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ABSTRACT

Setting breeding objectives to enhance carcass traits in Hanwoo is essential for increasing the profitability of the Hanwoo industry
and ensuring that consumers receive high-quality meat. Key carcass traits, including carcass weight (CWT), eye muscle area (EMA),
back-fat thickness (BFT), and marbling score (MS), are genetically correlated. Understanding the causal relationships among these
traits is vital for comprehending the complex biological systems of Hanwoo. This study analyzed data from 392 Hanwoo using a
Genome-Wide Association Study (GWAS) to identify genetic variants. These variants were subsequently employed as instrumental
variables in a Mendelian Randomization (MR) analysis to infer causality. With CWT as the exposure variable and MS as the outcome
variable, the selected instrumental variables were validated for their assumptions through tests for heterogeneity and pleiotropy.
The MR analysis revealed that, except for the MR-Egger model, significant positive relationships were observed across all models,
indicating that an increase in CWT causally influences an increase in MS, beyond mere genetic correlations. It was confirmed that
a 1 kg increase in CWT results in an approximate 0.01-point increase in MS. Thus, this study underscores the importance of utilizing
genetic variants identified through GWAS as instrumental variables for inferring causal relationships between CWT and MS via MR
analysis. These findings can contribute to developing effective breeding strategies and improve our understanding of the biological
mechanisms related to carcass traits.
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MATERIALS AND METHODS
Test group and Data collection
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SNP genotyping and Quality Control

SNP %22 Bovine SNPSOK BeadChip v2, 32+ Hanwoo SNPS0K BeadChip v1 (Illumina, SanDiego, CA, USA)= At-&5to] 7}
54,60971, 53,2187}, 53,866702] SNP 5424 S S5t Marker A'2HS- $J3lQuality Control< Plink v1.9 program (Purcell et
al., 2007)= AR&5to] A F minor allele frequency (MAF)7} 5% B]%F, missing genotype (geno)= 10% 21}, Hardy-Weinberg
Equilibrium (HWE)Z 10° ©|3+9] SNP markerg #|73HL0L, A BAAIS A| 2l ot 3712] #zd 2] 55 45,9537 5 34.46872] vH]
7F ARG AT

Genome-Wide Association Study

GEMMA v0.93 (Zhou and Stephens, 2012) program©l| A AT LY, =AU o] JHS 1A g3} FHZFOZ 510 Univariate
Linear Mixed Model 341 0]-8-3l] 2} =4 & of] Tt GWAS #4415 433511 Tth. Threshold level2 adjusted Bonferroni threshold = 1
/ number of SNP marker (p =2.90 X 10°)2 2] 0}AE 5453 ch

Instrumental variables selection
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Mendelian randomization analysis
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RESULTS AND DISCUSSION
Basic statistics
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Table 1. Test group carcass trait statistics.

Trait Number of animal Mean Min Max SD CV (%)
CWT (kg) 392 490.28 204 691 80.85 16.49
EMA () 392 103.96 39 146 16.87 16.23
BFT (mm) 392 11.71 2 39 4.50 38.47
MS (1~9) 392 6.69 1 9 2.22 33.15

SD, standard deviation; CV, coefficient of variation; CWT, carcass weight; EMA, eye muscle area; BFT, back fat thickness; MS,
marbling score.

Instrumental variables (IV) selection
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p-valueZ} 0.05 o]/go| B2 F7 7H-S 7|2}l o] A4 HA S S5 (Table 3), ThFAd AAFS 99 MR-egger= p-value 0.87%
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Table 2. Significant SNP list of Hanwoo carcass traits.

Trait Chr SNP Position (bp) Allele MAF p-value
CWT 14 ARS-BFGL-NGS-109902 4,984,674 A/G 0.298 1.72 X 10°
14 UA-TFASA-6356 20,347,849 A/G 0.458 6.08 X 10°
14 rs133832329 24,920,882 G/A 0.488 1.22 X 10°
19 ARS-BFGL-NGS-114966 35,555,115 AG 0.347 3.85 X 107
19 ARS-BFGL-NGS-36183 41,926,734 C/G 0.263 4.31 X 10°
19 BTA-123276-no-1s 41,950,232 A/G 0.32 6.25 X 10°
25 BTA-101631-no-rs 32,089,261 A/G 0.318 2.48 X 10°
BFT 4 BTB-00183304 47,909,532 AIG 0.194 2.58 X 10°
6 ARS-BFGL-NGS-94213 94,668,310 G/A 0.258 6.00 X 10°
16 ARS-BFGIL-NGS-89740 6,168,426 A/G 0.499 3.90 X 107
MS 1 ARS-BFGIL-NGS-94206 73,048,145 AG 0.172 2.46 X 10°
ARS-BFGL-NGS-63440 134,792,816 A/G 0.165 1.41 X 10°
11 ARS-BFGIL-NGS-112032 30,968,132 A/G 0.051 1.95 X 10°
14 15133053966 50,206,540 C/A 0.077 2.08 X 10°
19 ARS-BFGL-NGS-33447 13,313,876 AIG 0.07 1.35 X 10°
22 ARS-BFGL-NGS-26408 49,402,072 A/G 0.051 4.80 X 10°

Chr, chromosome; bp, base pair; MAF, minor allele frequency; CWT, carcass weight; BFT, back fat thickness; MS, marbling
score.

Confounders
(;:ﬁ:ttlc Exposure: ,  Outcome:
. Carcass weight Marbling score
variant(s)

Figure 1. Direct Acyclic Graph (DAG) depicting the relationship between Hanwoo carcass traits, including
Instrumental Variables (Genetic Variants), exposure variable (Carcass Weight), and outcome variable (Marbling
Score).

Table 3. Results of the heterogeneity evaluation of Instrumental Variables.

Exposure Outcome Method Q p-value
CWT MS MR-Egger 6.51 0.26
Inverse variance weighted 6.86 0.33

CWT, carcass weight; MS, marbling score.
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Table 4. Results of the pleiotropy evaluation of Instrumental Variables.

Exposure Outcome Method Intercept se p-value
CWT1 MS MR-Egger -0.005 0.03 0.87
CWT, carcass weight; MS, marbling score.

Mendelian randomization analysis

EAFE 2o 1t BAIE AHstr] 9Ieh Mz ob FAk9)gt (MR) 241 Aihs A =2 A2 SHAL MR +419] 2] Al
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Figure 2. Schematic scatter plot showing causal associations in Mendelian Randomization (MR) analysis using
bovine genetic variants as Instrumental Variables. The X-axis Represents Carcass Weight and the Y-axis Represents

Marbling Score.
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Table 5. MR regression coefficients.

Method Regression coefficient 95% confidence interval
Inverse variance weighted 0.010 0.005 ~ 0.015
Weighted median 0.009 0.003 ~ 0.015
Simple mode 0.014 0.004 ~ 0.023
Weighted mode 0.010 0.001 ~ 0.020
MR Egger -0.005 -0.062 ~ 0.052

CONCLUSION

2 9 T EAYL L 8 A St 19 GWAS Hl 18 B8 Mendlan Randomiztion 2442 951510
24 A} EAF 2UAE Zols SAMO R 9ol3 Qlat WA 922 Blsteith 53], MR-Egeer WS Aolat BE
Dol EAFe] Z7Hs DU ES] Z7het ofe] ARAZ BYOM, ol EAF 272U E B gaol 34 A
GRS DIACHE AL ojulsieh ofefat Auke EA|R A 7o) §% AUBAL et ATBAS o] A A7by e v
1 4 9182 AR TebA, GWAS BA412 B3 60 Hol ST MR B412 S) wAIRE 7ko] Q1uby BA|Z W ofshat
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