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Lay summary

The Japanese black cattle, or Wagyu is known because of its precious meat quality and its high
degree of marbling, however, to achieve this condition, animals are fed with high amount of
concentrate and during long periods of time. In order to decrease both environmental impact
and economic profitability of Wagyu producers, feed efficiency may be improved. Therefore,
the present work evaluates the phenotypic relationship between meat quality variables of
Japanese black cattle and their efficiency of feed utilization. Results showed how efficient
individuals present higher degree of marbling than non-efficient, which may represent the
footprint of a new genetic selection program which encompasses both meat quality criteria and
feed efficiency values. These results have to be confirmed by genetic studies to verify

heritability of these treatments.

Teaser text

Residual feed intake, one of the most popular efficiency index used for genetic selection in
cattle, was related with meat quality parameters in Japanese black cattle. This study reveals that
selection by efficient RFI individuals may also improve meat quality parameters such as

marbling in Wagyu cattle.

Abstract

Japanese black Wagyu cattle are renowned for producing some of the world's most highly
valued and recognized beef with exceptional marbling. Therefore, the primary focus of genetic
selection for Wagyu cattle has historically been on meat quality, particularly achieving high
marbling levels. However, even when the price of the final product is high, production costs
also remain high, especially considering that most of the feed have to be imported. The
objective of this study was to evaluate phenotypic relationships between feed efficiency,
specifically Residual Feed Intake (RFI), and various meat quality parameters in Japanese black
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cattle in order to determine if a common genetic selection could be feasible. For this, a total of
39 Wagyu cattle were evaluated for feed efficiency over their entire fattening period (900 days),
with a focus on RFI as a key indicator. Animals were fed high-starch diets with vitamin A
deprivation to achieve the desired marbling. Results revealed positive correlations between feed
efficiency and meat quality in Wagyu cattle. Specifically, animals with higher efficiency
exhibited superior meat quality traits, including firmness, marbling, and overall meat rating.
When comparing the 50% most and least efficient ones according to RFI, we observed that
efficient RFI individuals showed increased marbling levels (+13.2%, P=0.05) and ranking
quality (+12%, P=0.06) of the meat. In conclusion, this research contributes to understanding
the interplay between feed efficiency and meat quality in Japanese black Wagyu cattle.
Phenotypic correlations observed suggest the possibility of incorporating RFI criteria into
genetic selection programs without compromising the prized meat quality traits of Wagyu beef.
This study provides valuable insights for Wagyu producers, breeders, and researchers working

towards optimizing both feed efficiency and meat quality in this highly esteemed breed.

Key words: Japanese black cattle, meat quality, phenotypic relationships, residual feed intake,

wagyu.

List of abbreviations: ADG; average daily gain, DMI; dry matter intake, FCE; feed conversion

efficiency, BW; body weight, RFI; residual feed intake.

Introduction

Wagyu cattle is known because of providing one of the most valuated and recognized beef meat
in the world. This meat is famous for presenting the highest degree of marbling among all other
beef breeds with also higher degree of marbling, such as Angus or Hereford (Lunt et al., 1993).
Thus, the main objective in genetic selection of Japanese black cattle “Wagyu” since 1966 has
been meat quality, and especially the high marbling (Motoyama et al., 2016). Achieving a

3
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higher level of marbling is important for Wagyu producers to maintain the status of “gourmet
food” and to achieve better results in the evaluation of the carcass. In fact, the scores obtained
by the Japanese beef evaluation method are one of the most important criteria that influence the
selling price of the carcass, which in the domestic market could range from 6550 JPY/kg (~44
USD/kg), for lower scores, up to 13290 JPY/kg (~90 USD/kg), for higher scores (Agriculture
and Livestock Industries Corporation, 2023). Besides the genetics, to achieve the highest degree
of marbling, these animals are fed with high-starch diets for long periods [900 days (d)] and are
vitamin A deprived (Zhao et al., 2023). Consequently, considering the high price of calf’s
purchase and the high price of the feed, which is almost totally imported to Japan, production
costs are very high. In 2017, the mean price of calves (9.1 months of age on average) at market
was 653,827 yen (around 6 226 USD), while the mean price of carcasses in the beef market was
1 313 694 yen (around 12 511 USD). However, the average total cost of production per carcass
was 1,054,763 yen (around 10 045 USD) for a 29.2 months’ age and 756kg body weight (BW)
(Gotoh et al., 2018). Therefore, even when there exists a global need to increase feed efficiency
in beef cattle to both decrease environmental impact and feeding costs, the need to improve the

latter is especially important in Wagyu cattle (Smith et al., 2018).

Japanese black cattle have been never genetically selected by feed efficiency, and consequently,
their performance in this sense is low compared to other breeds (Hoque et al., 2005). Nowadays,
feed efficiency is measured, evaluated and selected through feed efficiency indices, where the
most used in cattle is Residual Feed Intake (RFI) because of its moderate-high heritability and
its influence on dry matter intake (DMI) and feeding costs. Hoque et al., (2006a) already
demonstrated how genetic and phenotypic correlations for RFI were significantly high (>0.95),
showing the possibility of selecting Japanese Wagyu cattle by this index. In addition, Hoque et
al (2006b) provided evidence of selecting efficient RFI individuals, which could improve

carcass traits and marbling of animals. This could differ from other works which evaluated meat
4
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parameters of cattle selected by RFI founding a decreased (McDonagh et al., 2001) or without
differences (Baker et al., 2006) in meat quality and marbling between efficient and non-efficient
individuals. Japanese Wagyu cattle present physiological differences in skeletal-muscle tissue
[such as collagen cross-links (Liu et al., 2021a), genes such as fatty acid synthase (FASN) or
acetyl-CoA carboxylase alpha (ACACA) (Wang et al., 2023) or both adipogenesis and
fibrogenesis (Liu et al., 2021b)] with other cattle breeds, which may influence different
relationships with feed efficiency. There is a need to determine to what extent genetic selection
by feed efficiency (selecting efficient RFI animals) could indirectly improve or decrease meat
quality of Japanese Wagyu cattle. Therefore, the objective of the present work is to evaluate
phenotypic relationships between meat quality parameters and feed efficiency (RFI) of Wagyu
cattle raised in Japanese conditions in order to better guide genetic selection towards an

improved efficiency and meat quality.

Material and Methods

Ethical approval for animal trials

Animal Care and Use Committee approval was not obtained for this study because data were

collected from beef cattle shipped to a meat processing plant in Hyogo, Japan. This study was
carried out in strict compliance with the regulation of animal experiments at Kyoto University
in the Guide for the Care and Use of Laboratory Animals. The regulation was approved by the
Kyoto University Animal Experimentation Committee. The study did not involve endangered

or protected species. All efforts were made to minimize animal suffering.

Animals, diets and experimental design

A total of 39 Japanese black Wagyu cattle were evaluated for feed efficiency during their whole
fattening period (900d). These animals were encompassed in several studies from 2015 to 2017.

Animals arrived after the weaning (130£20.5d and 205+18.9kg BW) at Hyogo Prefectural
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Agriculture, Forestry and Fisheries Technology Center, and after a quarantine (21d) they were

randomly allotted by BW into 5 fattening pens. Animals were fed a classical fattening Japanese

diet composed of a concentrate [crude protein (CP)=12.0 % , total digestible nutrients

(TDN)=73.8%] accompanied by oaten (CP=2.55%, Starch=46%, TDN=44.4%) ad-libitum.

Fattening facilities were in Asago-city in Hyogo-Prefecture, their fattening capacity is about
120 heads, each pen has door feeder and the ground is covered with sawdust which is cleaned
monthly. After completing the whole fattening, animals were driven to the Kakogawa city

abattoir to be slaughtered.

Measures of animal performance and estimation of feed efficiency

Parameters to calculate efficiency were evaluated on average (the whole fattening period) and
by each of three periods [first (130 to 400 days age), middle 400 to 616 days age) and final
(from 616 days age until reaching the slaughter body weight)]. Body weight was measured
through a calibrated electronic weight scale (Model XXXX) each 56 d. Individual daily intake
was calculated by removing the refusals from the total offered, both manually weighted every
day at the same time (5pm). Samples of feeds, offers and refusals were conducted daily and
stocked at environmental temperature until sending them to the XXXXX external laboratory
for a chemical analysis. Thus, dry matter intake (DMI) was calculated by multiplying individual
intake by the percentage of dry matter of the feed. Height was measured by body measurement
scale and tape measure (Model XXXX). Feed efficiency was measured through feed efficiency
indices; Feed Conversion Efficiency (FCE) and Residual Feed Intake (RFI). The FCE was
calculated by dividing the average daily gain (ADG) by the intake (DMI). The RFI was
calculated through a residuals model as described in Koch (1963), and fully detailed on the

statistical analysis (calculation of RFI).
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Slaughter, determination of carcass composition and meat quality parameters

Kakogawa city abattoir conducted the slaughter, carcass and meat quality evaluations of each
individual through the Japan Carcass Grading Association method. Each individual slaughter
was conducted following XXXX and animals were stunned through XXXX. Each carcass was
graded at the 6th- to 7th-rib interface by official Japanese graders in accordance with the
Japanese Grading Standards (JMGA, 1989). Analyzed traits consisted in: CW (kg), rib eye area
(REA, cm2), rib thickness (RT, cm), subcutaneous fat thickness (SFT, cm), carcass yield
estimate (YE), beef marbling standard [BMS, ranging from 1 (poor) to 12 (very abundant)],
beef color standard [ranging from 1 (light) to 7 (dark)], luster [ranging from 1 (debased) to 5
(excellent)], firmness [ranging from 1 (debased) to 5 (excellent)], and texture [ranging from 1
(debased) to 5 (excellent)]. Carcass yield estimate was calculated using CW, REA, RT, and
SFT as the estimated percentage of salable meat [YE (%) = 69.419 + 0.130REA + 0.667RT —

0.025CW - 0.896SFT].

Statistical analysis

Statistical and mathematical analyses and algorithm applications were performed in R (RStudio
Core Team, version 1.1.463, 2018). All data were tested for normality with the Lillie test and
for homoscedasticity with the Levene test (Nortest package in R). Differences between
treatments (Multiphase vs commercial diets) were tested via parametric (variables with normal
distribution) or non-parametric (variables with non-normal distribution; Kruskal-Wallis test)

analysis and declared significant when P < 0.05.

Descriptive analysis
Descriptive analysis of main variables here evaluated, both animal performance (DMI, BW,
Height, Chest perimeter, ADG, carcass yield and weight, FCE and RFI) and meat quality

parameters (meat color, tenderness, firmness, ranking quality and quantity, marbling, rib-eye
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area, thickness of subcutaneous fat and rib beef), was performed by using means, standard
deviation (SD) and the coefficient of variation in percentage (CV%), which represents the SD
divided by the mean. In the case of RFI, CV% represents the SD of RFI divided by the mean

of DMI.

Calculation of Residual Feed Intake

Residual feed intake was calculated using individual average DMI, ADG and mid-metabolic
BW (mid-test BW? ) of the whole fattening period or by each phase. The ADG of each animal
was calculated by regressing its BW over the time on test. Mid-test BW was predicted from the
BW over time regression equations, and expressed at the power of 0.75. The RFI model
considered the effect of the experiments’ year, the diet within the year, and the effect of the pen.
Animals within the same trial (year), consuming the same diet and in the same pen, are in the
same contemporary group (CG). RFI was calculated as the difference between observed DMI
and the DMI expected for a given mid-test BW®" and ADG adjusted by contemporary group

(CG) effect as follows:
Y=o+ CG + B1 (mid-test BW? ™) + B, (ADG) + e

where Y is the observed individual DMI, o is the intercept, CG is the contemporary group
effect, 1 is the regression coefficient for mid-testBWC >, B, is the regression coefficient for
ADG, and e is the residual of the model or RFI. In addition, we identified the 50% of more
extreme individuals (n=20) in terms of efficiency [extremely efficient (n=10) and non-efficient
(n=10)], in order to evaluate differences in main meat quality parameters between the two

extreme groups.

Repeatability of feed efficiency
Repeatability between RFI values across the different phases of the fattening was determined

through Pearson’s correlation (function COR in R). We also conducted a correlation matrix
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(Pearson’s correlation) to evaluate relationships within contemporary group between key

variables analyzed in this study (function COR in R).

Relationships between variables
Relationships between feed efficiency and meat quality variables were conducted through
Pearsons’ correlations and a Principal Components Analysis (PCA) in R. The PCA was carried

out using the main standardized variables (packages “FactoMineR” and “Factoectra”).

Anova analysis to compare between efficient and non-efficient RFI individuals

Differences in terms of animal performance and meat quality parameters between extreme
efficient and non-efficient Japanese black cattle were conducted through an analysis of variance
(Anova). For this, a general linear model (GLM) was run that included the year, the effect of
diet, the pen, and their interactions as fixed effects (Year, Diet, pen, Year x Diet, Year x pen

and Diet x pen);

Yijkl = p + Yk + Di + Pl + Di x Yk + PI x Yk + Di x PI + gijkl

where Yijkl is the dependent variable for animal j, receiving diet i, in year k and belonging to
pen |, i is the overall mean, Yk is the fixed effect of the year (k = 1, 2), Di is the fixed effect of
the type of diet used (i = 1, 2), Pl is the fixed effect of pen as efficient or non-efficient (I = 1,
2), Di x Yk is the interaction between the effect of the diet and year, Pl x Yk is the interaction
between the effect of the pen and year, Di x Pl is the interaction between the effect of the diet
and the pen and &ijkl is the residual term. Mean values are reported as least square means with
pooled standard error of the mean (SEM) values. Effects were declared significant when P <

0.05, and a trend was considered when 0.05 < P < 0.10.

Ethical approval for animal trials
This study was carried out in strict compliance with the regulation of animal experiments at

Kyoto University in the Guide for the Care and Use of Laboratory Animals. The regulation was
9
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approved by the Kyoto University Animal Experimentation Committee. The study did not

involve endangered or protected species. All efforts were made to minimize animal suffering.

Results
All variables followed a non-normal distribution, except DMI. Also, DMI did not fulfill

homoscedasticity (P < 0.05).

Animal performance during the whole fattening period

As it could be seen in Table 1, the first fattening period, which represents the shortest period
(130d), shows the highest rates of gain (see ADG) followed by their highest feed efficiency in
terms of FCE. In addition, these high rates are also associated to a high between-animal
variation, showing CVs of 19% and 18% respectively. In the middle period, animals showed
higher ingestion (DMI) (+28%) and weight (+48%) than in the first period. In contrast, both
ADG and feed efficiency (see FCE) were lower (-59% and -70%, respectively). Also, it is
remarkable to underline that, even when the middle fattening period is the longest period, the
variance of main animal performance remained low (<10%CV). Finally, in the last period,
animals increased their weight (+33%), gain (ADG) (+31%) and ingestion (DMI) (+22%) while
maintaining similar feed efficiency (see FCE) than in the middle period. Also, variation in ADG,

DMI and feed efficiency, both FCE and RFI, were higher (>14%CV) in this final period.

Repeatability of feed efficiency

Repeatability of the two main feed efficiency indices, FCE and RFI, was measured across the
three periods of the fattening. The first period was the shortest and presented the highest rates
of gain and efficiency (see ADG and FCE, respectively) while in the middle and final periods,
those rates tended to decrease. Figure 1 shows how FCE and RFI evolve across the time,

comparing the first period with the middle period (blue) and the middle period with the final

10
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period (red). The FCE index remains repeatable across the whole fattening, however, its
repeatability is higher in the middle-final period (r=0.76, P<0.001) than in the initial-middle
period (r=0.29, P=0.07). Regarding RFI it was not repeatable during the first and middle period
(r=0.14, P=0.37) but it presented a high repeatability between the middle and final period

(r=0.81, P<0.001).

Relationships between feed efficiency indices and meat quality parameters

Relationships between the two feed efficiency indices here evaluated were performed with
individual meat quality parameters measured in the slaughterhouse. Individual values of
efficiency belonged to efficiency values determined in the middle-final period, which were
similar between them and closer to the slaughter moment. First, we conducted a principal
component analysis (PCA) to visually observe the distribution and relationships between all

these variables (Figure 2).

As it can be seen in figure 2, meat quality parameters, such as texture, firmness, marbling and
the rating quality, are related between them. Body composition parameters related to meat
quality such as carcass yield, thickness of the rib, rib-eye-area and thickness of subcutaneous
fat were related to the rate of gain (see ADG). Finally, as expected by model’s construction,
RFI was positively related to the intake (DMI) and negatively with FCE. This PCA explained
a 61% of the total variance, pointing out the RFI as the first component and the firmness of the

meat the second component of the PCA.

Table 2 just shows correlations between meat quality parameters and feed efficiency indices.
The FCE was positively related to the rating quality (0.34, P<0.01) and tended to present
negative relations with the carcass yield (r=-0.28, P=0.07). Regarding RFI, the main efficiency

index currently being used in genetic selection of cattle, it can be observed how it presents
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negative relationships with rating quality (r=-0.37, P=0.06), marbling (r= -0.30, P=0.07) and

firmness of meat (r=-0.27, P=0.08).

Animal performance and meat quality of efficient vs non-efficient RFI individuals

As RFI represents the residual of DMI of animals within the same contemporary group, animals
with negative RFI represent animals with a minor level of intake for the same rate of gain and
body weight, which can be translated as “efficient” individuals. We evaluated the 10 most and
10 least efficient RFI individuals to compare if animal performance and meat quality variables
were different between them. Table 3 shows main animal performance and meat quality of

efficient and non-efficient RFI individuals.

Efficient RFI individuals showed lower ingestion (DMI) (-15%, P= 0.001) with similar rates of
gain (ADG) (P=0.76) than non-efficient individuals, which also influenced a higher feed
efficiency (FCE) (+18%, P=0.002). The rest of parameters, BW, carcass yield and height
remained non-different between extreme RFI individuals. Regarding meat quality, it was
observed how marbling was higher (+13.2%, P=0.05) and ranking quality of meat tended to be
higher (+12%, P=0.06) in efficient RFI individuals without great differences in the rest of meat

quality parameters.

Discussion

Genetic selection of main occidental breeds such as Charolais, Limousin, Angus and Hereford
to improve their feed efficiencies has been conducted since the last decades (Kenny et al., 2018).
Feed efficiency has been determined as a moderate heritable character in occidental beef cattle
breeds (0.33+0.01, Berry and Crowley, 2013), which means that it could be used for genetic
selection. Therefore, the aims of the present study were to, 1) evaluate feed efficiency of the
oriental breed Japanese black cattle and 2) evaluate the interaction of feed efficiency with meat

quality parameters. Thus, the main objective of this work is to build the footprint of the genetic
12
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selection for feed efficiency in Wagyu cattle and to discuss to what extent the feed efficiency

could be compatible with the main desired character of this breed, meat quality and marbling.

Feed efficiency of Japanese black cattle during the fattening period

Before addressing feed efficiency, it is important to consider that the fattening of Japanese black
cattle is one of the longest in terms of duration among all cattle breeds accounting for 716 d to
reach a commercial slaughter BW. As in occidental feedlots, Japanese fattening diets present
high levels of net energy to increase both the gain and the fat deposition, therefore, the longer
duration of the fattening period is more related to animal requirements of Wagyu cattle. Animal
requirements and especially body composition of Wagyu cattle significantly differ from
European cattle breeds; longissimus muscle of Wagyu cattle at 24 months of age presented
23.3% of intramuscular fat whereas other occidental breeds just presented values ranged from
0.6% to 4.7% (Gotoh et al.,2009). This difference in body composition may impact energy
balance and resources allocation of Japanese black cattle, likely using proportionally higher
energy for maintenance than for gain in comparison with other breeds. This may be associated
to their low rates of gain, which averaged 0.7 kg/d in Liu et al., (1993) or 0.82 kg/d in this work
(average of the whole period), and consequently to the long period of fattening of these animals
to reach a commercial BW (650kg). In addition, the breed itself determines a difference related
to time; the peak of the adipocyte enzymes activity reaches its maximum at 14 months in Angus
cattle whereas it reaches its maximum at 16 months in Japanese cattle (Lunt et al., 2005).
Therefore, a slower fattening is also convenient to profit this peak of adipocytes activity, which
is also associated to the slower maturity of this Japanese cattle (Takeda et al., 2018). The
fattening is usually divided in three periods, the first starts just after the weaning (110 d), when
animals present the higher rates of gain and efficiency. The weaning is conducted early, first to

allow dams to get pregnant again by maximizing resources (all animals in Japan are stabled and
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feed with concentrate), and second, because early weaning in Wagyu cattle promotes higher
rates of growth and meat quality (Khounsaknalath et al., 2021). This first period of the fattening
keeps animals until 240-d’s age, which explains the highest (1.51kg/d, Table 1) rates of gain
and efficiency due to the state of growth of the cattle. After this first period, the gain remains
moderate-low (0.76kg/d on average), which is similar to the average rate of gain observed

(0.70kg/d) by other works feeding Japanese Wagyu cattle in north America (Lunt et al., 1993).

Previous physiological explanations of Wagyu cattle serve to justify the higher rates of gain
and efficiency observed in animals during the first period and in comparison with the following
fattening periods. This is relevant to explain the low (FCE) or inexistent (RFI) correlation of
feed efficiency indices between the first period of growth and the rest of the fattening (Figure
1). Feed efficiency is mainly related to the gain and ingestion (Koch et al., 1963), and even
when ingestion remained repeatable during the whole fattening (r= 0.67, P=0.001), the gain
was significantly higher in this first period (Table 1), which impacted the repeatability of the
feed efficiency indices. However, once the first step of growth was reached, gain rates and the
rest of performance remained more stable and repeatable, impacting higher repeatability values
for both FCE and RFI (Figure 1). The importance of the repeatability of feed efficiency indices
relies on the usability of these indices for genetic selection. Repeatability rates of feed
efficiency indices here evaluated demonstrate that they can be used for genetic selection. In
addition, Hoque et al., (2006a) evaluated genetic heritability of feed efficiency indices used in
this work founding moderate-heritability for RFI (ranging from 0.24 to 0.49) and low for FCE
(0.15). This agrees with other works showing higher genetic heritability and repeatability of

RFI (0.31 to 0.42) than FCE (0.25) conducted in continental breeds (Lahart et al., 2020).

Repeatability values of this work supported by scientific bibliography allow to use feed

efficiency as a criterion of genetic selection in Japanese black cattle. Genetic selection by feed
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efficiency and especially RFI could improve resources utilization to make beef cattle production

more economically profitable and environmentally sustainable (Guarnido-Lopez et al., 2021).

Meat quality of efficient RFI Japanese black cattle

Still when demonstrating that feed efficiency is a repeatable character in Japanese black cattle
and it may be used for genetic selection, culturally, the main target of genetic selection in
Wagyu cattle is meat quality (Shojo et al., 2006). Therefore, genetic selection by feed efficiency

indices has to be compatible with high meat quality standards demanded by Wagyu consumers.

Phenotypic relationships established between feed efficiency and meat quality parameters
determined a positive correlation between quality and efficiency. Both in our PCA figure
(Figure 2) and in the table of correlations (Table 2), meat quality parameters such as firmness,
marbling or meat rating were higher in efficient individuals according to FCE and RFI. It’s
important to notice that Hoque et al., (2006a) demonstrated a high relation (>0.95) between
phenotypic and genetic correlation in Japanese black cattle. Therefore, this phenotypic relation
between feed efficiency and meat quality may underline a genetic relationship which may allow
Japanese cattle geneticist to use efficiency criteria without decreasing meat quality. However,
this relation contrasts with other works which observed negative effects of efficient RFI
individuals on meat quality (McDonaugh et al., 2001) or non-different effects (Guarnido-Lopez
et al., 2023). In addition, McGee et al., (2013) did not find differences in body fat accretion
between efficient and non-efficient Japanese black cattle. In contrast with the present work,
these previous mentioned studies did not directly measure meat quality parameters, and they
accessed meat quality indirectly through enzymes analysis or ultrasound measurements. In
studies where meat quality was directly measured at the slaughter moment in the abattoir, such
as the present study or Hoque et al., (2006b), efficient RFI Japanese black cattle present higher

marbling rates. Theoretically, it is logical to think that animals with lower ingestion (efficient
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RFI) will present lower marbling rates, as it can be observed for subcutaneous or visceral body
fat (Basarab et al., 2003) in European cattle. Different amounts of body fat, subcutaneous,
visceral and inter/intramuscular, will likely impact requirements of energy for maintenance,
energy for gain (Garret et al., 1959), and energetic efficiency (Reid and Robb, 1971).
Consequently, differences on fat composition and energetic efficiency could explain differences
on feed efficiency between animals. In the present study, we only observed differences between
efficient and non-efficient RFI animals in intramuscular fat (Table 3), not in the subcutaneous
portion. This could be relevant considering that intra-muscular and subcutaneous fat are
metabolically different in cattle (Hudson et al., 2020). Aldai et al., (2007) demonstrated how
intramuscular fat presented a higher proportion of polyunsaturated fatty acids (PUFA) than
subcutaneous fat, with also a higher ratio PUFA/saturated fatty acids (SFA). In the case of
Japanese black cattle, animals have the ability to store enormous amount of intramuscular fat,
both monounsaturated (MUFA) and PUFA, which make the Wagyu a good animal to evaluate
adipogenesis and lipid metabolism (Gotoh et al., 2009; Liu et al., 2021). In addition, cattle with
greater marbling propensity, such as Japanese black cattle, appear to genetically upregulate
adipogenesis at a younger chronological and physiological maturity state (Jaborek et al.,2023).
This higher marbling impacts on the better ranking quality and palatability of the meat (McBee

et al., 1967) in this case observed in efficient RFI individuals.

Previous studies and the present work may coincide in indicating a positive phenotypic (and
genetic) correlation between feed efficiency, with a special mention to RFI, and meat quality in
Japanese black cattle. While extreme RFI individuals from European breeds seem to present
non-significantly differences in fat composition, Japanese black cattle allocate more
intramuscular fat in efficient animals. This difference may be explained by energy and fat
metabolism differences associated to the breed. European cattle breeds may increase

intramuscular fat as a storage of energy while Japanese black cattle may present the ability to
16



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

deposit intramuscular fat as a part of 1) the natural growing of Wagyu’s tissues and 2) their
energy resources allocation and energy metabolism, which may be more associated to a lipolytic
vs glycolytic pathways to release energy for muscles or other tissues. These are hypothetical
theories which should be evaluated by analyzing intramuscular fat (i.e. through serial biopsies)
of efficient vs non-efficient RFI individuals across their whole growing and fattening periods.
In addition, our study was conducted by comparing the 10 most and 10 least efficient
individuals from a total of 39 young bulls which were raised to evaluate their fertility
performance. Therefore, even when results of this study and other evaluating genetics may
coincide in pointing out that efficiency could be associated to higher marbling in Japanese black

cattle, more in-vivo studies should be done to confirm this hypothesis.

In conclusion, this work could initiate the footprint of a new genetic selection in Japanese black
cattle which considers not only meat quality variables but also feed efficiency parameters in
order to maintain the famous meat standards of Wagyu meat while being more economically

profitable and environmentally sustainable.

Disclosure of potential conflict of interest

None

Literature cited
Agriculture and Livestock Industries Corporation: Livestock and livestock products, domestic

statistics. https://wwwe.alic.go.jp/joho-c/joho05_000073.html. (accessed 19 February, 2024).

Aldai, N., N§jera, A. I., Dugan, M. E. R., Celaya, R., & Osoro, K. (2007). Characterisation of
intramuscular, intermuscular and subcutaneous adipose tissues in yearling bulls of different

genetic groups. Meat Science, 76(4), 682-691.

17



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

Baker, S. D., Szasz, J. I, Klein, T. A., Kuber, P. S., Hunt, C. W., Glaze Jr, J. B, ... & Hill, R.
A. (2006). Residual feed intake of purebred Angus steers: Effects on meat quality and

palatability. Journal of Animal Science, 84(4), 938-945.

Basarab, J. A., Price, M. A,, Aalhus, J. L., Okine, E. K., Snelling, W. M., & Lyle, K. L. (2003).
Residual feed intake and body composition in young growing cattle. Canadian Journal of

Animal Science, 83(2), 189-204.

Berry, D. P., & Crowley, J. J. (2013). Cell biology symposium: genetics of feed efficiency in

dairy and beef cattle. Journal of Animal Science, 91(4), 1594-1613.

Garrett, W. N., Meyer, J. H., & Lofgreen, G. P. (1959). The comparative energy requirements

of sheep and cattle for maintenance and gain. Journal of Animal Science, 18(2), 528-547.

Gotoh, T., Albrecht, E., Teuscher, F., Kawabata, K., Sakashita, K., Iwamoto, H., & Wegner, J.
(2009). Differences in muscle and fat accretion in Japanese Black and European cattle. Meat

Science, 82(3), 300-308.

Gotoh, T., Nishimura, T., Kuchida, K., & Mannen, H. (2018). The Japanese Wagyu beef
industry: Current situation and future prospects—A review. Asian-Australasian Journal of

Animal Sciences, 31(7), 933-950.

Guarnido-Lopez, P., Ortigues-Marty, I., David, J., Polakof, S., & Cantalapiedra-Hijar, G.
(2023). Comparative analysis of signalling pathways in tissue protein metabolism in efficient
and non-efficient beef cattle: acute response to an identical single meal size. Animal, 17(11),

101017 (10 pages).

Guarnido-Lopez, P., Ortigues-Marty, I., Taussat, S., Fossaert, C., Renand, G., & Cantalapiedra-

Hijar, G. (2021). Plasma proteins 8'°N vs plasma urea as candidate biomarkers of between-

18



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

animal variations of feed efficiency in beef cattle: Phenotypic and genetic evaluation. Animal,

15(8), 100318 (14 pages).

Hoque, M. A., Hiramoto, K., and Oikawa, T (2005). Genetic relationship of feed efficiency
traits of bulls with growth and carcass traits of their progeny for Japanese Black (Wagyu) cattle.

Animal Science Journal, 76(2), 107-114.

Hoque, M. A., Arthur, P. F., Hiramoto, K., & Oikawa, T. (2006a). Genetic relationship between
different measures of feed efficiency and its component traits in Japanese Black (Wagyu) bulls.

Livestock Science, 99(2-3), 111-118.

Hoque, M. A., Arthur, P. F., Hiramoto, K., & Oikawa, T. (2006b). Genetic parameters for
carcass traits of field progeny and their relationships with feed efficiency traits of their sire

population for Japanese Black cattle. Livestock Science, 100(2-3), 251-260.

Hudson, N. J., Reverter, A., Griffiths, W. J., Yutuc, E., Wang, Y., Jeanes, A., ... & Greenwood,
P. L. (2020). Gene expression identifies metabolic and functional differences between

intramuscular and subcutaneous adipocytes in cattle. BMC Genomics, 21(1), 77 (23 pages).

Jaborek, J. R., Fluharty, F. L., Lee, K., Zerby, H. N., & Relling, A. E. (2023). Lipid metabolism
MRNA expression and cellularity of intramuscular adipocytes within the Longissimus muscle
of Angus-and Wagyu-sired cattle fed for a similar days on feed or body weight endpoint.

Journal of Animal Science, 101, skac371 (23 pages).

Kenny, D. A., Fitzsimons, C., Waters, S. M., & McGee, M. (2018). Invited review: Improving
feed efficiency of beef cattle-the current state of the art and future challenges. Animal, 12(9),

1815-1826.

Khounsaknalath, S., Etoh, K., Sakuma, K., Saito, K., Saito, A., Abe, T., ... & Gotoh, T. (2021).
Effects of early high nutrition related to metabolic imprinting events on growth, carcass

19



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

characteristics, and meat quality of grass-fed Wagyu (Japanese Black cattle). Journal of Animal

Science, 99(6), skab123 (9 pages).

Koch, R. M., Swiger, L. A., Chambers, D., & Gregory, K. E. (1963). Efficiency of feed use in

beef cattle. Journal of Animal Science, 22(2), 486-494.

Lahart, B., Prendiville, R., Buckley, F., Kennedy, E., Conroy, S. B., Boland, T. M., & McGee,
M. (2020). The repeatability of feed intake and feed efficiency in beef cattle offered high-

concentrate, grass silage and pasture-based diets. Animal, 14(11), 2288-2297.

Liu, L., Cao, P., Zhang, L., Qi, M., Wang, L., Li, Z., ... & Sun, F. (2021b). Comparisons of
adipogenesis-and lipid metabolism-related gene expression levels in muscle, adipose tissue and

liver from Wagyu-cross and Holstein steers. PL0oS One, 16(2), e0247559 (16 pages).

Liu, X. D., Moffitt-Hemmer, N. R., Deavila, J. M., Li, A. N., Tian, Q. T., Bravo-Iniguez, A., ...
& Du, M. (2021a). Wagyu—Angus cross improves meat tenderness compared to Angus cattle

but unaffected by mild protein restriction during late gestation. Animal, 15(2), 100144 (7 pages).

Lunt, D. K., Chung, K. Y., Choi, C. B., & Smith, S. B. (2005). Production characteristics and
carcass quality of Angus and Wagyu steers fed to US and Japanese endpoints. J. Anim. Vet.

Adv, 4(11), 949-953.

Lunt, D. K., Riley, R. R., & Smith, S. B. (1993). Growth and carcass characteristics of Angus

and American Wagyu steers. Meat Science, 34(3), 327-334.

McBee Jr, J. L., & Wiles, J. A. (1967). Influence of marbling and carcass grade on the physical

and chemical characteristics of beef. Journal of Animal Science, 26(4), 701-704.

McDonagh, M. B., Herd, R. M., Richardson, E. C., Oddy, V. H., Archer, J. A., & Arthur, P. F.

(2001). Meat quality and the calpain system of feedlot steers following a single generation of

20



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

divergent selection for residual feed intake. Australian Journal of Experimental Agriculture,

41(7), 1013-1021.

McGee, M., Welch, C. M., Hall PAS, J. B., Small, W., & Hill, R. A. (2013). Evaluation of
Wagyu for residual feed intake: Optimizing feed efficiency, growth, and marbling in Wagyu

cattle. The Professional Animal Scientist, 29(1), 51-56.

Motoyama, M., Sasaki, K., & Watanabe, A. (2016). Wagyu and the factors contributing to its

beef quality: A Japanese industry overview. Meat Science, 120, 10-18.

RStudio Core Team (2018). R: A language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/

(accessed 19 February, 2024).

Reid, J. T., & Robb, J. (1971). Relationship of body composition to energy intake and energetic

efficiency. Journal of Dairy Science, 54(4), 553-564.

Shojo, M., Okanishi, T., Anada, K., Oyama, K., & Mukai, F. (2006). Genetic analysis of calf
market weight and carcass traits in Japanese Black cattle. Journal of Animal Science, 84(10),

2617-2622.

Smith, S. B., Gotoh, T., and Greenwood, P. L. (2018). Current situation and future prospects
for global beef production: overview of special issue. Asian-Australasian Journal of Animal

Sciences, 31(7), 927-932.

Takeda, M., Uemoto, Y., Inoue, K., Ogino, A., Nozaki, T., Kurogi, K., ... & Satoh, M. (2018).
Evaluation of feed efficiency traits for genetic improvement in Japanese Black cattle. Journal

of Animal Science, 96(3), 797-805.

Wang, Z., An, X., Yang, Y., Zhang, L., Jiao, T., & Zhao, S. (2023). Comprehensive Analysis

of the Longissimus Dorsi Transcriptome and Metabolome Reveals the Regulatory Mechanism
21



492  of Different Varieties of Meat Quality. Journal of Agricultural and Food Chemistry, 71(2),

493  1234-1245.

494  Zhao, L., Liu, X., Gomez, N. A., Gao, Y., Son, J. S., Chae, S. A,, Zhu, M.-J., and Du, M. (2023).
495  Stage-specific nutritional management and developmental programming to optimize meat

496  production. Journal of Animal Science and Biotechnology, 14(1), 2 (14 pages).

497

498

499

500

501

22



Tables
Table 1: Descriptive analysis of animal performance during the three

main periods of the fattening.

Mean SD CV (%)
Eirst period
Duration (d) 130 20,5 16
Weight (kg) 206 18,9 9,0
Height (cm) 110 2,15 2,0
Chest perimeter (cm) 146 4,51 3,0
ADG (kg/d) 1,51 0,29 19
DMI (kg/d) 4,49 0,11 2,0
FCE (0/9) 0,33 0,06 18
RFI (kg/d) 0,00 0,06 1,0
Middle period
Duration (d) 272 20,7 8,0
Weight (kg) 398 26,7 7,0
Height (cm) 120 2,01 2,0
Chest perimeter (cm) 178 4,71 3,0
ADG (kg/d) 0,62 0,06 10
DMI (kg/d) 6,21 0,62 10
FCE (0/9) 0,10 0,01 10
RFI (kg/d) 0,00 0,52 8,0
Final period
Duration (d) 214 22,2 10
Weight (kg) 590 41,2 7,0
Height (cm) 131 2,31 2,0
Chest perimeter (cm) 210 6,63 3,0
ADG (kg/d) 0,90 0,13 14
DMI (kg/d) 7,96 1,55 19
FCE (0/9) 0,11 0,02 18
RFI (kg/d) 0,00 1,27 16

Abbreviations: ADG; average daily gain, DMI; dry matter intake,
FCE; feed conversion efficiency, BW; body weight, RFI; residual

feed intake.



Table 2: Pearson’s correlations between feed efficiency indices and meat quality variables

Meat  Thick Thick  Rib-eye Carcass Carcass

Ratin
DMI  BW  Height ] : Marbling ADG  Text Firm ) )
quality color SubFat  Subeef area yield  weight

RFI 0,74 -0,07 -0,13 -0,37 -0,30" 0,07 -0,18 -0,27* 0,15 0,18 0,08 -0,06 0,32™ 0,11
FCE -067 0,19 0,28 0,34™ 0,13 009 015 024 -0,17 -0,13 -0,01 0,18 -0,28 0,02

Statistical values are represented by ** (P<0.01) and t (P>0.05, P<0.10).

Abbreviations: ADG; average daily gain, DMI; dry matter intake, FCE; feed conversion efficiency, BW; body weight, RFI; residual feed intake,

text; texture of the meat, Firm; firmness of the meat, Thick Subfat; thickness of subcutaneous fat, Thick Subeef; thickness of subcutaneous

muscle.
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Table 3: Animal performance and meat quality variables of efficient vs non-

efficient RFI individuals

RFI in the final period

RFI class
kg/d

Efficient Non-Efficient
-1,64 1,49

Anova

Animal performance
Average BW (kg)
Average height (cm)

Average chest perimeter (cm)
ADG (kg/d)

DMI (kg/d)

FCE (9/9)

Carcass weight (kg)

Carcass yield (%)

Meat quality

Rib-eye area (cm?)

Rib thickness (cm)
Subcutaneous fat thickness (cm)
Marbling

Ranking quantity

Ranking quality

Meat color

Meat firmness

Texture

Mean SD Mean SD  P-value
402 26,1 402 332 0,96
121 229 120 1,71 0,51
179 366 180 5,46 0,71
0,63 0,06 0,64 0,06 0,76
5,75 0,75 6,79 0,36 0,001
0,11 0,011 0,09 0,007 0,002
371 29,1 381 36,8 0,51
0,62 0019 063 0,018 0,16

50,1 7,39 50,2 8,08 0,91
6,78 058 7,04 0,63 0,35
2,35 083 254 0,79 0,61
6,8 1,13 59 1,52 0,05
2,9 031 28 0,42 0,56
4,2 042 3,7 0,67 0,06
3,7 048 39 0,56 0,32
4,2 042 39 0,87 0,35
4,5 0,53 472 0,78 0,23

Abbreviations: ADG; average daily gain, DMI; dry matter intake, FCE; feed

conversion efficiency, BW; body weight, RFI; residual feed intake.
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Figures
Figure 1: Repeatability of feed efficiency (FCE on the left and RFI on the right) between the

three main fattening periods.
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Figure 2: Principal component analysis (PCA) of meat quality variables and feed efficiency.
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