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Abstract

Data from birth to slaughter of cull cows allowed using PCA-based approach coupled with
the iterative K-means algorithm the identification of three rearing practices classes. The
classes were different in their carcass characteristics. Old cows raised mainly on pasture have
better carcass characteristics, while having an equivalent tenderness, juiciness, flavor,
intramuscular fat content and pHu to those fattened with hay or haylage. The Longissimus
thoracis muscle of the cows raised on pasture (with high physical activity) showed greater
proportions of IIA fibers at the expense of the fast IIX ones. Accordingly, the meat of these
animals have better color characteristics. Superoxide dismutase (SODI1) and aB-crystallin
quantified by Dot-Blot were the only other biomarkers to be more abundant in “Grass” class
compared to “Hay” and “Haylage” classes. The relationships between the biomarkers and the
six carcass and eleven meat quality traits were investigated using multiple regression analyses
per rearing practices. The associations were rearing practice class and phenotype trait-
dependent. ICDH and TP53, were common for the three classes, but the direction of their
entrance was different. In addition, rearing practices and carcass traits were not related with
Hsp70-Grp75 and p-calpain abundances. The other relationships were specific for two or one
rearing practices class. The rearing practices dependency of the relationships was also found
with meat quality traits. Certain proteins were for the first time related with some beef quality
traits. MyHC-IIx, PGM1, Hsp40, ICDH and Hsp70-Grp75 were common for the three rearing
practices classes and retained to explain at list one beef quality trait. A positive relationship
was found between PGM1 and hue angle irrespective of rearing practices class. This study
confirms once again that production-related traits in livestock are the result of sophisticated
biological processes finely orchestrated during the life of the animal and soon after slaughter.

Key words: Cull cows, Rearing practices, Carcass characteristics, Meat quality, Biomarkers.
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Introduction

In beef production systems, meat comes from various types of animals, of different breeds
and ages, which have been also managed and finished using different rearing practices.l'3
Beef quality properties are well known to be impacted by these factors and also others related

to slaughtering and carcass handling practices.*®

Today, consumers are (re)questing stable sensory beef quality traits, namely meat color,
tenderness, juiciness and flavor attributes. Thus, stakeholders of meat chain must be able to
deliver and guarantee high-quality products to reduce perceived risk and gain consumer
confidence and, at the same time, producers must provide a viable farm holding, by increasing
animal and carcass performances or the added-value. This is a challenging task due to the
nature of beef itself. Beef is biochemically dynamic, hence it is naturally susceptible to
variation in acceptability which prompted the use of innovative and high-throughput
processing technologies for its characterization.” Numbering among the innovative methods
that have been introduced to identify biomarkers of muscle food quality attributes are ‘—
omics’ based research. Proteomics approach was extensively implemented for better
understanding of several aspects of muscle to meat conversion in relation to different but
individual rearing practices factors. They have provided a broader and deeper understanding
of how these factors could contribute to meat quality variations,® but less has been done in
relation with carcass characteristics. Consequently, the use of high-throughput processing
technologies for joint management of carcasses and meat quality will be very useful for the
beef sector, since numerous countries are seeking powerful tools that can help the
stakeholders to allow both a high i) remuneration for the farmers which is based on the
properties of the carcasses and ii) satisfaction of the consumer expectations in terms of beef

quality traits.

Proteomic investigations have further confirmed and elucidated previous concepts and
provided dozens of protein biomarkers belonging to heat shock stress, energy metabolism,
structure, oxidative stress, apoptosis, signaling and proteolysis pathways to be involved.’
These protein biomarkers may help beef stakeholders seeking better marketing options
through efficient beef production systems. These would also help to determine which rearing
practices and animal traits, as well as live-animal performances and carcass characteristics,
need to be improved to reach the targeted market specifications. Thus, there is a need to go
beyond the stage of identifying protein markers between proteomics data and the animals’

traits or phenotypes of interest. In this study, we report the use of Dot-Blot' as a quantitative
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approach for the quantification of protein biomarkers related to meat quality of Protected
Designation of Origin (PDO) Maine-Anjou. This PDO exclusively included animals from the
Rouge des prés breed which originated in the northwestern part of France. This area is
excellent for beef production as it has both grassland and tillable land. The Rouge des Prés
breed was the second among the 4 breeds allowed to be used in France for PDO meat
production'’. The PDO Maine-Anjou is composed of around 80% of cows, younger than 10
years of age, having calved at least once and a minimal carcass weight of 380 kg. Steers over
30 months of age with carcass weight of 400 kg minimum can also be found (20%). PDOs are
of special economic importance for the valorization of local breeds as it is a dual-purpose
breed, used for both beef and milk. The specifications of animal products under PDO label are
also paid increasing attention in Europe (European Union Regulation (EEU) 2081/92). These
labels are meant to support diversity in agricultural production, satisfy consumers, and protect
product names against fraud and imitation. Thus, there is a great interest and economical
value as an initiative of the breeders association, for the implementation of high-throughput
techniques, likely omics techniques, for meat quality management of PDO meat to guarantee
high quality for the consumers'™'". In this study, the biomarkers were associated in addition to
other muscle characteristics measured using conventional methods, with carcass properties
and meat quality according to the rearing practices of PDO Maine-Anjou cows. Furthermore,
the main objective was also to address an innovative approach by identifying the cows
according to their rearing practices, which is valued not only the muscle, carcass, sensory and
technological quality of meat but also the whole life of the animal affecting the beef quality
obtained under different production systems. For this purpose, multiple regression analyses
were performed to relate each carcass and meat trait with the muscle characteristics according
to the rearing practices identified. A focus on the use of biomarkers to understand the

relationships with carcass and meat quality potential was further explored.
Materials and methods
Animals, handling, slaughtering and sampling

A total of 110 French PDO Maine-Anjou cows originated in the northwestern part of
France were collected from a cooperative of livestock farmers located in the department of
Maine-et-Loire. The rearing practices of each animal were surveyed by a questionnaire.'’
Briefly, the questionnaire included information about i) the finishing period [part of hay,
haylage and/or grass in the finishing diet (% w/w); daily and global amount of concentrate

(kg); fattening duration (days); physical activity (% days out)] and ii) the animal
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characteristics [Animals with meat or dairy-ability; birth month/season ; birth weight (kg);
age at weaning (month); weaning duration (week); age of first calving; number of calving;
suckling value (0-10) and age at slaughter]. Before slaughter, all animals were food deprived
for 24 h and had free access to water. All the animals were slaughtered in the same
commercial abattoir (Elivia, Lion d’Angers, 49220, France), stunned using captive-bolt pistol
prior to exsanguination and dressed according to standard commercial practices. Slaughtering
was performed in compliance with the French welfare regulations and respecting EU
regulations (Council Regulation (EC) No. 1099/2009). After slaughter, the carcasses were
characterized and graded according to the European beef grading system (CE 1249/2008).
Thus, information for each carcass were measured, namely hot carcass weight (HCW, kg),
EUROP conformation score (EUROP grid), weight of the whole ribeye, 12" rib
characterization by Longissimus muscle weight, muscle carcass weight, carcass fat weight and
fat to muscle ratio (% w/w). The carcasses were not electrically stimulated and they were

chilled at 4°C until 24 h p-m.

Muscle samples of Longissimus thoracis (LT, mixed fast oxido-glycolytic muscle) were
excised from the right-hand side of the carcass of each animal 24 h p-m and four parts were
distinguished. The first part of the samples was subsequently frozen in liquid nitrogen and
kept at —80°C until analyzed for fiber characterization (fiber area, myosin heavy chains
isoforms (MyHC) and metabolic enzymes activities) and for protein extractions for the
quantification of the proteins by Dot-Blot. The second part of the sample was cut into pieces
(1-2 cm cross-section), vacuum packed and stored at —20 °C until analyzed for intramuscular
fat content. Another part was used for meat color measurement. The last part was cut into
steaks (20 mm thick) and placed in sealed plastic bags under vacuum and kept at 4°C for
ageing (14 days). Each loin sample was then frozen and stored at —20°C waiting sensory

evaluation and shear force measurements.
Muscle characteristics determination

The metabolic muscle type was determined by measuring glycolytic and oxidative enzyme
activities of respectively lactate dehydrogenase (LDH; EC 1.1.1.27) and isocitrate
dehydrogenase (ICDH; EC 1.1.1.42)."* These enzymes representative of different steps of the
glycolytic and oxidative pathways are currently used for the characterization of the metabolic

types of beef muscles.’
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The contractile properties of the muscle were determined by the quantification of the
myosin heavy chains (MyHC) isoforms according to the method of Picard et al.'® using an
adequate electrophoresis protocol. Thus, three isoforms of myosin Heavy Chain (MyHC)
isoforms were quantified using this technique. Briefly, the myofibrillar proteins were
extracted using a buffer containing 0.5 M NaCl, 20 mM Na Pyrophosphate, 50 mM Tris, 1
mM EDTA and 1 mM Dithiothreitol. After homogenization of approximately 100 mg of
frozen muscle in 5 mL of the extraction buffer using a Polytron (x22 000) and an incubation
time of 5 min at 4°C on ice, the sample was subjected to a centrifugation at 5000 x g for 10
min at 4°C. Following centrifugation, the supernatant was diluted 1:1 (v/w) with glycerol at
87% and stored at —20°C until use. The samples were then mixed with an equal volume of
loading buffer (basic 2 x Laemmli) containing 4% SDS (w/v), 125 mM Tris (pH 6.8), 20%
glycerol (v/v), 10% B-mercaptoethanol (v/v) and 0.02% pyronin Y (w/v), incubated at room
temperature for 10 min and then heated (70°C) in a water bath for 10 min. The protein
extracts (10 pg) were loaded per well onto 0.75-mm-thick gels and were separated using 9.2%
polyacrylamide gels. The lower running buffer consisted of 50mM Tris (base), 75mM glycine
and0.05% w/v SDS. The upper running buffer was at 2x the concentration of the lower
running buffer and B-mercaptoethanol (0.07% v/v) was added. Ten micrograms of protein
extracts were loaded per well onto 0.75-mm-thick gels mounted on a Mini-Protean II Dual
Slab Cell electrophoretic system (Bio-Rad). The migration was carried out at a constant
voltage of 70 V for 30 hours at 4°C. Controls of bovine muscle containing three (MyHC-I, Ila
and IIx) or four (MyHC-I, Ila, IIx and IIb) muscle fibers were added at the extremities of each

1.0 After migration, the gels were fixed in 30% (v/v) ethanol and 5% acetic acid (v/v) and

ge
then stained with colloidal Coomassie Blue R250 for 24 h. Gels were destained in a 30%
ethanol (v/v) and 5 % acetic acid (v/v) solution until the background was sufficiently cleared.
After staining in a Coomassie Blue dye solution, the gels were scanned and the proportions of
the different MyHCs bands were quantified by densitometry with ImageQuant Software 5500
(Amersham Biosciences/GE Healthcare) and expressed in percentage. The quantification of

the bands revealed no existence of MyHC-IIb isoform in PDO Maine-Anjou breed, thus only
MyHC-I, Ila and IIx isoforms are reported.

The muscle mean cross sectional fiber area for all the animals was determined on 10-um
thick sections cut perpendicular to the muscle fibers with a cryotome.14 Between 100 and 200
fibers in each of two different locations in the muscle were used to determine the mean fiber

area (in um?) by computerized image-analysis.
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The protein concentrations of the protein extracts used in this study were determined
according to the dye binding method of Bradford'® using the Bio-Rad Protein assay (Bio-Rad
Laboratories Inc.). Bovine serum albumin (BSA) at a concentration of 1 mg/mL was used as

standard, and the protein content was calculated from the standard curve.

The relative abundance of 21 protein biomarkers was evaluated using the immunological

Dot-Blot technique.'®!” The biomarkers belong to 6 biological pathways:

1) heat shock proteins [oB-crystallin, Hsp20, Hsp27, Hsp40, Hsp70-1A, Hsp70-1B,
Hsp70-8 and Hsp70-Grp75];

2) metabolism [Enolase 3 (ENO3) and Phosphoglucomutase 1 (PGM1)];

3) structure [a-actin, Myosin binding protein H (MyBP-H), Myosin light chain 1F (MyLC-
1F) and Mysoin heavy chain IIx (MyHC-IIx)];

4) oxidative stress [Superoxide dismutase [Cu-Zn] (SOD1), Peroxiredoxin 6 (PRDX6) and
Protein deglycase (DJ1)];

5) proteolysis [p-calpain and m-calpain] and

6) apoptosis and signaling [Tumor protein p53 (TP53) and H2A Histone (H2AFX)].

The conditions retained and suppliers for all primary antibodies dilutions and details of the
protocol were according to our previous studies.'”'” An antibody was considered specific
against the studied protein when only one band at the expected molecular weight was detected
by western blot. Briefly, the protein extracts (15 pug) of each muscle sample were spotted in
quadruplicate on a nitrocellulose membrane with the Minifold I Dot-Blot apparatus from
Schleicher & Schuell Biosciences (Germany) in a random order on the 96-spot membrane. In
addition, a mixed standard sample (15 nug) was deposited for data normalization. The Dot-Blot
membranes were air-dried for 5 min, blocked in 10% PBS milk buffer at 37°C for 20 min, and
then incubated to be hybridized with the specific primary antibody of each protein.
Subsequently, the membranes were incubated at 37°C for 30 min with the anti-mouse
fluorochrome-conjugated LICOR-antibody IRDye 800CW (1 mg/mL). Infrared fluorescence
detection was used for quantification of the relative protein abundances. Subsequently, the
membranes were scanned using the Odyssey NIR imager (LI-COR Biosciences), with an 800
nm laser, a 169 um spatial resolution and a fixed gain of 5. Finally, the Dot-Blot images were
quantified with GenePix PRO v6.0 (Axon). Each dot volume was calculated as the total dot
intensity from which the median local background value multiplied by the dot area was
subtracted. Because Dot-Blot offers the possibility of replicates, a data-prefiltering approach

was implemented to eliminate outlier values mainly due to dust. The exclusion technique of
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outliers was based on the Medium Absolute Difference (MAD) and applied before repeated
values were averaged. Finally, to make the data comparable between assays, the data were
normalized using a regression-approach based on the used mix standard specific for each
muscle. Thus, the relative protein abundances were based on the normalized volume and were

all expressed in arbitrary units (A.U).
Meat quality evaluation

For muscle ultimate pH evaluated at 24h post-mortem, the measurements were conducted
by inserting a glass electrode into each muscle sample using a Hanna pH meter (HI9025,
Hanna Instruments Inc., Woonsocket, RI, USA) suitable for meat penetration.lo The
measurements were done between the 6™ and 7™ rib. For that, five measurements were made
and the average value was used. The pH meter was calibrated at chilling temperature (average

temperature 3.5°C) using pH 4 and pH 7 buffers.

For surface meat color determination, a portable colorimeter (Minolta CR400, Konica
Minolta, Japan) was used to measure the L*, a* and b* color coordinates of the muscle cuts
according to Gagaoua ef al.'® The parameters Chroma (C*), related to the intensity of color,
and hue angle (h*), related to the change of color from red to yellow, were further calculated

using the following equations:
C*=[(a* +b*)"?] (1)
h*=[ATAN ' (b*/a*)] )

The measurements were done in three replicate series, at nine different locations on each
steak to obtain three measures for each muscle cut, and an average value was used for

analysis.

For intramuscular fat (IMF) content, a Dionex ASE 200 Accelerated Solvent Extractor
(Dionex Corporation, Sunnyvale, CA, USA) was used. From 1 + 0.001 g of meat powder
were placed in a 22 mL extraction cell previously prepared with a cellulose filter and silicon
balls. The extraction was performed with petroleum ether at a temperature of 125 °C and a
pressure of 103 bar. The extract, containing fat content and petroleum ether, was collected and
transferred in an evaporation vial previously weighted (£ 0.001 g). After 15 min of
evaporation, the vial was placed 17h in a drying oven at 105°C and then weighted (+ 0.001 g)

to determine the IMF content in the meat sample.
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For sensory beef assessment the protocol recently described by Gagaoua et al.® was used.
Briefly, steaks all aged for 14 days were thawed, without stacking or overlapping, at 5°C in
vacuum packs for 48 h before cooking and sensory assessment at 55 °C. One hour before
sensory assessment, the meat samples were cut into approximately 1.50 cm thick steaks and
grilled on a double grooved plate griddle (SOFRACA, Morangis, France) heated to 300°C for
30 min before cooking. Steaks were heated for 2 min until the end-points temperature of 55°C
in the geometric center of the steak was reached (measured using a temperature probe (Type
K, HANNA HI 98704, Newark, USA)). After grilling, each steak was cut into 20 mm cubes
that were immediately served to 12 panelists chosen according to the criteria described by
Gagaoua et al.® Briefly, the expert panelists, grouping 6 males and 6 females, were trained in
accordance with the ISO standards ISO/TC 34 (ISO_8586, 2012) and were selected based on
their sensory sensitivity, appropriate training and experience in sensory testing. Formal
evaluation allowed selection of those panelists capable of making consistent and repeatable
sensory assessments of meat products that is, making comparative judgements both within a
session and from one session to another. The continuous accuracy and precision of these
panelists have been already assured by regular training sessions and subsequent evaluation of
performance, according to the ISO 8588-1 standards. For the present study, we have used

panelists with several years experience of sensory evaluation of meat and meat products.

The panelists rated the steaks on a 10-cm unstructured line scale (from 0 to 10) measured
in mm for the following attributes: global tenderness (0 — extremely tough, 10 — extremely
tender), juiciness (0 — extremely dry, 10 — extremely juicy) and beef flavor intensity (0 —
extremely weak, 10 — extremely strong). The sessions were carried out in a sensory analysis
room equipped with individual booths under artificial red light to reduce the influence of the
appearance of the samples. At each session, a monadic presentation of 6 samples was done,
each sample being selected in random order. Each tasting booth was equipped with computer
terminals linked to a fileserver running a sensory software program (Fizz v 2.20 h,
Biosystemes, Couternon, France) that facilitated the direct entry of assessor ratings, which
were later formatted in Excel. Within each sensory session, scores were averaged across

panelists for each steak, and the means were used in the statistical analyses.

For objective tenderness, the Warner-Bratzler shear force (WBSF) was measured
according to Lepetit and Culioli,' Briefly, from the sample cuts cooked as previously
described, two to five 1 x 1 x 4 cm cores per steak sample were removed parallel to the

longitudinal orientation of the muscle fiber of LT muscle. WBSF was assessed using an
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Instron 5944 two or three times per core in order to obtain around 10 repetitions per sample.

Force at rupture during shear compression testing was expressed in N/cm?.
Statistical analysis

The collected data concern the animal life and fattening period of 110 PDO Maine-Anjou
cows data (p = 16), carcass characteristics (p = 7), muscle properties (p = 27) and ribeye steak

(Longissimus thoracis) quality traits (p = 11).

Rearing practices classes were created using an innovative statistical approach based on
principal component analysis (PCA). We first projected the 16 variables related both to the
fattening period [part of hay, haylage and/or grass in the finishing diet (% w/w); amount of
concentrate (daily and overall in kg); fattening duration (days) and physical activity (% days
out)] and animal characteristics [ Animals with meat or milk-ability; birth season ; birth
weight (kg); age of weaning (month); weaning duration (week); age of first calving; number
of calving; suckling value (0-10) and age at slaughter]. Afterwards, a K-means cluster analysis
(k = 3) via the variability explained by PCA allowed the clustering of the animals into distinct
clusters. K-means clustering is a widely used classification method that generates a specific
number of classes (nonhierarchical). This method assumes a certain number of clusters, £,
fixed a priori and produces a separation of the objects into nonoverlapping groups coming
from Euclidean distances minimized at each step of an iterative procedure'’. We proceeded by
using the variability explained by the axes of the PCA with eigenvalues >1.0 after Z-scores
calculation.'® Five factors with eigenvalues >1.0 were extracted on the basis of the scree plot
and evaluation of the factor loading matrix after orthogonal rotation. To check the suitability
of the factorial model, the Kaiser-Meyer-Olkin (KMO) test for sampling adequacy was used.
Three clusters representing three different rearing practices classes were identified and named
to simplify the discussion as follow: Class 1= “Hay class”; Class 2 = “Grass class” and Class
3 = “Haylage class”, respectively. The use of K-means provides an important justification for
PCA-based data reduction and allows good separation by grouping the animals according to

their similarities in terms of their properties.

To determine the significance of differences between the least squares means of the animal
life and fattening period, carcass, muscle and meat quality traits between the three rearing
practices classes, PROC GLM procedure of SAS was performed. The significant differences

were performed using Tukey's test at a significance level of P < (.05.
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For better understandings of the relationships and hence of mechanisms, simple and
multiple regression analyses were performed using the PROC REG of SAS to create best
regression equations for meat quality traits and carcass characteristics (as dependent variables,
x) using the protein muscle characteristics and protein biomarkers (as independent variables,
y) per rearing practice class. For that, the option “optimal model” was chosen to produce the
model with the highest r* value. We maximized at 4 the number of the explanatory variables
to be retained in the models to meet to the principle of parsimony [one variable each ten
observations (animals)]. Regression coefficients and significance of each retained variable are
calculated for the models. The absence of collinearity was systematically verified for each
regression model, by producing condition indices and variance proportions using the COLLIN
procedure of SAS. Variables were identified as collinear if they possessed both a high

condition index >10 and a proportion of variation >0.5 for two or more traits.’
Results and Discussion

The present study aimed to i) separate into classes using an innovative multivariate
analysis a total of 110 PDO Maine-Anjou cows according to their rearing practices applied
throughout their live; and ii) compare these classes for their carcass, meat quality and muscle
characteristics. In addition, this study aims also iii) to relate for the first time a list of
biomarkers quantified by Dot-Blot and other muscle characteristics, with carcass and meat
quality traits according to the rearing practices of PDO Maine-Anjou and explore the

consistencies and differences.
Characteristics of the three identified rearing practices classes

The data concerning the succession of main management events from birth to slaughter of
cows allowed, using PCA-based approach coupled with the iterative K-means algorithm, the
identification of three rearing practices (Figure 1). These multivariate analyses shows that the
cows with similar characteristics were clustered together as can be seen on the ellipses of the
insert at the upper left corner of Figure 1. The first class (hereafter “Hay class”) grouped 44
young and light cows with the lowest age of weaning and finished mainly with hay,
moderately active, with low calving and milking ability (Table 1). The second class (hereafter
“Grass class”) was very different from the two other classes, grouped 30 old cows with the
highest age at weaning, the highest number of calving and suckling score and finished under
grass diet, with greater physical activity Table 1. The third class (hereafter “Haylage class”)
grouped 36 old cows, with higher birth weight, finished with haylage, and characterized by
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low activity Table 1. PCA has been numerously used to characterize muscle foods as this
method point out quickly the relationships among the variables themselves. This method was
recommended to reduce a whole set of related parameters of animal and meat where coherent
patterns can be detected more clearly.'” Hence, plotting of the five axis with eigenvalues > 1.0

on a Cartesian axis revealed that, on the whole, the cows might be discriminated.
Differences and similarities in carcass, meat quality and muscle characteristics

The carcass characteristics of the cows for the three rearing practices classes are
summarized in Table 2. Cows within the Grass class had different carcass characteristics in
comparison to those of Hay and Haylage classes. The only parameter that is not different is
the fat to muscle ratio. It is recognized that management practices, such as rearing method,
can alter carcass characteristics through differences in finishing practices and diet.*°
Nevertheless, it is known that the specific effects on carcass are not easy to evaluate.”’ In this
study, the old animals reared under Grass had the highest carcass conformation, as well as hot
carcass, muscle and carcass fat weights. Muscle protein turnover and better vascularization
may be played a great role in the high muscularity of the animals as it is known to be highly
dependent on energy intake and protein supply.** Further, in spite of their high age, the cows
of Grass class gave carcass properties that are economically advantageous for breeders whom,
according to the EUROP classification, will be paid more. Earlier investigations observed that
cattle finished on pasture can grade as well as feedlot cattle.”> We may then speculate that
fattening the animals with the same amount of concentrate (P > 0.05) but managing them
differently, induced significant differences in favor of the cows of Grass class in comparison
with the Haylage class. Thereby, one can suppose that the farmers by their expertise were able
to identify the importance to keep the cows in the herd because they fit with the objectives of
PDO Maine-Anjou: reproductive performance, suckling ability and good skeletal and
muscular development, as confirmed in this study (Table 1 and 2). Moreover, this study
showed clearly that the Grass class is more suitable for carcass properties of PDO Maine-
Anjou and there is a need to encourage farmers to maintain this practice to produce added-
value beef. These might also satisfy consumers requesting pasture meat, perceived as
environmentally friendly. Still, little information is available on the effect of the feeding or
rearing system on the proportion of various tissues, thus carcass properties, in the studied
breed, and this work is the first to provide these comparisons in addition to a recent

preliminary work by our group on these animals.**
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The comparison of the meat eating quality properties between the three rearing practices
classes are given in Table 3. The levels of ultimate pH did not differ. The values were within

10,25

the normal range for cattle " where the mean values in each individual were all below the

threshold of 6.0.

Tenderness evaluated using instrumental (WBSF) or trained sensory panels was not
different between the rearing practices (Table 3). Similarly, juiciness, a texture attribute
positively related irrespective of cooking temperature and country panel with tenderness® was
not different. Texture is one of the most important component of meat quality.® Our results
emphasize that the cows of the three rearing practices classes, characterized by differences in
slaughter age, carcass weights and individual (zoo-technical) characters, led to the same meat
texture properties. These findings may be partly explained by the ageing period of meat cuts
(14 days), which is common for high-quality beef.*® Moreover, French et al.?” found in line to
our findings, no difference in meat quality with respect to shear force between cattle finished
on different regimen practices, including those of pasture. Thus, these results speculate that
irrespective of the differences in rearing practices and carcass properties, the same texture

properties of PDO Maine-Anjou ribeye steaks are achieved.

Intramuscular fat (IMF) content and beef flavor scores were not different between the
classes. These variables are closely related and known to affect the palatability of meat cuts.’
In contrast to our findings, finishing practices were reported to influence these two traits,
namely grass feeding.”® The similar IMF contents in this work may be explained by the high
fat deposition in the studied breed which is not influenced by the rearing practice in this

329 none to weak

experiment. On another hand and in agreement to earlier investigations,
effects of IMF on sensory traits were found in this study (data not shown). A meta-analysis by
our group showed that IMF accounted for a small percentage (4 to 5%) of the variation

observed in palatability traits in Longissimus thoracis muscle of cows and young bulls.”’

Beef color is the first attribute evaluated by consumers and is the major factor that
determines and influences the decisions of meat purchase at the point of sale.’® In the present
study, there is no difference in lightness (L*) between the meat of the 3 classes. Whereas, the
meat of the animals raised on pasture (Grass class) was redder in color than of Hay and
Haylage classes (Table 4). Causes of this effect are difficult to evaluate because several
factors, not a specific one, are responsible for these differences. In agreement to earlier
reports, Dunne et al.’' reviewed that, due to higher physical activity as it is the case in this

study (Table 1), animals reared on pasture have higher concentrations of myoglobin in
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response to the high oxidative fibers.'? It was also reported that beef color is influenced by
factors such as carcass fatness, animal age and carcass weight, all were the highest as

described above in Grass class than the two other rearing practices.”'

Concerning muscle properties of the three classes, among the biomarkers analyzed, only 4
muscle proteins were different (P < 0.05, Table 4). MyHC-Ila, Superoxide dismutase (SOD1)
and aB-crystallin were more abundant in Grass class. MyHC-IIx level was the lowest in this
class, as confirmed by both electrophoresis and Dot-Blot analyses (Table 4). The results
highlight a switch to more oxidative fibers (IIA fibers) at the expense of IIX fibers in grass
class (Figure 2b), a finding in agreement to previous studies.'” The higher levels of SODI1
and aB-crystallin in Grass class are coherent with earlier studies reporting higher abundances

of SOD1 and aB-crystallin in oxidative fibers.*>**

This may be partly due to the grass diet and
high physical activity (~98% vs. ~49% for Hay and ~27% for Haylage classes) of the cows,

allowing hence the development of intermediate rather than fast contractile properties.

Relationships between protein biomarkers with carcass characteristics per rearing

practices class

The relationships between the biomarkers and carcass traits were investigated using
multiple regression analyses per rearing practice, as the explanatory power of the global
regression equations were very low (Table S1-supplementary data). Thus, the regression
coefficients and significance of the proteins retained in each explaining equation by rearing
practice are given in Tables 5 — 7 for Hay, Grass and Haylage classes, respectively. A
summary of these associations, which aimed to better understand the relationships, and
underpinning mechanisms are given in Figure 2a. To our knowledge, proteomic studies
reporting links between protein biomarkers and carcass properties are still scarce and this
study is the first to show the abundances of biomarkers that may be affected according to
different rearing practices. Meanwhile, the findings confirm the previous investigations™
reporting the dependency of the relationships between biomarkers and phenotypes, which are

in this study, rearing practices and carcass trait-dependent.

For each rearing practices class, 14 biomarkers (common or different) entered in the
regression equations of the 6 carcass characteristics studied (Tables S — 7 and Figure 2a).
The explained variability ranged from 24 to 62% according to the carcass properties and the
rearing practices classes. Two proteins only, ICDH and TP53, were common for the three

classes and entered in at least one carcass trait for each rearing practices class. ICDH,
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representative of oxidative metabolism, had negative and positive coefficient for
conformation score for Hay and Haylage classes, respectively. TP53, a protein representative
of apoptosis, entered negatively and positively in HCW equations of Hay and Grass classes,
respectively. These inverted relationships, highlight the complexity of the effect of rearing
practices on the development of muscle and carcass properties, and thereby those of protein
abundances, as earlier postulated in several studies by our group for muscles, meat quality
traits and breeding practices.>***** Further, it must be recognized that the lack of consistency
would be a consequence of the impact of animal performance effects and the existence of

individual animal performances x rearing practice interactions.

Irrespective of rearing practice, Hsp70-Grp75 and p-calpain were not associated with any
of the carcass traits. These two proteins have a common denominator, Ca®, as they are both
involved on its trafficking from the endoplasmic reticulum (ER) to the sarcoplasm and
mitochondria.'” It seems that rearing practices and carcass traits are not related with these two

biomarkers as for meat quality traits.

Other relationships were specific for two or one rearing practices class (Figure 2a). SOD1,
Hsp70-1A and MyLC-1F involved in carcass traits of Hay and Haylage classes. Hsp70-1B,
MyBP-H, H2AFX, Hsp20 and Prdx6 entered in the regression equations of Grass and Hay
classes. MyHC-IIx, Hsp40, a-actin, PGM1 and ENO3 entered in the regression equations of
Grass and Haylage classes. The other proteins were related with carcass traits in one rearing
practices class only, likely aB-crystallin, m-calpain, LDH and MyHC-Ila for Hay class;
Hsp70-8 and fiber area for Grass class; and finally DJ-1, MyHC-I and Hsp27 for Haylage
class. The analysis of these relationships by rearing practices class with a focus on the
relevant proteins only, i.e., proteins that are retained in the equations more than twice for

carcass traits, was highlighted in the following.

For Hay class, MyBP-H and aB-crystallin retained 4 and 3 times to explain the carcass
traits, respectively (Figure 3a and Table 5). MyBP-H was negative in the regression
equations of conformation, ribeye, m. /ongissimus and hot carcass weights. MyBP-H has
significant effects on length, thickness, and lateral alignment of myosin filaments.>> Located
in the A-band of the myofibrils, it is closely related with the thick filaments, however its
primary association is with the fibers of fast twitch muscles.” The relationship of aB-
crystallin with ribeye, muscle and fat carcass weights agree with the importance of Hsp in the
regulation of intermediate filament network, likely desmin, involved in the structural integrity

and function of muscle cells and hence, those of carcass traits.”® In pig, Hou et al.”’ reported
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af-crystallin implication in the regulation of skeletal muscle growth and body size. Small Hsp
proteins were found in several studies to be also related with fat accumulation in bovine
skeletal muscle. For example, Kim et al.*® pointed out that Hsp27 has a negative correlation
with fat deposition in agreement with our findings. For instance, it is difficult to discuss more

there relationships. Nevertheless, they offer some important perspectives.

For Grass class, MyHC-IIx, H2AFX, MyBP-H and Hsp40 were the proteins mostly
related with the carcass traits (Figure 2a and Table 6). The first three proteins in addition to
ICDH were retained in the model of Longissimus muscle weight (LMW) and explained 62%
of variance. The negative relationship with MyHC-1Ix agree with the findings discussed
above, and suggest that more the animals are grazed, more are the oxidative properties of the
muscle, herein by ICDH showed with a strong regression coefficient (B = 0.53; P <0.001). As
expected, the impact of MyHC-IIx is more pronounced within ribeye and muscle carcass
weights (Table 6). Similarly, an earlier study revealed that the protein content in skeletal
muscle is affected by the regulation of MyHC expression when steers are grazed.” MyBP-H,
common to Hay class, was further retained in the regression equations of ribeye, Longissimus
muscle and fat carcass weights of Grass class. These findings support its involvement in
carcass traits and may partly explain the inverse relationships found within Grass and Hay
rearing practices class, described above to differ in their contractile properties. The precise
role of MyBP-H in carcass composition has not yet been described and we suggest this
biomarker to play a pivotal role in muscularity development under a marked rearing practice
effect. The relation with Hsp40, agrees well with the results found for Hay class, involving
cellular protein trafficking and stress defense. Accordingly, our group was the first to report
Hsp40 expression during cattle muscle development.®” In the present study, we show for the
first time links between Hsp40 and carcass traits in a rearing practices dependency manner.
Hsp40 is a co-chaperone that would assist the regulation of complex formation between
Hsp70 and client proteins using rapid and transient interaction by activating ATP hydrolysis.*!
Changes in Hsp40 expression might further reflect a shift in muscle metabolism.* Our
findings agree to this proposal. Thus, the rearing practices effect and specificity on Hsp40
abundance is of great significance, as the cows of Grass class showed a clear orientation of
muscle metabolism towards the oxidative type.”> The involvement of H2AFX in
conformation, Longissimus muscle and fat carcass weights highlights the high level of
regulation that occurs during animal growth and carcass development of cows reared under

Grass class. In Hay class, H2AFX was negatively related with ribeye and fat carcass weights.
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This study is the first to show these relationships. We may suggest H2ZAFX to play a pivotal
role in the balance between different biological processes. This histone was described to bind
to DNA and to various enzymes and protein entities, thereby modulating many cellular
pathways*. H2AFX was further reported to be involved in the underlying mechanisms of

muscle to meat conversion, namely of tenderness.' 4>+

For Haylage class, MyHC-1, PGM1 and Hsp27 were the main proteins involved in
different carcass traits (Figure 2a and Table 7). The first two proteins reflect both contractile
and metabolic properties of the muscle. Their involvement together with that of Hsp27 agrees
with the results described above for Hay and Grass classes. It seems that the retained proteins
and their direction differ between classes but they share common biological pathways that
would underpin muscle growth and carcass development. These proteins reveal a great role of
energy metabolism, heat stress and signaling pathways. Moreover, the findings highlight
specific sophisticated mechanisms behind adaptation of muscle and carcass to each rearing
practices management. This agrees with the previously published literature indicating that
physiology of growth in meat animals is an orchestrated process characterized by fine
coordination of cell proliferation and increase in cell size in organs, skeletal muscle, bone, and
adipose tissue from birth to market weight (for review see ). The involvement of Hsp27

3638 and gene levels.* Hsps

supports the relationships found with carcass traits at both protein
protect proteins of the cytoskeleton and have the ability to collaborate to control the redox
status.' In this work, the explaining regression equations confirmed mechanisms reported in
certain studies exploring relationships with few proteins or genes. For example, the equation
of fat carcass weight retained MyHC-I and Hsp70-1A (positive) and DJ-1 and SODI1
(negative). The positive involvement of both MyHC-I and Hsp70-1A agrees with the specific
expression of large Hsp70 in slow-twitch fibers.*! More precisely, these authors reported that
the inducible form of Hsp70 is constitutively expressed in rat muscles comprised of type I
muscle fibres, but not in those comprised of type IIb fibres.*' The oxidative properties of cells
are continuously affected along theses mechanisms, which may explain the implication of the
two anti-oxidant proteins (DJ-1 and SOD1). These results need further investigations since

little is known about these proteins in bovine muscle in relation to carcass, according to the

rearing practices of meat animals.

Associations between muscle biomarkers with meat quality traits per rearing practice

class
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The relationships between the biomarkers and meat quality traits were performed using the
same approach discussed above. Similarly, the regression coefficients and significance of the
proteins retained in each equation by rearing practices class are given in Tables S — 7 for Hay,
Grass and Haylage classes, respectively. A summary of these associations is given in Figures
2b,c¢ for each rearing practices class. A total of 17 biomarkers for Hay class, and 18 for both
Grass and Haylage classes, were entered in the regression equations of the 11 meat quality
traits (Tables 5 — 7 and Figure 2b). Furthermore, 3 to 5 carcass traits were entered in the
equations by class. These later did not explain a great variability compared to biomarkers,
unless for fat carcass weight which as expected, strongly and positively affected intramuscular
fat irrespective of rearing practices class. The explained variance of the regression equations
ranged from 20 to 80% (Tables S — 7). The findings support the numerous studies
highlighting the relationships between protein biomarkers identified using proteomic studies
and meat quality traits as recently reviewed in two comprehensive reviews®** The
implementation of high-throughput analytical tools over the last two decades was an
important step toward a better understanding of the complex biological systems that define
muscle to meat conversion.*'®!" The results reveal the rearing practice dependency of the
relationships. Certain proteins were for the first time related with some beef quality traits,

namely juiciness, beef flavor and color parameters.

Among the biomarkers, five were common for the three rearing practices class and retained
to explain at list one beef quality trait. These are MyHC-IIx, PGM1, Hsp40, ICDH and
Hsp70-Grp75. From these, PGM1 was positively related with A* irrespective of rearing
practice class. This robust relationship was earlier reported in cattle and identified PGM1 to
be positively related with a* and 4*.'® This is in line with the idea that in the early post-
mortem period, glycolysis will continue, thereby affecting meat color and other sensory
qualities. PGM1 catalyzes the production of 3-phosphoglycerate and ATP from 1.3-
bisphosphoglycerate during aging and the phosphorylation of PGM1 would play an important

role in pH drop and hence of meat quality traits development (for review see *).

The other metabolic enzyme, ICDH, entered positively with WBSF of Grass and Hay
classes, was further positively related with pHu of Hay and Haylage classes. ICDH involved
in the tricarboxylic acid (TCA) cycle was already identified to play a great role in post-
mortem beef metabolism. This agrees with the above results comparing classes and describing
relationships with carcass traits, supported mainly by the entrance of MyHC-IIx fibers in the

regression equations numerous times.
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The results about heat shock proteins are in line with the great role that these chaperones
would play in muscle to meat conversion.'®'”* Hsp40 was negative in the regression
equations of meat color coordinates of Hay (with C* and 4 *), Grass (with *) and Haylage
(with L*) classes. It was further positively related with juiciness (for Hay class) and
tenderness (for Haylage class). The primary studies have shown negative relationships
between DNAJAI (the gene coding for Hsp40 protein) expression in Longissimus thoracis
muscle and tenderness.*® Later on, this protein was reported by our group to be related with
beef color.'"” Moreover, the central role of the large Hsp70-Grp75 in color and sensory meat
qualities was recently proposed.'” In the present study, Hsp70-Grp75 was positive in C* of
Hay class, negative and positive respectively with juiciness and pHu for Grass class, and
positive with L* for Haylage class. After animal bleeding, apoptosis is induced and in
response, Hsp proteins are recruited to impede the onset of apoptosis and to chaperone the
unfolding of muscle proteins.® We assume that HSPs have essential roles in post-mortem
skeletal muscle since they contribute to proper conformation of proteins and preservation of
their biological functions. They act as molecular chaperones during protein assembly, protein
folding and unfolding, and in the refolding of damaged proteins, thus maintaining cell
homeostasis.* Hsp70-Grp75, a 75 kDa glucose regulated protein retained in the three classes,
is the only mitochondrial Hsp present in nearly all cellular compartments and may affect
muscle to meat conversion in different ways.'”*’ Further Hsp proteins were also involved but
in just two or one rearing practice. For example, aB-crystallin was as described above for
carcass traits positively related with IMF for Haylage class and negatively with juiciness, L*
and b* for Hay class. Hsp70-8 entered positively in beef flavor and negatively as expected in
sensory tenderness and C* equation of Hay class and positively with juiciness and a* for
Grass class. Hsp27 was negative with pHu in Hay class as described by Sevane et al.** and
positive with WBSF and negative with a* and b* for Grass class. Hsp20, another small Hsp,
was negative with C* for Grass class and positive with L* for Hay class. Finally, Hsp70-1A
was specific for Haylage class only and related negatively with pHu. Comparisons concerning
most of these relationships were extensively reported for different beef quality traits, namely

tenderness. The reader would refer to recent reviews in the field.”*

The other similarities found in this study are the positive relation of H2AFX with i2* for
both Grass and Hay classes. This study is the first to found this relation. It was further
involved negatively in beef flavor and ultimate pH and positively with b* for grass class.

H2AFX is an histone involved in the cellular response to DNA damage, notably during
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oxidative stress, which may explain its relationships with these traits where oxidation would
play an important role. This protein was proposed by our group using in silico to be related

with beef tenderness.'®

From the other antioxidant proteins reported, Prdx6 was positive with C* for both Grass
and Haylage classes. It was also negatively and positively related with 2* and a* in the same
classes, respectively. These findings are in line with our recent investigations on beef

10,17

color'®'” and those of other laboratories.*® Prdx6 is expressed in nearly all tissues including

skeletal muscle, and protects cells against oxidative stress. In addition, it was positively

related and in agreement to Guillemin et al.'®

with both tenderness and juiciness in Haylage
class. SOD1, a member of antioxidant enzymes, entered in both Hay and Grass classes. It was
negative in the regression equations of juiciness and beef flavor for Hay class, and positive
with WBSF and a* for Grass class. SOD1 is an antioxidant, which allows a fast dismutation
of 0% to O, and H,0,. Accordingly, Grabez et al.* reported great abundance of SODI in
tough meat. The authors suggest that stronger oxidative stress may cause ROS accumulation

in tough meat and reduce cell protection.

Structural proteins were also retained in several regression equations, but were specific for
each quality trait and the direction of their entrance is not always the same. The first example
concern a-actin negatively and positively related with WBSF of Haylage and Grass classes,
respectively. Meat tenderness is achieved primarily through ageing, during which structural
changes occur in the muscle owing to complex mechanisms involving pH and ionic strength,
combined with the action of cellular proteolytic systems.® In this study, both p-calpain and m-
calpain, two proteolytic systems, were related with meat quality traits, but rearing practice and
trait-dependent. For example, m-calpain was retained negatively and positively in L*
equations for Haylage and Hay classes, respectively. Furthermore, m-calpain was negatively
related with WBSF and positively with sensory tenderness for Hay class. For further
interpretation of the involvement of both proteolytic and structure proteins and their influence

on meat quality, the reader would refer to the comprehensive reviews published recently.®>°

Overall, taking all of the results together, this study allowed us to explore the protein
biomarkers relationships with Grass, Hay and Haylage rearing practices of PDO Maine-Anjou
beef. This study confirms that many production traits or production-related traits in livestock
are the result of sophisticated biological processes finely orchestrated during the life of the
animal and soon after slaughter. These results may serve as a first guideline of the

relationships between muscle proteome with carcass and beef quality traits according to the
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rearing practices. Furthermore, these protein biomarkers related to the carcass traits offer
scientific community a starting point from which to study the complex protein-networks
managing muscle to meat conversion that underlie economically important phenotype traits.
In this study, direct relationships using a consistent number of animals and biomarkers in
comparison to proteomic studies investigating generally little animals allowed confirming the
earlier statements and reveals for the first time direct relationships with carcass traits.
Furthermore, the most original in this integrative approach is that we have associated for the
first time myriad proteins belonging to several biological pathways in relation to carcass
qualities that were not often considered in the same study. The relationships were also with
eleven meat quality traits grouping texture, flavor, pH and color, according to the rearing

practices of the animals.
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Figure captions

Figure 1. Principal component analysis showing both the loading and score plots of the
variables used to discriminate between the 110 cows. The rearing practice classes 1 — 3
(ellipses of the insert at the upper left corner of PCA) were highlighted in blue, green and red
respectively. The variables in bold character are significantly different (P < 0.05) between

classes and those in italic are not different as depicted in Table 1.

Figure 2. A summary of the entrance frequency of the protein biomarkers in the regression
equations of A) carcass characteristics and B) meat quality traits within rearing practice
classes from Tables 5 — 7. The regression equations of meat quality traits (B) were built by
including C) carcass characteristics as explanatory variables (FCW: Fat Carcass weight;
LMW: Longissimus muscle weight; MCW: muscle carcass weight; HCW: hot carcass weight;
EUROP CS: EURQP carcass score and RW: ribeye weight). The relevance of the proteins in
the traits of each rearing practice are presented by a red gradient color from none (0) with

white to the high (4) in intense red.
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Table 1. Comparison of the three rearing practices identified according to variables related to

animal life and fattening period.

Class1* Class 2 Class 3
Variables “Hay” “Grass” “Haylage” SEM " p-value °

(n=44) (n=30) (n=36)
Birth weight (kg) 49.3° 48.3° 52.2° 0.49 *o
Age of weaning (month) 6.9° 7.6 7.2% 0.10 *
Weaning duration (week) 7.7 9.8 9.1 0.90 ns
Age at first calving (month) 33.5° 32.1*° 31.3° 0.39 *
Number of calving 2.1° 3.7° 3.4° 0.20 ok
Suckling score (/10) 5.6° 6.4" 5.9 0.13 *
Fattening duration (day) 98.9 91.8 104 2.87 ns
Haylage diet (%) 3.6° 6.1° 75.4° 3.54 xk
Hay diet (%) 84.6° 28.8° 19.7° 3.58 ok
Grass diet (%) 11.8° 65.0° 4.9° 3.08 ok
Daily concentrate diet (kg) 7.8 7.6 7.7 0.20 ns
Global concentrate diet (kg) 760 683 757 23.37 ns
Activity (%) 49.1° 93.9° 26.7° 443 ok
Age at slaughter (month) 57.9 76.1° 72.2° 2.37 ok

* Least square means in the same row for class effect not followed by a common letter (a-c) differ
significantly: P <0.05.

® Standard error of mean

¢ Significances : ns: not significant; *: P < 0.05; **: P <0.01; ***: P <0.001
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Table 2. Comparison of the three rearing practices identified according to variables related to
carcass characteristics.

Class 1° Class 2 Class 3
Variables “Hay” “Grass” “Haylage” SEM" p-value®
(n=44) (n=30) (n=36)
Hot carcass weight (HCW, kg) 428" 459 435P 3.46 ok
EUROP conformation score (EUROP CS) 4.8 5.1 4.5° 0.08 *
Ribeye weight (g) (RW) 2956 3333° 2903° 61.10 o
Longissimus muscle weight (LMW) 370° 407° 345° 7.57 ok
Muscle carcass weight (MCW) 1811° 2026 1773° 38.60 *
Fat carcass weight (FCW) 551° 650° 553° 18.23 *
Fat to muscle ratio (% w/w) 309 32.8 31.2 0.97 ns
* Least square means in the same row for class effect not followed by a common letter (a-c) differ significantly:

P <0.05.
® Standard error of mean
¢ Significances : ns: not significant; *: P < 0.05; **: P<0.01; ***: P<0.001
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Table 3. Comparison of the three rearing practices identified according to variables related to

meat quality traits.

Class1* Class 2 Class 3
Variables “Hay” “Grass” “Haylage” SEM ® p-value ¢

(n=44) (n=30) (n=36)
Ultimate pH 5.59 5.60 5.60 0.01 ns
Lightness (L*) 39.5 39.9 39.6 0.22 ns
Redness (a*) 8.65" 9.27° 8.67° 0.12 *
Yellowness (b*) 7.00° 8.31° 7.24° 0.14 ok
Chroma (C¥) 11.2° 12.5° 11.3° 0.15 **
Hue angle (/%) 38.9° 41.6" 39.8° 0.47 *
Tenderness (0 — 10 scale) 4.5 4.6 4.4 0.05 ns
Juiciness (0 — 10 scale) 33 3.2 33 0.04 ns
Beef flavor (0 — 10 scale) 4.7 4.7 4.7 0.03 ns
Warner-Bratzler shear force (N/cm?) 44.6 42.8 45.8 1.07 ns
Intramuscular fat content (% w/w) 15.7 17.6 16.4 0.59 ns

* Least square means in the same row for class effect not followed by a common letter (a-c) differ

significantly: P <0.05.
® Standard error of mean

¢ Significances : ns: not significant; *: P < 0.05; **: P < 0.01; ***: P <0.001
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Table 4. Comparison of the three rearing practices identified according to variables related to
muscle characteristics.

Class1*® Class 2 Class 3
Variables “Hay” “Grass” “Haylage” SEM" p-value®
(n=44) (n=30) (n=36)

Contractile properties by myosin fiber characterization

Fiber area, pm? 2885 2940 2894 61.8 ns
MyHC-I (%) 30.5 31.9 31.4 0.71 ns
MyHC-IIa (%) 55.0° 61.2° 54.8° 1.22 *
MyHC-IIx (%) 14.5° 6.9" 13.8° 1.34 *
Metabolic properties by metabolic enzyme activities

LDH (umol .min" .g™") 713 693 708 10.4 ns
ICDH (pmol .min™ .g™) 1.02 1.07 1.03 0.03 ns
Protein biomarkers quantified Dot-Blot (in arbitrary units)

Heat shock proteins

oB-crystallin 207.5° 252.5° 217.3° 8.04 *
Hsp20 159.3 159.8 176.6 4.35 ns
Hsp27 75.7 81.8 79.6 1.90 ns
Hsp40 129.9 126.5 135.1 2.01 ns
Hsp70-1A 120.1 1154 124.7 2.51 ns
Hsp70-1B 192.4 174.4 187.9 4.73 ns
Hsp70-8 112.7 113.7 109.7 2.38 ns
Hsp70-Grp75 143.6 145.1 146.2 2.92 ns
Metabolism

Enolase 3 (ENO3) 141.8 145.8 146.7 3.47 ns
Phosphoglucomutase 1 (PGM1) 106.5 94.3 102.5 2.61 ns
Structure

a-actin 129.4 120.1 119.6 3.87 ns
Myosin binding protein H (MyBP-H) 125.9 122.9 127.7 1.78 ns
Myosin light chain 1F (MyLC-1F) 60.7 61.3 62.2 1.24 ns
Mysoin heavy chain I[Ix (MyHC-IIx) 99.1° 78.2° 92.3" 2.63 *
Oxidative stress

Superoxide dismutase [Cu-Zn] (SOD1) 94.1° 118.5° 96.4° 3.63 *
Peroxiredoxin 6 (PRDX6) 105.8 102.4 111.2 1.67 ns
Protein deglycase (DJ1) 93.4 87.7 91.5 1.33 ns
Proteolysis

p-calpain 145.4 155.9 157.5 3.66 ns
m-calpain 96.3 94.0 98.7 1.21 ns
Apoptosis and signaling

Tumor protein p53 (TP53) 114.8 119.5 122.1 1.82 ns
H2A Histone Family Member X (H2AFX) 99.8 97.1 99.2 2.14 ns

* Least square means in the same row for class effect not followed by a common letter (a-c) differ
significantly: P < 0.05.

" Standard error of mean

¢ Significances : ns: not significant; *: P < 0.05
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Table 5. Multiple regression analyses of carcass characteristics and meat quality traits for Hay class using protein biomarkers and carcass characteristics.

Carcass quality parameters

Meat quality parameters

Variables HCW EUROP RW
# CS

LMW

MCW

FCW

WBSF GT JUIC

BF

IMF

pHu

L*

a*

b* Cc* h*

R-squared 0.31%% 0.41%**  0.29%*

0.33%*

0.24*

0.40%+*

0.50%%% 0.46%+* 0.40%**

0.22*

0.427% 5+

0.52%%*

0.29*

0.26*

0.30%  0.20% 0.40%%*

aB-crystallin -0.48%*
m-calpain 0.52%**

MyBP-H -0.53***  _041*
SOD1

ICDH -0.40%**

H2AFX -0.31*
TP53 -0.48*

PGM1

Fiber area

MyHC-1Ix (%)

Hsp40

Hsp70-8

Hsp20

Hsp70-1A -0.29*

LDH 0.38%*

MyLC-1F 0.30%*

Hsp27

MyHC-1Ix (AU)

ENO3

Hsp70-Grp75

MyHC-1la (%)  0.39*

Hsp70-1B 0.69%**

Prdx6

0.61%**
-0.59%%*

0.40*

-0.30*

-0.50*

-0.43*

-0.35%

0.34*

0.20*

-0.46%*

0.25*

-0.43*
-0.47**  0.35%
0.37*
-0.43%*
0.34%*

0.42%*

0.75%%*
-0.32%*

-0.25%

-0.35%

0.48%*

0.34*

-0.25%

-0.29*

-0.24*

-0.36**

-0.41%*
0.50%*

0.35%*

-0.33%*
-0.33*
0.41%*

-0.29*
0.35%

0.61**
0.35%
-0.34*

-0.37*  -0.51**
-0.45*

0.54%*
0.59*

FCW

LMW
MCW
HCW

0.36%**

0.30*

0.18*

0.36**

-0.28*

-0.22%*

0.33*

-0.57*
0.50*

TN NN W o e e e e NN NN W W WWWWW W WO

: frequency of the entrance of the variables in the regression equations.

Abbreviations: WBSF: Warner-Bratzler Shear Force; GT: global tenderness; JUIC: juiciness; BF: beef flavor; IMF: intramuscular fat; L*: lightness; a*: redness; b*:
yellowness; C*: Chroma; A*: hue angle; HCW: hot carcass weight; RW: ribeye weight; LMW: Longissimus muscle weight; MCW: muscle carcass weight; FCW: fat

carcass weight.

Significances: * P < 0.05; ** P <0.01; *** P < 0.001
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Table 6. Multiple regression analyses of carcass characteristics and meat quality traits for Grass class using protein biomarkers and carcass characteristics.

Carcass quality parameters Meat quality parameters

Variables HCW EUCRSOP RW LMW  MCW FCW WBSF  GT JUIC BF IMF pHu L* a* b* C* h*
#

R-squared ~ 0.49%*  0.48**  0.52%** (.62%** (.59%** (.58%** 0.50%* 0.53***  0.56***  (.57%** 0.80%%* 0.44%%  0.42%*  0.55%*%*% 0.43*%* 0.45*%* 0.527%%*

H2AFX 0.73*** 0.40%* -0.43* -0.47%* -0.49* 0.55%* 0.67***
MyHC-IIx (AU) -0.68%**  .0.38*% -0.72*** -0.36* -0.71%* 0.64*  0.95%*

Hsp40 0.28* 0.31* 0.45%* -0.43%*

a-actin 0.83%* 0.40*  0.27*

Prdx6 -0.46* 0.89%** -0.37*
Hsp70-8 0.46* 0.76** 0.46**

ICDH 0.53%%** 0.50%* -0.41%*

PGM1 -0.56** -0.47** 0.49**
MyBP-H 0.47%*%  0.47%* 0.63**

p-calpain -0.60*  0.66%* 0.28*

Hsp27 0.45* -0.36*  -0.71%*

Hsp20 -0.30%* -0.35%

MyLC-1F -0.61%** -0.16*

Hsp70-Grp75 -0.58%%* 0.98***

SOD1 0.47** -0.31*

MyHC-1Ix (%) -0.49* -0.36*
MyHC-I (%) 0.51%** 0.39*

ENO3 0.35% 0.33*

Fiber area 0.24*

HSP70-1B 0.57%*

TP53 0.87%**

LDH -0.28%

MyHC-Ila (%) -0.87%%*

RW 0.36* -1.23%%* -0.49%*
EUROP CS -0.44%*

HCW 0.48%*

LMW 0.45%*

FCW 1.34%%*

Q) [k ek ek ek DN N NN NN WWWWWWWWE I

)

#: frequency of the entrance of the variables in the regression equations.

Abbreviations: WBSF: Warner-Bratzler Shear Force; GT: global tenderness; JUIC: juiciness; BF: beef flavor; IMF: intramuscular fat; L*: lightness; a*: redness; b*: yellowness; C*: Chroma;
h*: hue angle; HCW: hot carcass weight; RW: ribeye weight; LMW: Longissimus muscle weight; MCW: muscle carcass weight; FCW: fat carcass weight.

Significances: * P <0.05; ** P <0.01; *** P <0.001
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Table 7. Multiple regression analyses of carcass characteristics and meat quality traits for Haylage class using protein biomarkers and carcass characteristics.

Carcass quality parameters Meat quality parameters

Variables HCW EUCRSOP RW LMW MCW FCW WBSF GT JUIC BF IMF pHu L* a* b* C* h*

R-squared 0.30% 0.34**  0.38%*  0.43**  0.37*%* 0.44** 0.33* 0.43%* 0.44%*%  0.56%** 0.69*** 0.35%* 0.46*** 0.40** 0.53*** 0.61*** (.35*%*

I+

MyHC-IIx (AU) 0.36* -0.23* 0.97*%* (. 81%*% (. 72%%**
MyLC-1F 0.31* -0.35% -0.36%* 0.26* 0.36%**

PGM1 0.36* 0.35* 0.40* -0.58%* 0.47*
Hsp40 -0.40%* -0.41%* 0.44* -0.46%*

PRDX6 0.44* 0.43%** 0.34* 0.28*

MyHC-I (%) 0.53* 0.37* 0.31* 0.50%**

a-actin -0.54%* -0.34%* -0.53%**

TP53 -0.62%%* -0.63%** 0.32%*

HSP70-1A -0.35% 0.45%* -0.30%*

ICDH 0.53%** 0.47** -0.36*

Hsp27 -0.38*%  0.55%* 0.42%*

MyHC-Ila (%) -0.49*%  -0.78%* -0.80%**

ENO3 0.50%* -0.59%**

DJ1 -0.36%* -0.77%**

MyBP-H 0.31* -0.44%*
m-calpain -0.33%* -0.31%*

SOD1 -0.29*

MyHC-IIx (%) -0.34%*

Hsp70-Grp75 0.47%*

u-calpain -0.38%*

oB-crystallin 0.48%**

Fiber area -0.20*

FCW 0.45%** .0.25% 0.40** 0.45%*
MCW 0.48* 0.43%* 0.37*
LMW -0.45* -0.56%+*

W B ek ek ek NN NN W W WW W W AR A RO 0NN

[

#: frequency of the entrance of the variables in the regression equations.

Abbreviations: WBSF: Warner-Bratzler Shear Force; GT: global tenderness; JUIC: juiciness; BF: beef flavor; IMF: intramuscular fat; L*: lightness; a*: redness; b*: yellowness; C*:
Chroma; A*: hue angle; HCW: hot carcass weight; RW: ribeye weight; LMW: Longissimus muscle weight; MCW: muscle carcass weight; FCW: fat carcass weight.

Significances: * P < 0.05; ** P <0.01; *** P < 0.001
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