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ABSTRACT

This study investigated the relationships between fatty acid composition and meat quality traits in Hanwoo steers for genetic
improvement. A total of 872 Hanwoo steers, raised under standardized feeding conditions, were evaluated at 24 months of age
as part of the 2023-2024 national progeny testing program. Key traits analyzed included marbling score, crude fat content, shear
force, and tissue texture. Fatty acid profiles comprised saturated fatty acids (myristic, palmitic, and stearic), monounsaturated fatty
acids (oleic, palmitoleic, eicosenoic, and vaccenic), and polyunsaturated fatty acids (linoleic, y-linolenic, linolenic, arachidonic, and
docosatetraenoic). Kendall's tau-b correlation and path analysis were conducted to evaluate their relationships with meat quality
traits. Higher marbling scores were associated with higher crude fat content and lower shear force and texture scores. Oleic, palmitic,
and stearic acids accounted for 45.81+2.73%, 29.31£1.90%, and 11.14£1.50% of total fatty acids, respectively. Oleic acid was
correlated with lower shear force and texture values, suggesting a positive role in meat tenderness. Arachidonic acid was negatively
associated with marbling score (-0.57) and crude fat (-0.65), but positively associated with shear force (0.49) and texture (0.41),
indicating leaner but less tender meat. The direct effect of crude fat on marbling score showed a path coefficient of 0.52. These
results indicate that oleic acid may be a key factor for enhancing marbling and tenderness, while arachidonic acid may contribute to
balancing fat deposition and texture in Hanwoo beef.
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INTRODUCTION

The Hanwoo industry has historically focused on improving quantitative traits like carcass weight, supported by high genetic correlations among
grilling cuts (Lim et al., 2016). However, simple feed supplementation shows limited effect on improving intramuscular fat due to competition
with imported meat (J, 2024). Japanese Wagyu, with 78% premium market share in 2023 (Inoue et al., 2017), demonstrates successful quality
differentiation via fatty acid profiling. Hanwoo, despite its superior intramuscular fat and MUFA content exceeding 50% (Kim et al., 2018; Lee
et al., 2019), is still early in genetic improvement considering correlations with shear force (Moon et al., 2007). Fatty acid composition crucially
determines meat quality and nutritional value. MUFA, particularly oleic acid, enhances flavor and tenderness (Chaturvedi et al., 2023). Hanwoo's
high MUFA content (52.3 &= 3.1%) significantly contributes to its quality (Bhuiyan et al., 2018). Recent studies suggest arachidonic acid may

increase oleic acid through metabolic pathways (Rodriguez et al., 2024). Consumer preference for health-related meat traits rose from 34% to
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61% over three years (Abebe et al., 2024), emphasizing a need for quality evaluation systems reflecting Hanwoo's unique fatty acid profile
(Park et al., 2010). This study aims to identify multivariate interactions between composition and content of intramuscular fat to establish
breeding strategies that balance consumer preference and health functionality. Marbling score is hypothesized to be positively associated with
oleic acid, influencing meat quality through metabolic regulation pathways. Identifying target fatty acids will support genetic improvement for

maintaining Hanwoo’s premium market position.

MATERIALS AND METHODS
Animals

This study analyzed data from 872 Hanwoo steers, 24 months of age, collected through a national progeny evaluation program between
2023 and 2024. All traits were recorded for all animals. Animals were raised under standardized feeding conditions to minimize environmental

variation. Post-slaughter, longissimus dorsi muscle samples at the 13th thoracic vertebra was collected for fatty acid analysis.

Assessment of marbling score and tissue texture

Marbling score and meat texture are critical indicators of beef quality, affecting flavor and overall value. Carcasses were chilled to below 5°C
internally and dissected. Meat surfaces were exposed to air for 10 minutes to enhance assessment. Marbling score was evaluated on a 1-9 scale
using ultrasound images of the longissimus dorsi muscle, with intramuscular fat distribution assessed by brightness in the images. Meat texture

was visually scored from 1 (best quality) to 5, based on elasticity, firmness, and surface glossiness.

Nutritional composition

Moisture, crude fat, ash, and protein contents were measured using AOAC methods (Cunniff, 1995). Moisture was determined by drying at
105°C, crude fat was extracted via Soxhlet with diethyl ether, ash was obtained by burning samples at 550°C, and protein was calculated from
nitrogen content using the Kjeldahl method.

Shear Force test
Shear force of Hanwoo loin was measured following the protocol described in Jung et al. (2025). It was quantitatively analyzed on cooked
samples using a Lloyd Instruments TA 1 texture analyzer with a V-shaped blade, applying a S00N load and 50 mm/min crosshead speed.
Fatty acid composition analysis

Fatty acid composition was analyzed using the method described in (Jung et al., 2024). Initially, 3 g of longissimus dorsi tissues underwent
homogenization in 15 mL Folch solution (chloroform: methanol, 2:1 v/v) (Folch et al., 1957). After phase separation and lipid extraction,
methylation was performed with NaOH-methanol and BFs-methanol. The resulting fatty acid methyl esters were analyzed by gas chromatography
using an Agilent 7890N system with an Omegawax 250 column, helium carrier gas, and flame ionization detection. The oven temperature was
programmed from 150°C to 220°C with a split ratio of 100:1. PUFA No. 2-Animal Source (Supelco) was used as the reference standard.

Statistical methods

All data are presented as mean = standard error (SE). Statistical analyses were conducted using SAS 9.4 (Institute, 1999), with significance

evaluated at 5% using Duncan’s multiple range test (Duncan, 1955).
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Correlation Analysis (Kendall’s Tau-b)

Due to non-normality of fatty acid percentage data, Kendall’s Tau-b, a non-parametric method robust to outliers (Dehling et al., 2017)., was

used to assess pairwise relationships between fatty acids and meat quality traits. The Kendall’s Tau-b coefficient is calculated as follows:

(c-D)
Tb_J(C+D+Tx)(C+D+Ty)

C: Number of concordant pairs (e.g., pairs where fatty acid and meat quality trait rankings align).

D: Number of discordant pairs (e.g., pairs where fatty acid and meat quality trait rankings differ).

Tx: Number of tied pairs in the fatty acid variable.

Ty: Number of tied pairs in the meat quality trait variable.

The coefficient ranges from —1 to 1, with values closer to 1 indicating a strong positive correlation and values closer to —1 indicating a strong

negative correlation.

Multivariate Regression Analysis

Multivariate regression modeled relationships between meat quality traits (dependent variables: marbling score, crude fat, shear force,
texture) and fatty acid predictors (independent variables) (Breiman and Friedman, 1997; Saraiva et al., 2015). The multivariate regression

model is expressed as:
Y=XB+E

where:

¥: n X 4 matrix, where n is the number of observations (872 Hanwoo steers) and 4 represents the dependent variables (marbling score, crude
fat, shear force, tissue texture).

X:n X (k+ 1) matrix, where k is the number of fatty acid predictors (12 in this study) and 1 accounts for the intercept.

B: (k+ 1) X 4 matrix of regression coefficients, representing the effect of each fatty acid on the meat quality traits.

E:n X 4 matrix of error terms.

This approach accounts for inter-correlations among dependent variables while estimating fatty acid effects.

Path Analysis

Path analysis, implemented via SAS PROC CALIS, examined direct and indirect effects between fatty acids and meat quality traits to inform
breeding strategies (Inoue et al., 2017; Leal-Gutiérrez et al., 2018). The path model is defined as:

y=By+ I'x+{

where:

y: Vector of endogenous variables (e.g., marbling score, crude fat, shear force, tissue texture).

x: Vector of exogenous variables (e.g., oleic acid, stearic acid, and other fatty acids).

B: Matrix of path coefficients among endogenous variables (e.g., the effect of crude fat on marbling score).

I': Matrix of path coefficients from exogenous to endogenous variables (e.g., the effect of oleic acid on tissue texture).

C: Veector of error terms.
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The hypothesized path model specified that the 12 fatty acids (exogenous variables) had direct effects on the four meat quality traits

(endogenous variables). Path coefficients were estimated using the Maximum Likelihood (ML) method. Model fit was evaluated by RMSEA,

with values <0.08 considered acceptable (Kline, 2023; Yuan and Bentler 2007). Significant pathways, such as oleic acid’s indirect effects on

marbling through crude fat, were identified for quality management insights.

RESULTS AND DISCUSSION
Descriptive statistics

Table 1 presents descriptive statistics for fatty acid compositions and carcass quality traits of Hanwoo steers (n=872). Monounsaturated fatty
acids (MUFA) predominated, with oleic acid highest at 45.81 &= 2.73%. Saturated fatty acids (SFA), mainly palmitic (29.31 == 1.90%) and
stearic acids (11.14 = 1.50%), were next most abundant. Polyunsaturated fatty acids (PUFA) were low at 2.40 = 0.50%, led by linoleic acid
(1.90 &= 0.39%). These results agree with Bhuiyan et al. (2018), who reported similar values for oleic acid (44.96 1= 0.32%), palmitic acid (27.02
4 0.19%), and stearic acid (11.03 &£ 0.17%) in Hanwoo beef, with oleic acid about 0.85% lower than in this study. Both sets of findings

support the principle of breed-specific lipid partitioning, where MUFA consistently exceed SFA (Bai et al., 2023). Stearoyl-CoA desaturase
(SCD), the enzyme converting SFA to MUFA, underlies the high MUFA ratio and oleic acid content in Hanwoo (Lee et al., 2004). Conversely,

PUFA proportions in Hanwoo were lower compared to Angus or Wagyu, potentially enhancing oxidative stability and storage properties (Choi

etal., 2008).

Table 1. Basic statistics of fatty acid compositions and carcass quality traits in Hanwoo steers (n=872)

Traits Mean + SE! Minimum Maximum CV (%)

Carcass quality traits
Crude fat (CF, %) 14.93 = 4.43 4.81 35.82 29.71
Marbling score (MS, range) 4.57 £ 1.53 1 9 33.55
Tenderness/Shear force (SF, kgf)? 6.05 + 1.44 2.32 11.80 23.79
Tissue 1.97 £ 0.58 1 5 29.30

Fatty acids
Saturated Fatty acid (SFA) 44.00 =+ 3.00 35.00 62.00 6.21
Myristic acid (C14:0) 3.88 £ 0.61 2.23 6.37 13.51
Palmitic acid (C16:0) 29.31 £ 1.90 21.72 40.86 6.50
Stearic acid (C18:0) 11.14 £ 1.50 6.03 18.22 15.75
Mono-unsaturated fatty acid (MUFA) 53.0 + 3.00 36.00 63.00 5.18
Palmitoleic acid (C16:1) 4.67 £0.77 1.65 7.22 16.55
Oleic acid (C18:1, n-9) 45.81 + 2.73 25.07 54.90 5.97
Ficosenoic acid (C20:1) 0.14 + 0.06 0.01 0.91 41.74
Vaccenic acid (C18:1, n-7) 2.61 +1.00 0.18 6.80 38.27
Poly-unsaturated fatty acid (PUFA) 240 £ 0.50 1.10 5.80 19.43
Linolenic acid (C18:3, n-3) 0.10 = 0.03 0.01 0.25 20.33
y-Linolenic acid (C18:3, n-6) 0.04 = 0.03 0.00 0.19 63.34
Linoleic acid (C18:2, n-6) 1.90 = 0.39 0.63 4.40 27.85
Arachidonic acid (C20:4, n-6) 0.32 = 0.11 0.06 1.12 35.68
Docosatetraenoic acid (C22:4, n-6) 0.09 =+ 0.05 0.00 1.01 48.41

! SE, standard error of the mean.

2 Shear force was measured in the Longissimus thoracis.
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Correlation between fatty acid compositions and meat quality traits

Table 2 shows Kendall's tau-b correlation coefficients between fatty acid compositions and carcass quality traits in Hanwoo steers (n = 872).
Kendall's tau-b, a non-parametric method robust to outliers and skewed data, was used to evaluate associations (Dehling et al., 2017). Findings
indicated that PUFA negatively correlated with marbling score (MS) and crude fat (CF), with arachidonic acid showing strong negative
correlations (MS: -0.567, CF: -0.651), suggesting inhibitory effects on fat deposition consistent with findings in Brangus breed (Rodriguez et
al., 2024). Conversely, arachidonic acid positively correlated with shear force (SF: 0.493) and tissue texture (0.413), indicating influence on
meat physical properties. Among SFA, myristic acid was positively correlated with MS (0.126) and CF (0.148) but negatively with SF (-0.158)
and tissue texture (-0.088). Palmitic and stearic acids showed weak correlations, though stearic acid may promote tenderness (Bai et al., 2023;
Dos Santos et al., 2022). For MUFA, Vaccenic acid was positively correlated with SF (0.103) and tissue texture (0.085), highlighting MUFA-
PUFA interaction effects observed in breed-specific studies (Feitosa et al., 2017; Otto et al., 2024). While Kendall's tau-b effectively identified
pairwise associations, it cannot capture complex interactions among variables; thus, multivariate regression was performed for comprehensive

analysis.

Table 2. Kendall's tau-b correlation coefficients between fatty acid composition and carcass quality traits in
Hanwoo steers (n = 872)

Fatty acid MS CF SF Tissue
Saturated fatty acid

Myristic acid 0.126™ 0.148™ -0.158™ -0.088™
Palmitic acid 0.048 0.020 -0.081™ -0.025
Stearic acid -0.046 -0.001 -0.011 0.048
Monounsaturated fatty acid

Oleic acid 0.033 0.01 0.038 -0.054
Palmitoleic acid 0.042 0.03 -0.041 -0.043
Eicosenoic acid 0.065 0.049* -0.011 -0.070"
Vaccenic acid -0.062 -0.047 0.103™ 0.085"
Polyunsaturated fatty acid

Linoleic acid -0.223™ -0.219™ 0.179™ 0.184™
y-Linolenic acid 0.000 0.016 -0.069” -0.028
Linolenic acid -0.044 -0.036 0.051* 0.142™
Arachidonic acid -0.567" -0.651" 0.493™ 0.413™
Docosatetraenoic acid -0.235™ -0.252™ 0.141™ 0.161™

MS, marbling score; CF, crude fat; SF, shear force; ", significance at P<0.05; ™, significance at P<0.01; ™, significance at P<0.001.

Multivariate regression analysis

A multivariable regression model was fitted to assess the combined effects of 12 fatty acids on meat quality traits (Breiman and Friedman,
1997; Saraiva et al., 2015). The results, detailed in Table 3, revealed that arachidonic acid had the most substantial influence on the overall
model, showing the highest partial coefficient of determination (R* = 0.584), which indicates its unique contribution to trait variance. Linoleic
acid had the next largest effect (R? = 0.133). Specifically, higher levels of arachidonic acid were significantly associated with lower marbling
scores (MS; -0.015 =& 0.003) and crude fat (CF; -0.011 = 0.001), but with increased shear force (SF; 0.012 &= 0.003) and tissue texture (0.018
= 0.006). Other notable effects included a negative association between stearic acid and MS (-0.257 = 0.063) and between palmitic acid and
both CF (-0.118 = 0.029) and SF (-0.363 =& 0.077). Conversely, oleic acid positively affected shear force (0.380 £ 0.111) while negatively

influencing tissue texture (-0.462 &= 0.225). These findings underscore the dominant and complex role of arachidonic acid in determining
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Hanwoo meat quality. While multivariate regression isolates individual fatty acid effects, it does not capture indirect or interaction effects,
motivating further path analysis (Alves et al., 2019; Puvaca et al., 2014). Such approaches have been applied in livestock fatty acid research to
better understand trait relationships (Harnly et al., 2022).

Table 3. Multivariate regression analysis of fatty acid composition in relation to carcass traits of Hanwoo cattle

Fatty acid R? MS =+ SE CF + SE SF + SE Tissue + SE
Myristic acid 0.061 0.015 == 0.025 0.010 £ 0.009 -0.078 £ 0.024™ 0.058 == 0.049
Palmitic acid 0.036 0.136 £ 0.079 -0.118 + 0.029™ -0.363 £ 0.0777™ 0.113 = 0.156
Stearic acid 0.029 -0.257 £ 0.063™ 0.046 + 0.023" -0.078 = 0.061 0.033 = 0.124
Oleic acid 0.024 0.104 = 0.114 0.057 £ 0.042 0.380 £ 0.111™ -0.462 £ 0.225"
Palmitoleic acid 0.012 0.049 £ 0.033 -0.017 £ 0.012 -0.048 £ 0.032 -0.015 £ 0.064
Eicosenoic acid 0.023 0.002 = 0.002 0.003 &= 0.001" 0.006 &= 0.002 -0.001 % 0.005
Vaccenic acid 0.030 -0.003 = 0.042 0.040 & 0.015" 0.146 = 0.040™ 0.173 = 0.082"
Linoleic acid 0.133 -0.025 = 0.015 -0.011 £ 0.006 0.025 =% 0.015 0.073 £ 0.030
r-Linolenic acid 0.021 -0.003 £ 0.001™ 0.000 = 0.000 -0.003 £ 0.001™ -0.005 £ 0.002"
Linolenic acid 0.060 0.001 = 0.001 0.001 % 0.000™ 0.003 == 0.001" 0.012 £ 0.002™
Arachidonic acid 0.584 -0.015 £ 0.003™ -0.011 £ 0.001™ 0.012 £ 0.003™ 0.018 £ 0.006™
Docosatetraenoic acid 0.034 -0.003 = 0.002 -0.001 = 0.001 -0.001 == 0.002 0.004 = 0.004

R? Partial regression coefficient, MS, marbling score; CF, crude fat; SF, shear force; SE, standard error; *, significance at
P<0.05; 7, significance at P<0.01; ™, significance at P<0.001.

Path analysis between fatty acid and meat quality traits

Path analysis reveals complex relationships between fatty acid profiles and meat quality in Hanwoo steers (Inoue et al., 2017; Leal-Gutiérrez
et al., 2018; Pegolo et al., 2020). The hypothesized path model provided a reasonable approximation of the relationships within the data. The
model fit indices (CFI = 0.891; TLI = 0.874; RMSEA = 0.079) indicate that while the model does not perfectly capture all the variance, it offers
a statistically useful interpretation of the causal pathways between fatty acids and meat quality traits. Table 4 summarizes path coefficients
showing how fatty acids affect MS, CF, SF, and tissue texture. Among SFA, myristic acid significantly increased MS (0.234 & 0.049) and
CF (0.404 = 0.048), whereas palmitic acid decreased CF (-0.266 % 0.048). Among MUFA, palmitoleic acid and eicosenoic acid increased
intramuscular fat content, while vaccenic acid increased SF (0.159 &= 0.037) and tissue texture (0.126 &= 0.037). PUFA showed contrasting
effects; notably, arachidonic acid strongly reduced MS (-0.686 = 0.032) and CF (-0.753 &= 0.029), yet increased SF (0.675 % 0.033) and
tissue texture (0.512 &= 0.037), indicating its role in strengthening meat structure (Inoue et al., 2017; Leal-Gutiérrez et al., 2018). Further path
analysis explored interactions among SFA, MUFA, and PUFA, and their direct and indirect effects on fatty acid metabolism and distribution,
enhancing understanding of the multifaceted influence of fatty acids on meat quality traits.

Implications of the relationships between marbling score and fatty acid composition

This study systematically analyzed the relationship between intramuscular fat composition and MS in Hanwoo steers. Among PUFA,
arachidonic acid negatively affected MS and CF but positively influenced SF and texture, confirming its key role in Hanwoo meat quality. In
contrast, oleic acid (mean 45.81 & 2.73%) among MUFA enhanced beef palatability and softness (Farmer and Farrell, 2018; Vela-Vasquez
et al., 2022). Myristic acid, a SFA, raised MS and CF, suggesting an indirect role in meat quality via PUFA interactions (Falowo et al., 2017).
Breed differences show Hanwoo has higher MUFA and greater tenderness compared to Wagyu and Angus, with Wagyu excelling in marbling
and flavor (Inoue et al., 2017) and Angus valued for growth rate and uniform quality (Duff et al., 2022). Hanwoo's traits reflect genetics
and selective breeding, highlighting fatty acid and meat quality interplay (Lim et al., 2016). Although PUFA constitutes only 3-5% of total
fatty acids, it may improve meat quality through interactions with SFA and MUFA (Otto et al., 2022). However, excessive PUFA may cause
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'(I'able 4.) Path analysis estimates of the relationships among fatty acids and carcass quality traits in Hanwoo steers
n=_872

Fatty acid MS =+ SE CF £ SE SF £ SE Tissue = SE
Saturated fatty acid(SFA)
Myristic acid 0.234 4= 0.049™ 0.404 4= 0.048™ -0.309 £ 0.049™ -0.130 &= 0.050™
Palmitic acid -0.096 £ 0.049" -0.266 + 0.048™ 0.090 & 0.048" 0.063 £ 0.049
Stearic acid -0.070 = 0.037° 0.064 + 0.036" -0.057 £ 0.037 0.048 £ 0.038
Monounsaturated fatty acid(MUFA)
Oleic acid 0.045 £ 0.040 0.002 £ 0.040 0.062 £ 0.040 -0.081 =+ 0.040°
Palmitoleic acid 0.126 £ 0.038™ 0.074 + 0.038" -0.105 + 0.038™ -0.115 £ 0.038™
Eicosenoic acid 0.100 + 0.038™ 0.127 +0.039™ -0.075 # 0.038" -0.060 £ 0.038
Vaccenic acid -0.099 + 0.037" -0.067 £ 0.037" 0.159 + 0.037™ 0.126 + 0.037™
Polyunsaturated fatty acid(PUFA)
Linoleic acid -0.006 £ 0.033 -0.003 £ 0.031 -0.020 = 0.034 -0.025 £ 0.038
y-linolenic acid 0.008 = 0.029 0.050 =+ 0.026" -0.100 + 0.029™ -0.095 + 0.033
Linolenic acid 0.004 £ 0.030 0.062 + 0.027° 0.034 £ 0.030 0.163 =+ 0.034™
Arachidonic acid -0.686 + 0.032™ -0.753 = 0.029™ 0.675 £ 0.033™ 0.512 + 0.037™
Docosatetraenoic acid 0.031 & 0.030 0.041 + 0.028 -0.047 = 0.031 -0.003 £ 0.034

MS, marbling score; CF, crude fat; SF, shear force; SE, standard error; ", significance at P<0.05; ™, significance at P<0.01; ™,
significance at P<0.001.

oxidative instability, reducing taste (Falowo et al., 2017). Therefore, selectively reducing PUFA and increasing MUFA can improve both
nutritional value and consumer preference (Zhang et al., 2017). Oleic acid shows high genetic variability (CV 5.97%) and a normal distribution,
promising for quality improvement, a potential supported by component analyses in other livestock such as pork (Kim et al., 2018). Subsequent
research should estimate heritability via REML and breeding values by BLUP to evaluate fatty acid and meat quality relationships accurately
(Leeetal., 2019; Zhang et al., 2017).

CONCLUSIONS

This study analyzed multivariate relationships between fatty acid compositions and meat quality traits of Hanwoo steers using advanced
statistical modeling. Arachidonic acid was consistently associated with reduced marbling (T = -0.567) and crude fat, but positively correlated
with shear force (T = 0.493) and texture, indicating a trade-off between fat deposition and tenderness. These findings suggest that arachidonic
acid plays a dual role in metabolic regulation and the determination of meat quality. Oleic acid was not significantly correlated with marbling
score in initial analyses, yet regression results indicated a positive coefficient with shear force (3 = 0.380), implying an increase in shear force
values. Since higher shear force reflects reduced tenderness, this finding suggests that oleic acid may indirectly influence palatability in a
complex manner rather than uniformly improving meat quality. Taken together, these findings highlight the importance of metabolic pathways
associated with fatty acid interactions, particularly the conversion of saturated fatty acids (SFA) to monounsaturated fatty acids (MUFA). While
arachidonic acid, as a polyunsaturated fatty acid (PUFA), appears to affect fat deposition and toughness, oleic acid, as a predominant MUFA,
may still play a role in modulating flavor and overall palatability under specific conditions. From a breeding perspective, strategies aimed at
enhancing oleic acid content while also managing excessive arachidonic acid levels. This approach could provide a more balanced approach to
improving both tenderness and intramuscular fat characteristics, thereby contributing to the economic value of Hanwoo beef. Overall, this study
provides a systematic framework for evaluating the complex associations between fatty acid composition and beef quality traits. The findings
offer essential baseline information for developing more precise genetic and management strategies that balance fat deposition, tenderness, and

flavor in Hanwoo beef.
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