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Simple Summary

Hanwoo has been established as a main beef cattle breed in Korea since its official breeding started
in 1979, shifting the focus from labor traits to meat production. In genomic selection, the reference
population in estimating breeding value is very important. The accuracy of genetic breeding value
based on a large number of cow-based reference population is limited. This is crucial for the Hanwoo
industry because it allows the breeding program to dramatically expand the size and genetic
diversity of the reference population by including females from many different farms. This study
examines the potential of the cow reference population in breeding value estimation. The study
concludes that while a steer-based reference population is optimal for maximum accuracy, a cow-
based reference population is a practical and valuable alternative. This expansion is the key to
improving the accuracy of genomic selection for complex, high-value meat quality traits that are
expensive or difficult to measure, helping the industry adapt to changing consumer demands to grow.
Incorporating a large number of cows into the reference population is a strategically important step
toward building a more robust and powerful genomic selection system for the future.

Abstract

The establishment of a reference population for genomic selection in Korean beef cattle is an ongoing
process. There is a high likelihood of sex-specific differences in the composition of the reference and
test populations. This study evaluates the accuracy of Genomic Estimated Breeding Values (GEBVs)
for carcass traits in Hanwoo cattle, specifically investigating the efficacy of cow-based reference
populations. The effectiveness of genomic selection (GS) is heavily dependent on the composition
and size of the reference population. Utilizing genotype data from a Hanwoo 50k SNP chip and
phenotypic data from 19,168 steers and 6,233 cows, the study estimated GEBV accuracies for carcass
weight (CWT), eye muscle area (EMA), backfat thickness (BF), and marbling score (MS) using the
GBLUP method. Results demonstrate that steer-based reference populations achieved the highest
accuracy (0.64-0.88), averaging 0.78, likely due to standardized management and higher trait
heritability (0.39-0.51) compared to cows. In contrast, cow-based reference populations exhibited
prediction accuracies (0.55-0.75) in four traits using adjusted residual phenotype, averaging 0.64, but
remained highly practical alternatives. While growth traits (CWT and EMA) showed significant bias
in cross-sex predictions, fat deposition traits (BF and MS) remained stable across sexes. The study
concludes that although steer-based populations provide optimal accuracy, incorporating cows into
the reference population is strategically vital in Hanwoo.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Korean native cattle, Hanwoo (Bos taurus coreanae), were primarily used as agricultural
livestock or a source of organic fertilizer in the past. However, Hanwoo became an increasingly
important beef breed as agricultural technology progressed and beef consumption increased in
Korean society. Now, Hanwoo is recognized as a high-quality beef breed both domestically and
internationally for its exceptional meat quality and unique taste. This recognition stems from
decades-long Hanwoo breeding programs aimed at producing high-quality meat, focusing on traits
such as carcass weight, eye muscle area, backfat thickness, and marbling score. Currently, Hanwoo
is a core industry in Korean agriculture, and research is continually conducted to enhance
productivity and meat quality through ongoing breeding improvement. However, Korea’s Hanwoo
industry has also faced a new challenge - shifting consumer tastes. An increasing number of Korean
consumers are worried about the high-fat content of Hanwoo beef and its health implications,
including obesity and fat-induced diseases. This shift has precipitated a demand for leaner and
healthier alternatives, such as Hanwoo heifer meat, which is known to be more expensive than steer
or bull meat of the same quality but has seen a downgrade in demand [1]. This market shift
emphasizes the importance for the Hanwoo breeding program to adopt a broader perspective that
not only prioritizes traditional high-fat content marbling but also focuses on the strategic
management of other meat quality and health traits in cows.

Genomic selection (GS) of livestock is gaining popularity due to the rapid progress of
genotyping technology, where a reference population of sufficient size is the first requirement, in
which all individuals are genotyped with an SNP chip and phenotyped for traits of interest [2]. GS
based on genomic estimated breeding value (GEBV) accuracies depends on two criteria, relationships
between animals in the reference population and the genetic relatedness between training (reference)
and validation populations [3]. In addition, the composition of the reference population acts as a
significant factor in the GEBV accuracy [4]. Korean proven bulls (KPNs) are progeny-tested and used
for genomic selection in Korea. A core challenge for the Hanwoo breeding program is its unique
population structure. However, the accuracy of genomic prediction requires many reference
populations with both genotypes and phenotypes, which may not be available for all traits or breeds,
and are also expensive to measure. Korean cattle are raised in various breeding environments and
management systems, depending on whether they are heifers, cows, steers, or fattening cattle. There
is a high possibility that differences might exist in the sex composition of the reference and test
populations. These differences might act as potential factors that can reduce the efficiency of the
genetic evaluation model. The current reliance on a few sires limits genetic diversity, creating a
bottleneck that hinders the full potential of genomic selection. By including cows from diverse farms
and lineages, the program can broaden its genetic base, which might further enhance the predictive
power of the GS models.

In the GBLUP model, the realized accuracy, which is an indicator of the model’s evaluation
accuracy, largely depends on the genetic similarity between the reference and test populations. The
reference group serves to provide genetic and phenotypic data for learning the prediction model, and
the higher the genetic similarity of this group to the test group, the higher the accuracy of the
evaluation. This kind of GS is more practiced and available for dairy cattle. However, Hanwoo is a
beef cattle breed, and both sexes are used for meat production. The accuracy of GEBV increases while
the genetic relationship (genetic covariance) between the reference and test populations is high [5].
In the previous studies, GEBV accuracies were estimated in Hanwoo steer populations from different
regions of Korea [5-8]. Several reports have mentioned the possibility of using the cow as a reference
population for dairy traits or any new functional trait [2,9,10]. In a previous study in the Netherlands
[11], Holstein heifers from four countries were used to demonstrate that combining cow and bull
reference populations increases the accuracy of genomic prediction and genome-wide association
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studies. In another study on broiler chickens, the accuracy of estimated breeding values increased in
some traits when both sexes were included as the reference population [3]. Therefore, it is necessary
to systematically analyse the effect of sex-specific composition of the reference and test populations
on genetic evaluation. This study compares the genetic evaluation when cows and steers are used as
the reference and test groups, respectively. Furthermore, the results showed significant evidence of
the efficiency of the composition of the reference population. The strategic inclusion of this female
population might represent the single most important action to expand the reference population and
to maximize GEBV accuracy for high-value meat quality traits that are difficult to achieve with a
male-centric reference population alone.

2. Materials and Methods

2.1. Animal Phenotypes

Phenotypic data on carcass traits were collected from 6233 Hanwoo cows and 19,168 steers
across various regions of Korea. Phenotypic data of carcass weight (CWT), eye muscle area (EMA),
backfat thickness (BF), and marbling score (MS) were collected from the one-stop Hanwoo
Improvement Information Inquiry Service and the Livestock Products Quality Evaluation Institute.
Carcass grading was recorded following the Korean carcass grading procedure established by the
National Livestock Cooperatives Federation, as outlined in the Livestock Products Grading
Guideline 2011. Briefly, CWT measurements were taken after 24h of post-mortem refrigeration; EMA
was measured using a dot—grid technique on a cross-sectional slice between the 13th rib and the 1st
lumbar vertebrae perpendicular to the vertebral column, where BF was also measured; MS was
graded visually using a categorical system consisting of 9 levels ranging from 1 (no marbling) to 9
(high marbling). The birth years of cows between 2007 and 2022, and steers between 2014 and 2019,
were recorded. The slaughter ages of cows ranged from 16 to 194 months, and steers were 24 to 35
months old. The animals were raised under standard feeding and management practices.

2.2. Genotyping and Quality Control

The Hanwoo steer and cow populations were genotyped from the hair root DNA using the
Nlumina Hanwoo 50k v.1 SNP BeadChip (Illumina Inc., San Diego, CA, USA). Among the total 53,866
SNPs, markers located on sex chromosomes and with unknown or duplicate positions were removed
for further quality control (QC) procedures. Finally, 52,116 SNPs were used for the final analysis.
Several QC thresholds were set to remove poor-quality SNPs for further analysis. SNPs were
discarded from the analysis when the SNP call rate was less than 95%, individuals had a genotyping
call rate less than 90%, and the minor allele frequency (MAF) was less than 5% (monomorphic). The
genotype frequency significantly deviated (p < 0.000001) from the Hardy-Weinberg equilibrium
(HWE), and the identity-by-state (IBS) test was performed to determine if there were similar
individuals or genotyping errors in the datasets. Pairs of individuals showing a similarity rate greater
than 99% were considered either identical animals or indicative of genotyping errors. The entire QC
process and IBS test were performed through the PLINK v1.9 toolset [12]. Furthermore, the missing
alleles were imputed using Beagle v5.4 software [13]. After conducting the IBS and QC tests, a total
of 45,059 SNPs, 19,168 steers, and 6,233 cows remained in the dataset. Since the size of the reference
and test groups significantly affects the accuracy of breeding value prediction in GBLUP analysis,
steers were removed to ensure an exact match in size with the cow population. Finally, 19,168 steers
were adjusted to 6,174, and an equal number of cows (6,174) were used in the analysis; and the
distribution before and after adjustment was the same. Based on these individuals, phenotypic,
genetic, and residual variances were estimated using the restricted maximum likelihood (REML)
method following a mixed linear model based on the genomic relationship matrix (GRM).
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2.3. Statistical Analysis

In this study, genetic parameters and genomic estimated breeding values (GEBV) were
calculated using the GBLUP method based on the genomic relationship matrix (GRM). The equation
used to estimate GEBV was a linear model that can calculate both fixed and random effects, and the
equation is as follows.

y:Xb+Zu+Zfarmf+e (1)

Here, y, phenotype vector for each trait (dependent variable); X, Design matrix for fixed effects; b,
estimate vector for fixed effects; Z, design matrix for random effects (additive effects); u, estimate
vector for additive effects; Z farm, design matrix for random effects (farmer effect); £, estimate vector
for farmer effect; e, environmental effect (residual) vector.

The dependent variable (y) was set as four traits in total: CWT, EMA, BF, and MS. The fixed
effects were set as slaughter month group, birth year, and season group, and the random effects were
set as individual effect and farm owner effect. The slaughter age was set as 24 to 35 months in the
steer group, formed into a total of 12 groups (Supplementary Table S1). The birth year and season
group were set as 1 for March to May, 2 for June to August, 3 for September to November, and 4 for
December to February, and combined with the birth year, a total of 22 groups were set from fall 2014
to winter 2019 (Supplementary Table S2). On the other hand, the cow group was classified into 17
slaughter age groups from 13 to 194 months in total (Supplementary Table S3). The birth year and
season groups of cows were set in the same way as steers, and were classified into 57 groups from
spring 2007 to winter 2022 (Supplementary Table S4). The genetic breeding value was estimated by
adjusting for the level of fixed and random effects for each total trait, and B, i, fwere calculated
using the following determinants.

XX Xz XZ; b Xy
ZX 17+G'k, 7 a| = [Zy (2)
ZeX Z¢Z ZeZe + 1k,| LED [Zy
In the above equation, G is the genetic relationship matrix (GRM), and k and I are computed as
follows.
ky = o%/0} ©)
k, = oZ/o? “4)
1 0 0
I=f0 1 0 )
0 01

HIBLUP [14] software was used for genetic parameter estimation. The heritability for each trait was
calculated using the estimated genetic variance and residual variance.

. .7 02
Heritability (h*) = o fog 6)
o2: Additive Genetic variance (7
02: Residual variance (environmental variance) (8)

The genomic relationship matrix (GRM) between all pairs of individuals was calculated using the
HIBLUP [14] software. The GRM was calculated based on the SNP marker information according to
VanRaden [15], as follows.

_ 7zt ©)

" tr(zzT)/n
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Here, the matrix (Z) is an n x m matrix with the number of n individuals and the number of SNPs as
dimensions m, and tr represents the diagonal sum of the matrix. When calculating the genome
relationship matrix (G), the additive elements are as follows.

_zz (10)
23Xk Pk

where the marker matrix (Z) has dimensions of n x m, n is the number of individuals, and m is the
number of SNPs used, and each element is composed of (2-2px), (1-2px), and (-2px) while the genotypes
are AA, Aa, and aa, respectively. In addition, pk represents the minor allele frequency (MAF) of the

G=

kth SNP, and g« represents the 1-px value.

2.4. Evaluation of Breeding Value Accuracy for Different Structures of Population

The breeding value was estimated using the GBLUP method with the genetic relationship matrix
(GRM). The animals were divided into four analysis groups (A, B, C, and D) for the estimation of
GEBV and accuracy. The analysis A (Refswr-Testcow) was conducted with steers (n = 6,174) as the
reference group, and cows (n = 6,174) as the test group. Analysis B (Cow cross-validation) involved a
5-fold cross-validation of cows (n = 6,174). In this study, k-fold cross-validation, a representative
cross-validation technique described by Saatchi et al. 2011 [16], was used. Briefly, all populations
were randomly divided into five (5) equal groups. For each cross-validation, four (4) out of the five
groups were designated as the reference group, and the remaining group was treated as the test
population. At this time, the size of each group is nearly identical, and it is crucial to divide the data
to prevent duplication between the groups. At each iteration, a new group is designated as a test
group, and a total of k evaluations are performed, so that all data participate in the verification
process. The average of the test group accuracy of each iteration was used as the final accuracy
verification [17]. Analysis C (Refeww-Testswer) used cows (n = 6,174) as the reference group and steers (n
= 6,174) as the test group. Analysis D (Steer cross-validation) consisted of 5-fold cross-validation of
steers. The test groups of analyses A and B were cows, whereas the test groups of analyses C and D
were steers. The genetic breeding values, in order, were carcass weight, eye muscle area, backfat
thickness, and marbling score. One way to evaluate the genetic breeding value is to calculate the
correlation between the actual breeding value of an animal and the estimated genetic breeding value.
In addition, maximizing this is the main goal of breeding research [18]. In this study, since it is
impossible to obtain the actual breeding value of an animal, the accuracy of the estimated genetic
breeding value was evaluated using phenotypic data and the adjusted residual (é). The adjustment
formula is as follows.
€=y - Xb - Zsamf (1D
Here, y : Phenotype vector for each trait (dependent variable); X, Zfrm : Design matrix for fixed
effects and random effects; b ,f : Vector estimates for fixed effects and farmer effects; and é :
Environmental effect (residual) vector.

The realized accuracy of the estimated genetic breeding value is calculated by dividing the
Pearson correlation coefficient between the corrected phenotype and the genetic breeding value by
the square root of the heritability [19]. The realized accuracy using the total phenotypic data was set
to accuracy 1, and the realized accuracy using the adjusted residual (é) data was set to an accuracy 2.

r(y,GEBV) (12)

Accuracy 1=

Accuracy 2 =

= (13)
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3. Results

3.1. Summary Statistics of the Phenotypes

The summary statistics for the carcass traits (CWT, EMA, BF, and MS) of the studied population,
which consists of 6,233 Hanwoo cows and 19,168 steers, are presented in Table 1. The average CWT,
EMA, BF, and MS of the 19,168 steers were 445 kg, 96.7 cm?, 14.2 mm, and 5.99, respectively, and
those of 6,234 Hanwoo cows were 371 kg, 87.7 cm?, 13 mm, and 4.13, respectively.

Table 1. Summary statistics for carcass traits in the Hanwoo population.

Groups Traits Mean Min Max SD
CWT (kg) 445 160 692 49.9

Steer EMA (cm?) 96.7 20.0 160 12.2
(19,168) BF (mm) 14.2 1.0 47.0 4.90
MS (score 1~9) 5.99 1.0 9.00 1.86

CWT (kg) 371 149 602 55.2

Cow EMA (cm?) 87.7 20.0 153 13.7
(6,233) BF (mm) 13.0 2.0 69.0 5.80
MS (score 1~9) 4.13 1.0 9.0 1.98

SD, standard deviation; Min, minimum; Max, maximum; CWT, carcass weight; EMA, eye muscle

area; BF, backfat thickness; MS, marbling score.

3.2. Estimation of Variance Components and Heritability

In the studied population, which contains a total of 12,348 heads, including 6,174 steers and 6,174
cows. The phenotypic variance (0%), genetic variance (0%), residual variance (0%), and heritability
(h?) were estimated (Table 2) using the populations. Among the three groups, the group with the
largest phenotypic variance (0%) for all traits consisted of only cows. The heritability (h?) of cows was
0.28, 0.22, 0.32, and 0.36 for CW, EMA, BF, and MS traits, respectively. In comparison, it showed the
lowest heritability for all traits. The population with the lowest phenotypic variance (0%) consisted
of steers, and conversely, it showed the highest heritability. The heritability of the four traits of steers,
CW, EMA, BF, and MS, was 0.46, 0.39, 0.39, and 0.51, respectively, and the trait with the lowest
heritability was EMA, while the marbling score has the highest heritability. The population with an
intermediate size of phenotypic variance (0%) and heritability (h2) was a mixture of steers and cows,
with h2 of CW, EMA, BF, and MS being 0.33, 0.28, 0.35, and 0.41, respectively, and the trait with the
lowest h2 was EMA, and the highest h2 was MS, as observed in the other two populations.

Table 2. Estimates of genetic parameters of the four carcass traits in Hanwoo.

Population (n) Traits o, o? a% (SD) o? 0%(SD) h?
CWT 218234  718.97 3924 146337  27.98 0.33
Steer + cow EMA 144.48 40.92 2.50 103.56 1.93 0.28
(12,348) BF 26.92 9.45 0.51 17.47 0.34 0.35
MS 3.19 131 0.06 1.88 0.04 0.41
CWT 2093.86  968.61 6311 112525  41.92 0.46
Steer EMA 131.52 51.31 3.78 80.22 2.76 0.39
(6,174). BF 23.17 9.13 0.68 14.04 0.49 0.39
MS 3.06 1.57 0.10 1.50 0.06 0.51
CWT 227719  641.28 5714 163591  45.82 0.28
Cow EMA 154.25 34.40 3.59 119.85  3.20 0.22
(6,174) BF 30.19 9.70 0.82 20.49 0.61 0.32
MS 3.25 1.17 0.09 2.09 0.06 0.36
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o5, Phenotypic variance; of, Additive genetic variance; oZ, Residual variance; h?, Heritability; SD
, standard deviation; CWT, carcass weight; EMA, eye muscle area; BF, backfat thickness; MS, marbling
score.

3.3. Estimation of genetic breeding value

The average genetic breeding values of CWT, EMA, BF and MS were 2.81, 0.50, -0.01, and 0.09,
respectively, for analysis A and 0.21, 0.03, 0.01, and 0.00, respectively, for analysis B. Additionally,
the GEBVs of CWT, EMA, BF, and MS were -2.01, -0.35, 0.00, and -0.05, respectively, for analysis C
and 0.11, 0.01, 0.00, and 0.00 for analysis D. The results (Table 3) reveal that the reliability of GEBVs
is highly sensitive to sex-specific differences in growth traits compared to carcass quality traits. When
applying a reference population of one sex to a testing population of the other (Analyses A and C),
Carcass Weight and Eye Muscle Area exhibit significant systematic bias, with CWT showing an
overestimation of 2.81 in cows and an underestimation of -2.01 in steers. Conversely, BF and MS
remain consistently stable with average GEBVs near 0.00, indicating that the genetic markers for fat
deposition are expressed similarly across both sexes.

Table 3. Genomic estimated breeding values of four carcass traits in Hanwoo using different sex combinations.

Reference Testing GEBV
Analysis Po&t;l;l;;on Po&t;l;l;;on Trait (Min) (Max) (Average) (SD)
CWT -71.68 95.26 2.81 24.27
EMA -17.51 18.29 0.50 5.21
A Steer Cow BF -5.99 8.01 -0.01 1.77
MS -2.86 3.05 0.09 0.87
CWT -47.72 70.08 0.21 16.60
B Cow cross-validation EMA -11.93 13.44 0.03 3.39
BF -6.18 6.49 0.01 1.62
MS -2.81 2.75 0.00 0.71
CWT -51.57 7191 -2.01 16.60
EMA -12.44 12.47 -0.35 3.64
¢ Cow Steer BF 6.72 6.41 0.00 1.71
MS -2.22 2.37 -0.05 0.63
CWT -75.64 86.53 0.11 23.25
D Steer cross-validation EMA -17.10 17.71 0.01 >.04
BF -6.73 8.01 0.00 1.80
MS -2.54 2.96 0.00 0.78

3.4. Evaluation of Breeding Value Accuracy for Different Structures of Population

3.4.1. Accuracy of Cows

Two metrics were used to evaluate prediction accuracy: Accuracy 1, defined as the Pearson
correlation between the phenotype and genetic breeding value divided by the heritability (h?), and
Accuracy 2, which utilized the adjusted residual phenotype (¢) in the same calculation. In Analysis
A, Accuracy 1 values for CWT, EMA, BF, and MS were 0.58, 0.51, 0.43, and 0.62, respectively, while
Analysis B yielded slightly higher results of 0.59, 0.52, 0.45, and 0.62 (Table 4). Analysis B generally
outperformed Analysis A across most traits during cow cross-validation. For Accuracy 2, Analysis A
recorded values of 0.65, 0.57, 0.48, and 0.63, compared to Analysis B’s 0.61, 0.53, 0.48, and 0.62.
Although both analyses demonstrated higher accuracy when using adjusted residuals, the
improvement was notably more significant in Analysis A.
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Table 4. The accuracy of GEBV of the four carcass traits using phenotypes and adjusted residuals in different

combinations of cows and steers as reference and testing population.

«» Reference . Parameters CWT EMA BF MS
R . Testing
> Populatio .
= Population
< h? 0.33 0.28 0.35 0.41 Awverage accuracy
< (6174) (6174)
r(y, GEBV) 033 027 026 040
A St C 0.54
2 et " Accuracyl 058 051 043  0.62
= r(y, GEBV) 034 028 027 040
g B -validati )
g B Cowcrosswvalidation "oyl 059 052 045 062 0.55
<
> r(y, GEBV) 038 032 030 0.35
-~ Cc C St 0.58
g o T Accuracyl 067 059 051 054
= r(y, GEBV) 044 041 035 04l
D St ~validati )
Steer cross-validation ' aev1 077 077 060 063 0.69
ré GEBV) 037 030 028 040
A St C 5
e eer W Accuracy2 065 057 048  0.63 0.58
5 . r(&GEBV) 035 028 028 040
Z B C ~validat 0.56
g OW CTOSSVAIAAION  pccuracy2 061 053 048 0.62
Fc A
o r& GEBV) 043 035 033 039
£ c c St 0.64
g o T Accuracy2 075 066 055 061
) -
GEBV) 050 046 038 046
< D Steer cross-validation r@ ) 0.78

Accuracy 2 0.88 0.86 0.64 0.72

Accuracy 1 is the Pearson correlation coefficient between the observed total phenotype and predicted

genetic breeding value, divided by the square root of the heritability; Accuracy 2 uses the adjusted
residual phenotype.

3.4.2. Accuracy of Steers

In Analysis C, which utilized cows as the reference population, Accuracy 1 values for CWT,
EMA, BF, and MS were 0.67, 0.59, 0.51, and 0.54, respectively. These metrics improved significantly
in Analysis D (the steer cross-validation group) to 0.77, 0.77, 0.60, and 0.63 (Table 4). A similar trend
was observed for Accuracy 2, which rose from 0.75, 0.66, 0.55, and 0.61 in Analysis C to 0.88, 0.86,
0.64, and 0.72 in Analysis D (Figure 1). Across all traits and evaluation metrics, Analysis D
consistently demonstrated superior performance, indicating that employing steers as a reference
population yields higher genomic prediction accuracy than using cows.
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Figure 1. Accuracy scenario of GEBV of the carcass traits using adjusted residual phenotype.

ACCURACY OF GEBV

4. Discussion

The primary objective of this study was to evaluate the accuracy of Genomic Estimated Breeding
Values (GEBVs) for carcass traits in Hanwoo cattle, specifically focusing on the performance of a cow-
based reference population. The precision of genomic selection is multifaceted, governed by trait
heritability [18], reference population size [20], marker density [21], prediction methodologies [22],
and the genomic relationship between the reference and test populations [23]. To isolate the impact
of the reference population’s sex composition, we standardized these external variables across our
analyses. Our descriptive statistics for carcass weight (CWT), eye muscle area (EMA), backfat
thickness (BF), and marbling score (MS) largely aligned with the Livestock Product Grading
Statistical Yearbook 2023, which reported averages of 431.7 kg, 91.1 cm? 13.2 mm, and 5.7,
respectively. Our phenotypic data also showed strong consistency with previous large-scale studies.
For instance, Lee et al. [5] and Lopez [6] reported CWT values ranging from 441.2 to 442.03 kg, EMA
95.82 to 96.04 cm?, BF values from 14.2 to 14.23 mm and MS showed exactly similar value of 5.95
while Lee [24] observed 442.33 kg, 96.53 cm?, 14.26 mm, and 5.96 for CWT, EMA, BF, and MS,
respectively across a national sample of 18,499 heads. The close alignment of our basic statistics with
these contemporary studies validates the representativeness of our steer-based reference data.
Previous literature indicates that higher heritability and larger reference populations are the primary
drivers of GEBV accuracy [25]. In Hanwoo, carcass trait heritability typically ranges from 0.26 to 0.61,
categorized as moderate to high [26-30]. In our study, heritability estimates for all four carcass traits
were higher in steers than in cows. This discrepancy likely stems from the differing production
lifecycles; steers were slaughtered at approximately 30 months, whereas cows were slaughtered at 50
months. In Japanese black cattle, using a reference population of more than 5000 animals with a
heritability of 0.1~ 0.5 could be practical for the expected accuracy of GEBV for a polygenic trait [31].
Another review [32] examined the studies over 42 years of publications in scientific literature,
suggesting that heritability estimates for most carcass traits varied greatly, which could be due to
differences in breed composition, methods of estimation, effects in the model, number of
observations, measurement errors, sex, and management. The extended lifespan of cows (an
additional 20 months) increases exposure to diverse environmental variables, likely inflating the
environmental variance relative to genetic variance. Consequently, the lower heritability observed in
cows suggests that environmental noise may mask genetic potential more significantly than in steers.
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Our study addressed this by utilizing the average heritability of the combined sex population to
predict GEBV accuracy. Furthermore, by utilizing a 50K SNP chip, we adhered to the marker density
recommendations established for commercial Hanwoo populations [6].

We utilized the GBLUP method to estimate breeding values, comparing cross-validation within
sexes against cross-sex predictions (i.e., using cows to predict steers and vice versa). Realized
accuracy was determined by the Pearson correlation between the genetic breeding values and
adjusted residual phenotypes, normalized by the square root of the heritability. The superior
performance of steer-based models is likely due to the more uniform environmental conditions and
standardized slaughter ages associated with steer production. Furthermore, because the genomic
relationship between the steers and cows in this study was relatively low, the influence of pedigree
relatedness on breeding value accuracy was likely minimal, highlighting the importance of reference
population composition over simple kinship. Bedhane et al. [27] reported accuracies between 0.29
and 0.46 for meat quality in Hanwoo, while Nellore cattle studies have shown lower accuracies
ranging from 0.21 to 0.46 [33]. Notably, Lee et al. [5] achieved GBLUP accuracies of 0.62-0.66 for
carcass traits using a massive steer reference population to predict a small cow test group, a pattern
mirrored in our findings. In light of their close genetic proximity to Hanwoo, Korean Brindle cattle
achieved genomic estimated breeding value (GEBV) accuracies of 0.44 for carcass weight (CWT), 0.43
for eye muscle area (EMA), 0.42 for backfat thickness (BF), and 0.44 for marbling score (MS) when
utilizing a Hanwoo steer reference population [34]. While these results underscore a significant
hereditary link, the observed reduction in accuracy compared to intra-breed predictions is likely
attributable to inherent breed-specific divergence and the limited size of the test population.
Consequently, these findings suggest that while cross-population reference sets offer a viable starting
point, refining GEBV precision for Brindle cattle will necessitate larger, breed-specific datasets to
account for subtle genomic variations. While some studies, such as Kim [35], reported exceptionally
high accuracies (0.78-0.81), these are often attributed to significantly smaller test populations (e.g.,
n=46). In contrast, Lee G.H. et al. [24] reported more moderate realized accuracies (0.40-0.54) using a
large, mixed-sex population of 18,499 heads. Our findings confirm that while a cow-based reference
population provides acceptable GEBV accuracy, the inherent environmental variance in older female
cattle remains a challenge. Future research should focus on refining models to better account for the
environmental factors unique to cow populations to bridge the accuracy gap between the sexes.

5. Conclusions

In conclusion, this study evaluated the accuracy of genomic prediction using the GBLUP method
across various sex-specific reference population configurations. Our findings reveal that utilizing
cows as a reference population resulted in an approximate 10% increase in average GEBV accuracy
for carcass traits in steers, with the notable exceptions of Backfat Thickness (BF) and Marbling Score
(MS). This discrepancy likely stems from the physiological divergence in marbling characteristics
between cows and steers. Ultimately, these results underscore that the genetic connectivity between
reference and test populations, regardless of sex, is a primary driver of prediction accuracy. To fully
establish Hanwoo cows as a viable reference for commercial herd evaluation, future efforts must
prioritize the continuous expansion of reference datasets and the rigorous validation of genomic
models.

Supplementary Materials: The following supporting information can be downloaded at the website of this
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IBS Identity By State
GBLUP Genomic Best Linear Unbiased Prediction
REML Restricted Maximum Likelihood

GRM Genetic Relationship Matrix
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CWT Carcass Weight

EMA Eye Muscle Area

BF Back Fat Thickness

MS Marbling Score

GS Genomic Selection
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