), and season (10 levels).
Slaughter age and beef marbling score (MS) were
fitted as linear covariates in the following model:

Vit =YS, +GSj + Sage, + MS, + Ay + €y

where Vi 1s the vector of phenotypes; YS,; and
GS ; are the fixed effects of year, season, and animal
growing sites; Sage, and MS, are linear covariates
for the slaughter age and MS of beef, respectively;
Qg 1s the randozm additive genetic effect distrib-
uted as N(0, A Og), where the additive GRM 4 is
calculated based on either genotype information
or pedigree and ©G is the additive genetic variance;
and € 1s the random residual effects.

Genome-Wide Association, Linkage Disequilibrium
Analysis, and Identification of Genes

The phenotypic data on fatty-acid traits were
adjusted for fixed effects (growing sites, birth year
and season) and covariates (slaughter age and beef
MS) using a linear mixed model implemented in
R software 3.3.1 (R Foundation for Statistical
Computing, Vienna, Austria). The adjusted phe-
notypes and constructed GRM were subsequently
used in a GWAS under a mixed linear model includ-
ing all candidate SNPs in GCTA 1.26 using the fol-
lowing association analysis model:

y=a+bx+g+te

where y is the phenotype; a is the mean; b is the
additive effects (fixed effect) of the candidate SNP
to be tested for association; x is the SNP genotype
indicator variable coded as 0, 1, or 2; g is the accu-
mulated effects of all considered SNPs; and e is
random residual effects.

Manhattan plots of genome-wide P-values
from the association analysis (—logl0 transformed
observed P-values) were produced using the “gap”
package (Zhao, 2014) in R software 3.3.1. To deter-
mine the P-value threshold, Bonferroni adjust-
ment was applied to correct for multiple hypotheses
testing; the genome-wide suggestive and signifi-
cant P-values were 1.58 x 107¢ (1.00/633,029) and
7.89 x 107% (0.05/633,029), respectively. Generally,
GWAS does not identify causal variants of a trait
from statistically significant SNPs within a strong
linkage disequilibrium (LD) region. Therefore, LD
analysis was performed to further locate the can-
didate regions or genes responsible for a trait. The
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LD coefficients (%) were assessed with genome sig-
nificant SNPs (P < 0.05) and the haplotype blocks
were inferred using the so-called four-gamete rule
(Wang et al., 2002). Analyses were carried out using
Haploview 4.2 software (Barrett et al., 2005). We
next functionally annotated the significant SNPs
and searched for candidate genes in the blocks
based on the Bos taurus (UMD 3.1) assembly, using
the variant effect predictor (VEP) tools supported
by Ensembl (McLaren et al., 2016).

Estimation of Variance Explained by SNPs and
Chromosomes

To further decipher the genetic architec-
ture of beef fatty-acid traits, we partitioned the
cattle genome into 29 autosomes based on the
SNPs on the respective chromosomes. The pro-
portion of phenotypic variance explained by the
autosomal SNPs on each chromosome was esti-
mated by REML analysis in GCTA 1.26. A chro-
mosome-wise GRM was constructed and the
variance attributable to each chromosome was
calculated by fitting the GRMs of all chromo-
somes (29) simultaneously in a joint analysis using
the following model:

29
szB+ZgG+e
G=1

where y is the vector of phenotypes; [3 is the vec-
tor of fixed effects and covariates with its inci-
dence matrix X; & 1is the vector of genetic
variance attributable to each chromosome; var(&¢ )
is 4,0, from the joint analysis, where 4; and GZG
are the SNP-derived GRM and additive genetic
variance, respectively; and e is a random residual
error. The proportion of variance captured by each
chromosome was calculated as 4} = o /5. The
phenotypic variance explained by all autosomal
SNPs is denoted by G5 .

The Bayesian mixture model was used to esti-
mate the genetic variance explained by individual
SNPs that fits four posterior distributions simulta-
neously for each marker, and was implemented in
BayesR (Erbe et al., 2012). This method assumes
that the true SNP effects are derived from a com-
bination of four distributions, with proportions
of effect sizes of 0 to 1% (0.00, 0.0001, 0.001, and
0.01%) of the total genetic variance in each distri-
bution using a single chain of 50,000 samples; the
first 20,000 cycles were discarded as burn-in. The
genetic contribution ( %V, ) of each SNP was cal-
culated using the following formula:
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2
v, =100 221~

04
where p and ¢ are the allele frequencies for a givezn
trait, B is the additive effects of the SNPs, and 04
is the additive genetic variance for a trait.

Genomic Prediction

The pedigree BLUP (PBLUP), GBLUP, and
BayesR methods were used to evaluate the predictive
ability of FAC traits. We employed the SNP geno-
type-based GBLUP and BayesR methods to calcu-
late genomic estimated breeding values (GEBVs) and
the pedigree-based BLUP method to estimate breed-
ing values (estimated breeding value, EBV). A 10-fold
cross-validation scheme was used to evaluate the
accuracy of the GEBV and EBV estimates. The data
set was divided into 10 equal-sized groups without
overlapping of samples. In each cross-validation, nine
groups were treated as the training population and
the remaining group as the validation population. In
the GBLUP method, a modified GRM was used to
estimate GEBVs. Phenotypic values were deducted
from the validation population and all individuals
in the training and validation populations were com-
bined to estimate the breeding values of the valida-
tion population using the following model:

y=Xb+Zg+e

where y is the vector of adjusted phenotypic values
for fatty acids from the training population; X and
Z are incidence matrices; b is the effects of fixed
and covariate components; g is the vector of either
GEBYV or EBV distributed as g~(0, Gcz, ), where
o2 is the additive genetic variance and G is the
GRM (Yang et al., 2010) or numerator relation-
ship matrix among animals (Henderson, 1975);
and e is the vector of random residuals. All of
these estimates were performed by ASReml v. 4.0.
In addition, the BayesR method suggested by Erbe
et al. (2012) was used to estimate the GEBVs of
the validation animals. The statistical model sim-
ilar to GBLUP was used to estimate the effects
sizes of SNPs, and the resultant SNP effect sizes
determined by the BayesR method were used to
calculate the GEBVs for animals in the validation
population. The accuracy of GP was calculated as
the average of 10 cross-validation values by the fol-
lowing formula:

Tgv.p)

Jn

Accuracy =
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where r is the correlation between the estimated
breeding values and the adjusted phenotypes of val-
idation animals, and /2 is the heritability of the trait.

RESULTS

Phenotype and Heritability Estimates

Descriptive statistics and genomic heritability
estimates (h; ) for 14 fatty-acid traits of LOD mus-
cle are shown in Table 1. C18:1n-9 predominated
(50.64%) among the intramuscular fatty acids ana-
lyzed, followed by palmitic and stearic acids (27.37
and 10.98%, respectively). The PUFA contents were
low (0.04 to 0.51%), with the exception of the pre-
dominant PUFA, C18:2n-6 (1.81%). The h; esti-
mates were high (>0.40) for C16:0 and C18:1n-9, as
wellas for SFA, UFA, and MUFA. The h; estimates
for C14:0, C16:1n-7, C18:0, C18:2n-6, C20:1n-9,
and PUFA varied from 0.25 + 0.07 to 0.35 £ 0.08,
compared with 0.04 + 0.04 to 0.05 = 0.04 for the
fatty acids C18:3n-6, C18:3n-3, and C20:4n-6.

Genome-Wide Association Study

Manbhattan plots of the GWAS results for sig-
nificantly associated fatty-acid traits are presented
in Figure 1, and the details of significant SNPs in
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Table 2. Twenty genome-wide significant SNPs
located on chromosomes 7 and 19 were associated
with the fatty acids C14:0, C18:1n-9, and C20:4n-6
(P <7.89 x 107%). Among them, 19 SNPs spanning
a 51.3- to 51.4-Mb region in BTA19 had significant
effects on C14:0. Moreover, five SNPs of the same
chromosomal region of BTA19 were significantly
associated with C18:1n-9 and C14:0. One intergenic
SNP on BTA7 was significantly associated with
C20:4n-6. Additionally, 13 SNPs located on BTA4,
7, 8,9, 17,19, and 29 had suggestive-level associa-
tions (P < 1.58 x 107°) with the fatty acids C14:0,
C18:1n-9, and C20:4n-6 (Figure 1). However,
no associations were detected for the other seven
individual fatty acids and four fatty-acid groups
(Supplementary Figure S1).

Allele substitution effects ranged between 0.24
and 0.29 (wt/wt%) in C14:0, whereas the effects
were negative in C18:1n-9 and varied between
—0.97 and —1.03. The Ensembl tools BioMart
and VEP suggested that the significantly associ-
ated SNPs on BTA19 were harbored by the can-
didate genes fatty-acid synthase (FASN) and
coiled-coil domain containing 57 (CCDC57). The
most significant SNP for fatty acids C14:0 and
C18:1n-9, rs41920007 (BTA19:51380689 bp), was
located upstream of FASN (P < 1.18 x 1075). In
addition, two synonymous SNPs, 1541919992

Table 1. Summary statistics, additive genetic variance, and genomic heritability estimates of fatty acid com-

position traits in Korean Hanwoo cattle!

Trait? Mean’ SD o’ h; + sk
Myristic acid (C14:0) 3.348 0.571 0.082 0.26 £ 0.08
Palmitic acid (C16:0) 27.37 1.911 1.617 0.44 +0.09
Palmitoleic acid (C16:1n-7) 4.754 0.866 0.212 0.34 £0.08
Stearic acid (C18:0) 10.98 1.360 0.420 0.25£0.07
Oleic acid (C18:1n-9) 50.64 2.510 3.023 0.49 £0.09
Linoleic acid (C18:2n-6) 1.810 0.428 0.043 0.26 £ 0.08
v-Linoleic acid (C18:3n-6) 0.039 0.013 6.9 x 107° 0.04 £0.04
Linolenic acid (C18:3n-3) 0.084 0.042 5.6%x107° 0.04 £0.05
Eicosenoic acid (C20:1n-9) 0.509 0.122 0.005 0.35£0.08
Arachidonic acid 0.173 0.085 3.0x 107 0.05 £0.04
(C20:4n-6)
Saturated fatty acid (SFA) 41.70 2.554 2.770 0.43 + 0.09
Unsaturated fatty acid 58.30 2.554 2.724 0.42 + 0.09
(UFA)
Monounsaturated fatty 56.18 2.539 2.965 0.47 £ 0.09
acid (MUFA)
Polyunsaturated fatty acid 2.106 0.482 0.052 0.25 £0.08
(PUFA)

'Fatty acids concentrations were expressed as a percentage of the total fatty acid analyzed from longissimus dorsi muscle samples.

2SFA (sum of saturated fatty acid) = C14:0 + C16:0 + C18:0; MUFA (sum of monounsaturated fatty acid) = C16:1n-7+ C18:1n-9 + C20:1n-9;
PUFA (sum of polyunsaturated fatty acid) = C18:2n-6 + C18:3n-6 + C18:3n-3 + C20:4n-6; UFA (sum of unsaturated fatty acid) = sum of MUFA

+ PUFA.
3A total of 965 samples investigated in this study.
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Figure 1. Manhattan plot of GWAS for fatty acids myristic (A), oleic (B), and arachidonic (C) in Korean Hanwoo cattle. The y-axis represents
—logl0 (observed) P-values for genome-wide SNPs against their respective positions on each chromosome (x-axis). The horizontal solid and dot
lines indicate the Bonferroni adjusted significant (7.89 x 107®) and suggestive (1.58 x 107°) threshold level, respectively.

and rs41919984 (BTA19:51398083 bp and
BTA19:51401022 bp), and one missense SNP
rs41919985 (BTA19:51402032 bp), which resulted
in an amino acid change from threonine to alanine
(T2263A), in FASN were significantly associated
with C14:0 only (Table 2). All of the 15 intronic
SNPs in CCDC57 were significantly associated with
C14:0, and five were significantly associated with
C18:1n-9. Haploview analysis of significant SNPs
on BTA 19 revealed two LD blocks within which the
SNP markers were tightly linked (Supplementary

Figure S2). LD block 1 (77 kb) contained all 14
SNPs of CCDC57 and 1 SNP upstream of FASN,
which exhibited the strongest association detected
in this study. LD block 2 (6 kb) consisted of four
significant SNPs in FASN.

Genome Partitioning of Genetic Variation

The total genetic variance was partitioned into
individual chromosomes and SNPs to determine
the genetic architecture underlying FAC. BayesR
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Table 2. Significant SNPs in genome-wide association study for myristic, oleic, and arachidonic acid in

Korean Hanwoo cattle

Minor SNP effect SNP location/

SNP BTA  Position' (bp) alleles MAF?  B-value’ SE P-value* effect® Gene

Myristic acid
BovineHD 1900014346 19 51303323 T 0.09 0.23 0.04  8.48E-09 Intron CCDCS57
BovineHD1900014348 19 51307828 C 0.11 0.24 0.04  2.04E-09 Intron CCDCS57
BovineHD 1900014349 19 51312108 A 0.10 0.23 0.04  8.48E-09 Intron CCDCS57
BovineHD 1900014350 19 51312886 C 0.11 0.24 0.04  2.04E-09 Intron CCDC57
BovineHD1900014354 19 51319695 T 0.09 0.23 0.04  8.48E-09 Intron CCDC57
BovineHD1900014355 19 51320976 A 0.10 0.23 0.04  8.48E-09 Intron CCDC57
BovineHD 1900014356 19 51322878 T 0.10 0.23 0.04  8.48E-09 Intron CCDC57
BovineHD 1900014357 19 51323848 G 0.11 0.24 0.04 1.23E-09 Intron CCDC57
BovineHD1900014358 19 51325151 A 0.09 0.23 0.04  8.48E-09 Intron CCDC57
ARS-BFGL-NGS-39328 19 51326750 A 0.09 0.23 0.04  8.48E-09 Intron CCDCS57
BovineHD 1900014360 19 51333432 T 0.14 0.26 0.03  4.53E-13 Intron CCDCS57
BovineHD 1900014361 19 51341014 A 0.13 0.26 0.03  4.67E-13 Intron CCDCS57
BovineHD 1900014363 19 51343311 A 0.14 0.26 0.04  4.67E-13 Intron CCDCS57
BovineHD 1900014364 19 51349695 A 0.14 0.26 0.03  4.67E-13 Intron CCDCS57
BovineHD 1900014371 19 51380689 T 0.18 0.25 0.03 5.71E-15 Upstream gene FASN

variant

ARS-BFGL-NGS-39983 19 51395684 T 0.15 0.24 0.04  4.20E-11 Intron FASN
BovineHD1900014376 19 51398083 A 0.15 0.22 0.03 1.40E-09 Synonymous FASN
BovineHD 1900014377 19 51401022 C 0.16 0.22 0.04  8.74E-10 Synonymous FASN
BovineHD4100014275 19 51402032 A 0.15 0.21 0.04  2.29E-09 Missense FASN

Oleic acid
BovineHD 1900014360 19 51333432 T 0.14 —-0.94 0.16  6.80E-09 Intron CCDC57
BovineHD 1900014361 19 51341014 A 0.13 —-0.96 0.16  5.33E-09 Intron CCDC57
BovineHD1900014363 19 51343311 A 0.14 —-0.96 0.16  5.33E-09 Intron CCDC57
BovineHD 1900014364 19 51349695 A 0.14 —-0.96 0.16  5.33E-09 Intron CCDC57
BovineHD1900014371 19 51380689 T 0.18 —-0.90 0.15 1.31E-10 Upstream gene FASN

variant

Arachidonic acid

BovineHD0700026591 7 90802890 T 0.03 0.09 0.02 1.24E-08 Intergenic —

"Based on reference NCBI Bos taurus sequence (genome assembly UMD 3.1).

*Minor allele frequency.
SRegression coefficient.

“Significant threshold of genome-wide significance at 5% level for Bonferroni correction was P = 7.89 x 1075,

SLocation of SNP variants or genes was performed as per cattle genome reference sequence (UMD 3.1) using VEP tools (McLaren et al., 2016).

analysis revealed that individual SNPs generally
made small contributions to the total genetic var-
iance (Supplementary Figure S3). Specifically,
2,571 to 4,904 SNPs (0.41 to 0.78%) explained the
vast majority of the genetic variance, whereas the
remaining >99% of the SNPs had negligible effects
(Supplementary Table S1), confirming the poly-
genic architecture of the study traits. Furthermore,
the proportion of genetic variance explained by
each mixture component differed markedly among
the 14 fatty-acid traits (Figure 2). SNPs with larger
effect sizes (1072 % 67%) explained a substantial pro-
portion of the total genetic variance of all traits
except C18:3n-6 and C20:4n-6. Approximately 21
to 40% of the total genetic variance was explained
by 35 to 61 SNPs, most of which were located

on BTA3, 7, 8, 9, 13, 17, 19, and 23 (Figure 2;
Supplementary Figure S3 and Table S1).

The proportion of variance explained by
each chromosome is presented in Figure 3 and
Supplementary Figure S4. The parameter estimates
did not converge in the joint model for seven fat-
ty-acid traits due to the relatively small data set and
low heritability estimates for several traits. Among
the converged traits, we found mostly nonlinear
and weak relationships between the variance con-
tributed by each chromosome and the chromo-
somal length. BTA19 alone explained 26.04 and
15.52% of the total phenotypic variance for fatty
acids C14:0 and C18:1n-9, respectively, reflecting
the considerable contribution of this chromosome
segment (Figure 3). Remarkably, 19 significant
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Figure 3. Genome partitioning for myristic and oleic acid in Korean Hanwoo cattle by joint analysis. The estimated proportion of variance
explained by each chromosome against its length is presented in plots. The numbers in the circles represent chromosome number.

SNPs accounted for 74.71% of the phenotypic var-
iance in BTA19 for C14:0, whereas five significant
SNPs in BTA19 contributed 32.83% of the pheno-
typic variance for C18:1n-9. BTAS, 13, 14, 20, and
23 contributed 7.83 to 11.29% of the total pheno-
typic variance for C18:1n-9.

Genomic Prediction

The realized accuracies of GP (£SE) were esti-
mated using the PBLUP, GBLUP, and BayesR
methods (Table 3). The prediction accuracy varied
from 0.25 to 0.57. Across all traits, the average pre-
diction accuracies determined by PBLUP, GBLUP,

and BayesR were 0.29, 0.38, and 0.41, respectively.
The realized accuracies of the PBLUP method (0.25
to 0.34) were lower than those from the GBLUP
and BayesR methods. The prediction accuracies of
the GBLUP method using the 50K and 777K SNP
data were moderate (>0.30) for all FAC traits, with
the exception of C18:2n-6 and PUFA contents, the
estimates of which were lower (0.26 to 0.28). The
highest accuracy (0.57) was estimated for C14:0
using BayesR. The BayesR prediction accuracy
for C14:0, C18:1n-9, C18:2n-6, and MUFA con-
tents was 5 to 21% higher than that of the other
two methods. However, both GBLUP and BayesR
methods showed a similar prediction accuracy for
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Table 3. Realized accuracy (£SE) of predicted breeding value for fatty acid composition in Korean Hanwoo

cattle
GBLUP BayesR

Trait! PBLUP S0K 777K S0K 777K
C14:0 0.34 £ 0.07 0.34 £ 0.06 0.36 £ 0.06 0.57 £0.07 0.57 £0.07
C16:0 0.32 £ 0.05 0.42 +£0.05 0.42 = 0.06 0.41 £ 0.06 0.41 = 0.06
Cl16:1n-7 0.32 £ 0.06 0.41 £ 0.04 0.43 £ 0.05 0.37 £0.07 0.35+0.07
C18:0 0.31 £0.08 0.41 £0.05 0.41 £ 0.05 0.45%0.12 0.42+0.11
C18:1n-9 0.32 £ 0.06 0.40 £ 0.05 0.40 £ 0.05 0.45 % 0.05 0.45 % 0.06
C18:2n-6 0.26 £0.07 0.28 £ 0.05 0.27 £0.05 0.36 £ 0.05 0.33 £0.07
C20:1n-9 0.28 £ 0.04 0.41 £0.03 0.41 £0.03 0.36 £ 0.08 0.38 £0.08
SFA 0.30 £0.07 0.41 £0.05 0.41 £0.05 0.41 £0.07 0.42 £ 0.06
UFA 0.29 £0.07 0.41 £0.05 0.42 £0.05 0.42 £ 0.06 0.42 £0.07
MUFA 0.30 £0.07 0.42 £0.05 0.41 £0.05 0.41 £0.06 0.41 £0.06
PUFA 0.25 £ 0.05 0.28 £0.07 0.26 £ 0.06 0.35£0.05 0.33 £0.07

!See Table 1 for trait abbreviations.

C16:0, C18:0, SFA, UFA, and MUFA contents.
In contrast, the prediction accuracy of GBLUP
for C16:1n-7 and C20:1n-9 was superior to that of
BayesR. There was no advantage to the 777K over
the SOK SNP panel, as both showed similar predic-
tion accuracies for most of the studied traits.

DISCUSSION

In previous candidate gene analysis and
GWASs have suggested potential genetic variants
or chromosomal regions associated with beef FAC
traits in various cattle breeds, including Hanwoo.
Here, we conducted a GWAS and GP of breeding
values for 14 FAC traits using high-density SNP
markers to identify associated loci and assess the
genetic architecture of the FAC traits.

Fatty-Acid Measurements and Heritability
Estimates

In general, our fatty-acid results are in line
with the findings of Jung et al. (2013) and Choi
et al. (2016) in Hanwoo cattle, Chen et al. (2015) in
Angus cattle, and Sasago et al. (2017) in Japanese
Black cattle. Notably, the intramuscular FAC differs
according to the cattle breed, sex, fatty-acid assess-
ment method, sample type, feedlot condition, and
uptake of exogenous fatty acids (Smet et al., 2004).
The genomic heritability estimates of this study
are in accordance with those reported by Chen
et al. (2015) in Angus and admixed genetic back-
ground Angus cattle. However, Saatchi et al. (2013)
reported higher #; estimates in Angus cattle (0.49
to 0.57 for C14:0, C14:1, C16:0, C16:In-7, C18:0,
C18:1n-9, SFA, and MUFA; and 0.06 to 0.22 for
18:2n-6, 18:3n-3, 18:3n-6, 20:3n-3, 20:3n-6, 20:4n-
6, and PUFA). Compared with our results, Lemos

et al. (2016) obtained similar hg2 estimates for indi-
vidual saturated and monounsaturated fatty acids
(0.21 to 0.48) in indicine Nellore cattle. Conversely,
they reported estimates of 0.31 to 0.38 for PUFAs
(C18:2n-6, C18:3n-3, C20:3n-6, and C20:4n-6), sug-
gesting use of different feedlot conditions and feed-
ing regimes, as beef PUFA contents are dependent
on the type of forage. Moreover, Onogi et al. (2015)
reported high h; estimates for seven fatty-acid traits
(0.55 to 0.98) in Japanese Black cattle. These dis-
crepancies among studies may be associated with
the cattle breed, type of meat sample, population
size, and statistical methods used.

The pedigree-based heritability estimates in this
study (data not shown) were higher than those of
the genomic estimates (0.32 = 0.11 to 0.56 £ 0.14
for C14:0, C16:0, C16:1n-7, C18:0, C18:1n-9, SFA,
UFA, and MUFA; and 0.03 £ 0.05 to 0.25 + 0.09
for PUFAs). Earlier studies reported 8 to 17%
higher pedigree derived /#? than genomic estimates
for reproductive and milk yield traits in Holstein—
Friesian cattle populations (Veerkamp et al., 2011)
and is consistent with our findings. The lower h;
estimates may be due to the lack of complete LD
between SNPs and quantitative trait loci (QTLs)
associated with the trait (Goddard et al., 2011).
SNP markers may not capture all of the genetic
variance for most of the investigated traits in dairy
cattle, resulting in lower h; estimates (Christensen
and Lund, 2010; Liu et al., 2011), which also sup-
ports our results. Overall, the moderate-to-high
genomic heritability estimates for the majority of
fatty-acid traits suggest host genetic effects, and
so genomic selection could be applied to improve
those traits. In contrast, the low h; estimates
of PUFAs indicate poor marker prediction and
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suggest that non-genetic factors make considerable
contributions to these traits. The hg2 estimates for
fatty-acid traits were subsequently used to estimate
the realized accuracy of GP.

Genome-Wide Association Study

Similar to our findings, Bouwman et al. (2014)
identified 10 SNPs in FASN and CCDC57 signifi-
cantly associated with C14:0 in bovine milk; of them,
rs41920007 had the most significant association.
Sasago et al. (2017) and Chen et al. (2015) reported
that the rs41921177 SNP (BTA19:51326750 bp)
exhibited the most significant association with sev-
eral FAC traits, including C14:0 and C18:1n-9, in
Japanese Black and Canadian Angus cattle, respec-
tively. This intronic SNP marker in CCDC57 was
also significantly associated with C14:0 in our study.
Ishii et al. (2013) and Kelly et al. (2014) identified a
number of SNPs in a 7.0-Mb region (49 to 55 Mb)
of BTAI19 centered around FASN that were signifi-
cantly associated with C14:0, C14:1, C16:0, C16:1,
and C18:1n-9 in Australian beef cattle and Japanese
Black cattle. However, Saatchi et al. (2013) and
Zhu et al. (2017) reported that the 51-Mb region of
BTA19 was associated with several fatty-acid traits
in Angus and Chinese Simmental beef cattle; this is
consistent with our results. Using a candidate gene
approach, mutations in FASN have been found to
be associated with C14:0, C18:1n-9, SFA, MUFA,
and Health Index in US Angus cattle (Zhang et al.,
2008) and with C16:0 and C18:1n-9 in Korean
Hanwoo cattle (Bhuiyan et al., 2009). The evidence
thus indicates that the 1-Mb region of BTA19 has
a marked influence on the FAC of beef muscle, and
that FASN is a key regulatory gene due to its role
in de novo fatty-acid biosynthesis. CCDC57, which
1s located next to FASN, has not been well charac-
terized but is reportedly associated with the FAC of
milk (Bouwman et al., 2014). Mice with a mutation
in this gene display hydrocephaly and an abnormal
subcutaneous fat layer morphology (Gerdin, 2010).
Additionally, the CCDC57 gene product plays an
important role in DNA binding and regulation of
gene expression. Medrano et al. (2010) reported
that the expression level of this gene was higher
than that of FASN in the mammary tissues of lac-
tating cows. However, an association of this gene
with beef FAC has not been reported. Therefore,
CCDC57 may be involved fatty-acid biosynthesis
or in tight LD with FASN or other nearby QTLs.
According to Goddard and Hayes (2009), the mod-
erate LD in cattle populations can be extended to
100 kb. The level of LD between SNPs and QTLs

Bhuiyan et al.

enables identification of causal variants of a trait.
The LD between SNPs of FASN and CCDC57 was
moderate (* > 0.40) for some SNPs centered around
the upstream FASN variant; moreover, there was a
high LD coefficient (#*> > 0.72) between that FASN
variant and CCDC57 SNPs. This suggests that var-
iants in upstream genes contribute to the muscle
FAC (Supplementary Figure S2).

Contributions of SNPs and Chromosomes to
Genomic Variance

BayesR analysis facilitates calculation of the
number of SNPs in each distribution and the con-
tributions of components that explain 0.00, 0.01,
0.10, and 1.0% of the total genetic variance. Erbe
et al. (2012) reported that over 99% of SNPs had
almost zero variance, and that 3,644 to 4,725 SNPs
showed the greatest variance for three milk-produc-
tion traits (milk, fat, and protein yield) in Jersey
and Holstein cattle; these results are in agreement
with our findings. However, compared with this
study, fewer SNPs (8 to 29) had the largest variance
in the third and fourth posterior distributions for
those traits. Moser et al. (2015) reported that >96%
of SNPs had negligible effects, and 2,633 to 9,411
SNPs explained the total genetic variance related
to human disease traits. Notably, the contributions
of SNPs with the greatest variance (1% of the total
variance) varied from 0 to 72% among seven disease
traits, which is in partial agreement with our results.
Therefore, the present and previous findings suggest
that complex traits such as beef FAC are polygenic,
and that some SNPs have larger effect sizes.

The correlations between chromosomal length
and the variance explained by each chromosome
were low and most were negative. This is in partial
agreement with previous studies involving dairy
cattle (Pimentel et al., 2011; Jensen et al., 2012),
which reported positive and weak linear relation-
ships between these two parameters. These find-
ings suggest that SNPs and/or QTLs of BTA19,
together with other chromosomes, have consid-
erable effects on the C14:0 and C18:1n-9 levels in
Korean Hanwoo cattle. Earlier studies involving
various beef cattle breeds also reported significant
associations of candidate SNPs or QTLs centered
around FASN with multiple fatty-acid traits (Kelly
etal.,2014; Chenetal., 2015; Sasago et al., 2017). In
addition, chromosomes 1, 5, 7, 8, 13, 14, 20, and 23
made substantial contributions to a number of fat-
ty-acid traits, suggesting that a few candidate genes
exert large effects, whereas other genes exert small
effects on the studied traits. Indeed, stearoyl-CoA
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desaturase (SCD), sterol regulatory element-bind-
ing transcription factor 1 (SREBFI), fatty-acid
binding protein 4 (FABP4), FABPS, retinoid X
receptor, beta (RXRB), clongation of very-long-
chain fatty acids protein 5 (ELOVL)5), and thyroid
hormone-responsive (THRSP) on chromosomes
26, 19, 14, 23, and 29 are candidate genes associ-
ated with fatty-acid traits. In our study, the amount
of phenotypic variance explained by chromosome
26 was insignificant, which is inconsistent with the
reports of Kelly et al. (2014) and Chen et al. (2015).
This may be due to differences between the studied
populations, marker density, and/or the extent of
LD among the causal variants and genetic markers.
Two approaches have been suggested to improve
the efficiency of QTL detection in small popula-
tions: selective genotyping and analysis of multi-
ple populations with different genetic backgrounds
(Sasago et al., 2017). Ours is the first GWAS using
high-density SNP arrays to assess the FAC of the
LOD of Korean Hanwoo cattle.

Genomic Prediction

The GP accuracy results were similar to those
of Chen et al. (2015) and Zhu et al. (2017), who
reported that the majority of the studied fatty-acid
traits exhibited low-to-moderate accuracy (<0.40)
although some, including C14:0, showed a high
level of accuracy (>0.50) in Canadian Angus and
Angus-derived crossbreeds as well as in Chinese
Simmental cattle, respectively. According to Chiaia
et al. (2017), the prediction accuracy for 14 indi-
vidual fatty acids and 7 fatty-acid groups varied
from —0.40 to 0.62 in the longissimus thoracis
muscle of Nellore cattle; our estimates are within
those ranges. Notably, a lower heritability estimate
of a trait can result in overestimation of its real-
ized accuracy (Lourenco et al., 2015); therefore, we
excluded three PUFA traits (C18:3n-6, C18:3n-3,
and C20:4n-6) from the GP analysis. The superior
prediction accuracies of the GBLUP and Bayesian
methods compared with the pedigree-based BLUP
method are consistent with the findings of Chen
et al. (2015) and Chiaia et al. (2017) for FAC traits
in various beef cattle breeds. Indeed, Bolormaa
et al. (2017) and Erbe et al. (2012) reported that
the GBLUP and BayesR methods yielded more-ac-
curate GEBVs than the PBLUP method for three
reproduction traits in Merino sheep and three milk
traits in Holstein and Jersey cattle. Wiggans et al.
(2011) found that the reliability of the PBLUP
and SNP-BLUP prediction methods was 2.7 and
47.6%, respectively, for milk traits in three dairy
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cattle breeds (Holstein, Jersey, and Brown Swiss).
Mehrban et al. (2017) reported that Bayesian
methods have greater accuracy for carcass and
meat-quality traits in Hanwoo cattle.

Bayesian methods yield high accuracies when
traits are controlled by major genes with large
effects (Chiaia et al., 2017), as found in this study.
The predictions of the BayesR method were con-
firmed by the GWAS results; the positional can-
didate gene FASN was significantly associated
with the C14:0 and C18:1n-9 traits. It is plausible
that one or more QTLs near FASN have consid-
erable effects on these two traits. However, traits
controlled by many loci with small effects tended
to have similar predictive accuracies using the
GBLUP and BayesR methods (Bolormaa et al.,
2017), but different predictive accuracies using
the Bayesian and GBLUP methods (Dactwyler
et al., 2013). This is consistent with our results.
GP accuracy is influenced by a number of factors;
e.g., the reference population size, heritability of
the traits, relationship between the validation and
training populations, LD between markers and
QTLs, SNP panel density, genetic architectures
of the investigated traits, and the statistical model
used (Goddard et al., 2011; Bolormaa et al., 2017).

In conclusion, the h; estimates for fatty-acid
traits in Hanwoo cattle indicated substantial genetic
variability, which could be used in breeding pro-
grams that aim to improve those traits. A GWAS
revealed that 19 SNPs in a 53-Mb region of BTA19
(which included FASN and CCDC57) were signifi-
cantly associated (P < 7.89 x 107%) with C14:0 and
C18:1n-9. Depending on the trait, the number of
SNPs estimated by the BayesR method varied from
2,571 t0 4,904 (0.41 to 0.78% of the total SNPs), and
these explained the vast majority of the total genetic
variance; in contrast, the other SNPs (>99%) had
negligible effects. Thus, the FAC traits investigated
herein had a polygenic architecture. The GBLUP
and BayesR methods yielded prediction accuracies
for the studied traits superior to those of the PBLUP
method. The predictive accuracies determined using
the 50K and 777K SNP panels were similar; thus,
both are suitable for GP. This is, to our knowledge, the
first study to perform a GWAS and GP of FAC traits
in Hanwoo cattle using high-density SNP arrays. Our
findings will be useful for breeding programs for pro-
duction of beef with enhanced nutritional value.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of
Animal Science online.
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