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Sébastien Couvreur, Guillain Le Bec, Didier Micol and Brigitte Picard

Relationships Between Cull Beef Cow Characteristics, Finishing Practices and Meat Quality
Traits of Longissimus thoracis and Rectus abdominis
Reprinted from: Foods 2019, 8, 141, doi:10.3390/foods8040141 . . . . . . . . . . . . . . . . . . . . . 25
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Is Meat of Breeder Turkeys so Different from That of Standard Turkeys?
Reprinted from: Foods 2019, 8, 8, doi:10.3390/foods8010008 . . . . . . . . . . . . . . . . . . . . . . 87

Cécile Berri, Brigitte Picard, Bénédicte Lebret, Donato Andueza, Florence Lefèvre,
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Kimmo Rumpunen and Eva Tornberg

Lipid Oxidation Inhibition Capacity of 11 Plant Materials and Extracts Evaluated in Highly
Oxidised Cooked Meatballs
Reprinted from: Foods 2019, 8, 406, doi:10.3390/foods8090406 . . . . . . . . . . . . . . . . . . . . . 211

vi



About the Special Issue Editors

Mohammed Gagaoua is a food/meat scientist who received his engineering degree at Constantine

University, Algeria. In 2009, Mohammed started a high postgraduate and conducted a research

on the main endogenous muscle proteolytic systems and serpins inhibitors before he receiving his

Ph.D. in 2015 on meat and muscle biochemistry at INRA Research Centre, France, and Constantine

University on biomarkers of sensory qualities of beef: understanding of the biological mechanisms

and prediction. He worked as a lecturer at the Université de Béjaia from 2011 to 2014, as an
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Preface to “Current Advances in Meat Nutritional,

Sensory and Physical Quality Improvement”

Meat is an important source of proteins, vitamins, minerals, and fat, and these nutrients are

important for their beneficial effects on human health. In recent years, meat quality has become a

more relevant topic for consumers with regard to health and sensory characteristics, and for beef

industry stakeholders because it affects their profitability. Therefore, the control of meat quality,

including technological, sensory, and nutritional quality traits, constitutes an important target for

any farm animal production. What those qualities are and how we best evaluate them at the different

levels of the supply chain from the farm to fork are critical to understanding meat production and

consumption patterns. However, despite the efforts of industry to control the eating and nutritional

quality traits of meat and meat products, a high level of variability remains, which is one reason for

consumer dissatisfaction. This Special Issue focuses on the study of the various aspects from farm to

fork that impact the control of the nutritional, sensory, and technological aspects of carcass, muscle,

meat, and meat-product qualities. The Issue groups 14 original studies and one comprehensive

review within five main topics: (i) production systems and rearing practices, (ii) prediction of meat

quality, (iii) statistical approaches for meat quality prediction/management, (iv) muscle biochemistry

and proteomics techniques, and (v) consumer acceptability, development, and characterization of

meat products.

Mohammed Gagaoua, Brigitte Picard

Special Issue Editors
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Abstract: Meat is an important source of proteins, vitamins, minerals and fat, and these nutrients are
important for their beneficial effects on human health. In recent years, meat quality has become a more
relevant topic for consumers with regard to health and sensory characteristics, and for beef industry
stakeholders because it affects their profitability. Therefore, the control of meat quality, including
technological, sensory and nutritional quality traits, constitutes an important target for any farm
animal production. What those qualities are and how we best evaluate them at the different levels of
the continuum from the farm to fork are critical to understanding meat production and consumption
patterns. However, despite the efforts of the industrials to control the eating and nutritional quality
traits of meat and meat products, there remains a high level of variability, which is one reason for
consumer dissatisfaction. This Special Issue focuses on the study of continuum aspects from farm to
fork, which would have an impact on the control of the nutritional, sensory and technological aspects
of carcass, muscle, meat and meat-product qualities. It groups fourteen original studies and one
comprehensive review within five main topics that are (i) production systems and rearing practices,
(ii) prediction of meat qualities, (iii) statistical approaches for meat quality prediction/management,
(iv) muscle biochemistry and proteomics techniques and (v) consumer acceptability, development
and characterisation of meat products.

Keywords: meat science; carcass and meat qualities; sensory and technological quality; muscle
biochemistry; statistical tools for meat quality prediction; OMICs tools; production systems

Meat quality constitutes the main topic for both consumers with regard to health and sensory
characteristics and beef industry stakeholders for economic considerations. Despite the efforts of
beef sector actors to control the eating and nutritional quality of beef, there remains a high level of
variability in these quality traits, which is one reason for consumer dissatisfaction. However, it is
recognised that science and innovation will play a great role in helping the industry respond to
consumer concerns and expectations. Accordingly, and within the idea and objective of bringing
together original studies dealing with the continuum aspects, i.e., from farm to fork [1,2], having an
impact on the nutritional, sensory and technological aspects of carcass, muscle, meat and meat-product
qualities, we edit this Special Issue on “current advances in meat nutritional, sensory and physical
quality improvement”. From the fifteen published papers, five main research topics were covered:
(i) production systems and rearing practices, (ii) prediction of meat qualities, (iii) statistical approaches
for meat quality prediction/management, (iv) muscle biochemistry and proteomics techniques and
(v) consumer acceptability, development and characterisation of meat products.

In the first topic dealing with production systems and rearing practices and their relationships
with carcass and meat qualities, almost six papers can be categorized [3–8]. The first study by Moran

Foods 2020, 9, 321; doi:10.3390/foods9030321 www.mdpi.com/journal/foods1
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et al. [3] compares the quality of beef from bulls slaughtered at 15 months of age and reared in typical
Irish indoor production systems with those raised in novel grass-based systems. This study was
conducted in response to some European markets seeking bulls to be slaughtered at less than 16 months
of age with a carcass fatness score of six on the 15-scale. The context of the study by Moran and
co-workers, therefore, was to compare cheaper alternative systems with those demonstrated to achieve
the carcass weight and fat cover specifications. The authors found that the only grass-based system
that reached the current market requirement was the ration based on grass silage and concentrates,
offered indoors with associated costs of housing. Therefore, the production of late-maturing sired bulls
for slaughter at less than 16 months of age from pasture does not seem to be an option for meeting
current market requirements. It is worthwhile to note that the beef-eating quality of grass-fed animals
was not detrimentally affected. The second study is by Couvreur et al. [4], which has been performed
on the protected designation of origin (PDO) Maine–Anjou cull cows. The authors investigate the
relationships among the characteristics of cull beef cows, rearing practices and physicochemical
characteristics and sensory traits of two differing muscles, Longissimus thoracis (LT) and Rectus abdominis
(RA). The novelty of this study is the consideration of the interaction between animal type and finishing
practices at the farm scale on the final meat quality based on a clustering approach that distinguishes
different rearing practices. The authors found that finishing practices, whatever the cluster, have less
effect than animal type on RA and LT meat properties. Also, the effects observed on meat quality
are directly related to farmers’ practices and provide new advice and modifications in culled cows
rearing practices that would help improve the meat quality of PDO Maine–Anjou. In the same context,
two studies by Soulat et al. [5,6] investigate using the same experimental design on 96 heifers of
the protected geographical indication (PGI) Fleur d’Aubrac (crossbreed Charolais × Aubrac); first,
the effect of the rearing managements applied during the heifers’ whole life on carcass and flank steak
quality [5], and second, the effect on five muscles from ribs in the chuck sale section [6]. To achieve their
goals, the authors conducted surveys with farmers to identify the main rearing managements applied,
allowing them to select the animals with controlled slaughter and post-slaughter conditions to limit
any effects on the final meat quality. In the first preliminary study, rearing management applied during
the heifers’ whole life seem to have more impact on carcass traits than on the flank steak properties.
The authors conclude that carcass traits could be improved without altering the meat properties. In the
second study, the authors investigate the impact of four different rearing managements (identified by a
statistical clustering method) on the traits of the LT muscle (sensory, rheological, and colour) and the
rheological traits of four other muscles, complexus, infraspinatus, rhomboideus, and serratus ventralis, in
the ribs of the chuck sale section. It seems from the main results that the whole life period of the animals
has no effect on tenderness (sensory or rheological analyses) of the rib muscles. The findings of these
two studies by Soulat et al. [5,6] together with those of Couvreur et al. [4] demonstrate that it is possible
to obtain similar meat qualities with different rearing managements. The fifth study is by Cafferky et
al. [7] and it investigates, on a big cattle database at industrial scale of crossbred bull and steer progeny,
the effect of breed (eight beef sire breeds representative of the Irish herd: Aberdeen Angus, Belgian
Blue, Charolais, Hereford, Limousin, Parthenaise, Salers and Simmental) and gender on meat quality
traits (Warner–Bratzler shear force (WBSF), intramuscular fat (IMF%), cook-loss%, drip-loss%, colour
(L*, a*, b*) and ultimate pH) of Longissimus thoracis et lumborum (LTL) muscle. The authors report
on animals obtained and reared under the same feeding and environmental conditions that the sire
breed had a significant effect on IMF%, cook-loss% and drip-loss%. With respect to breed, Aberdeen
Angus-sired progeny had the highest IMF% and the lowest drip-loss%, Limousin-sired offspring
had the lowest cook-loss%, while Belgian Blue- and Parthenaise-sired progeny scored the highest for
drip-loss%. On another hand, the comparisons of bulls and steers highlight that castration significantly
impacts WBSF, IMF% and cook-loss%. Steers in comparison to bulls had higher IMF% and reduced
WBSF and cook-loss%, implying steer beef to be more tender and juicy, with more favourable IMF%.
This study supports the hypothesis that breed and gender influence the final eating qualities of beef.
Finally, the sixth study grouped in this first topic is by Chartrin et al. [8] on turkey meat. It evaluates
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the meat produced from breeder turkeys in comparison with that of standard turkeys. In line with
the objectives of the Special Issue, the technological, nutritional, and sensorial quality of breasts and
thighs with drumsticks of turkey male and female breeders was characterized in comparison to that of
drumsticks of growing male and female turkeys from the Grademaker line. The authors prove that
the differences that exist between males and females, and between standard and breeder turkeys, are
mainly a consequence of differences in the age at slaughter and due to sexual dimorphism on body
weight. The meat of female breeders had characteristics close to those of standard turkeys, whereas the
meat of male breeders was clearly distinguishable, particularly by displaying lower tenderness and
water-holding capacity.

In the second topic grouping of studies within the prediction of meat qualities, two papers by
Berri et al. [9] and Sahar et al. [10] are published. The former is a review titled “Predicting the Quality
of Meat: Myth or Reality?”. The authors provide an overview of recent advances made in the field of
meat quality prediction, particularly in Europe. The different approaches applied at the laboratory
or at the production scale for the development of equations and tools using biological (genomic or
phenotypic) or physical (spectroscopy) sources are extensively discussed. The authors develop the
recent strategies and findings in Europe related to (i) the search of genes that control the quality of pork
and chicken meat, (ii) the recent advances in the search and quantification of protein biomarkers that
predict or explain beef tenderness, (iii) the potential of blood biomarkers to predict meat quality by
giving the first encouraging results on the use of high-resolution nuclear magnetic resonance or NMR,
followed by (iv) the potential of spectroscopic methods. For this last approach, the authors review
that the most significant progress was achieved using near-infrared spectroscopy (NIRS) to predict
the composition and nutritional value of meats. However, it is worthwhile to note that predicting the
functional properties of meats using these methods, especially the sensory quality, is slightly difficult,
and further studies are needed. Finally, the example of the Meat Standards Australia phenotypic
model, which predicts the eating quality of beef based on a combination of upstream and downstream
data, is briefly described. In frame of the objectives of this second topic and more specifically on
the use of spectroscopic methods, the research paper by Sahar et al. [10] illustrate the potential of
visible–near-infrared (Vis–NIR) spectroscopy to predict physicochemical quality traits (ultimate pH,
colour, cook loss and drip loss) in a big dataset of 368 samples of bovine LTL muscle. The authors
highlight that the application of Vis–NIR spectroscopy directly on the meat carcass is advantageous as
it does not require the preparation of the sample before analysis, and it is applicable to the prediction
of quality online using a fibre-optic probe.

In the third topic that groups papers dealing with statistical approaches for meat quality
prediction/management, three original papers are published [11–13] and they are complimentary to the
previous topic by addressing some of the objectives reported by Berri et al. [9] for the development of
prediction/management tools of beef qualities. The first study by Ellies-Oury et al. [11] presenta a new
methodology for the selection of protein biomarkers of tenderness in five different bovine muscles
using a multi-block model: the data-driven sparse partial least square. In the same context, Gagaoua
et al. [12] present an innovative approach for the prediction of beef tenderness by a combination
of statistical methods that are “chemometrics” and “supervised learning” to manage the integrated
data of the continuum from the farm to fork and select the potential predictors of beef tenderness.
Among a total of 60 variables, including WBSF and belonging to 4 levels of the continuum that are
farm–slaughterhouse–muscle–meat, partial least squares (PLS) and three decision tree methods (C&RT,
classification and regression tree; QUEST, quick, unbiased, efficient regression tree; and CHAID,
chi-squared automatic interaction detection) were tested to select the driving factors of WBSF and
propose predictive decision tools using the selected variables. In the last study, Conanec et al. [13]
propose a new method to manage the trade-off between four performance goals that are the nutritional
and organoleptic properties of meat and cattle performances, including carcass properties. Among their
findings, the authors show that there is no antagonism between organoleptic quality and nutritional
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quality. Moreover, the modelling approach is able to highlight the relation between the variables of
different origins and the degree of their interconnectedness.

In the fourth topic dealing with muscle biochemistry and proteomics techniques, two original
and independent papers are published [14,15]. The study by Zhu et al. [14] assess the usefulness of
RNAlater®, regarded as a potential preservation method for proteins, to preserve post-mortem bovine
muscle proteins compared with dry ice in a proteomic study. The protein profiles of muscle preserved
in RNAlater® were found, whatever the sampling time, to be similar to those of dry ice. The results
demonstrate that RNAlater® can be a simple and efficient way to preserve bovine muscle proteins for
meat proteomics, where snap-freezing may not be a viable option for sample stabilization. The second
study by Listrat et al. [15] deals with a deeper understanding of the ontogenesis of intramuscular
connective tissue composition that would allow the control of muscle differentiation to improve beef
quality. Therefore, the authors investigate the chronology of expression of ten extracellular matrix
molecules in bovine Semitendinosus muscle using an immunohistology technique at five key stages of
myogenesis. The data suggest that for the best controlling of the muscular differentiation to improve
beef sensory quality, it would be necessary to intervene very early, i.e., at the beginning of the first-third
of gestation.

In the fifth and last topic identified in this Special Issue, two original papers are categorised in the
frame of consumer acceptability, development and characterisation of meat products. Čandek-Potokar
et al. [16] aim to test the sensory acceptability of Slovenian consumers of a traditional product,
the protected geographical indication dry-cured belly Kraška pancetta, produced from entire males,
immunocastrates or surgical castrates. This preliminary study provides an overview of the sensory
acceptability of dry-cured belly by Slovenian consumers in relation to gender, as characterized by
leanness and boar taint level. The latest study by Burri et al. [17] tackles the subject of lipid oxidation
known to affect the development and final qualities of meat and meat products [18]. Accordingly,
the study by Burri et al. [17] had two main objectives: (i) develop a relevant oxidized processed
meatball model to study the effects of supplemented antioxidants, and (ii) investigate lipid oxidation
in meatballs without and with a range of eleven plant materials and extracts at different concentrations.
The authors conclude that antioxidant-rich plant materials and extracts can efficiently prevent lipid
oxidation in processed-meat products, such as meatballs.

In summary, the fifteen papers published in this Special Issue highlight a great part of the research
activities in the field of meat science, aiming to characterize and improve the nutritional, sensory and
physical quality of meat and meat products. This Special Issue feat, with the worldwide trend toward
foods for nutrition and health, further states the importance of multidimensional and multidisciplinary
approaches as exemplified in the papers described above. Finally, most authors who have contributed
to this issue state that further research in their topic is required in every one of the presented papers
and this assures an exciting time for future studies to improve and control the nutritional, sensory and
physical quality aspects of meat and meat products.
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Abstract: The objective was to compare the quality of beef from bulls reared in typical Irish indoor
systems or in novel grass-based systems. Bulls were assigned to one of the following systems: (a) grass
silage plus barley-based concentrate ad libitum (CON); (b) grass silage ad libitum plus 5 kg of concentrate
(SC); (c) grazed grass without supplementation (G0); (d) grazed grass plus 0.5 kg of the dietary dry
matter intake as concentrate (GC) for (100 days) until slaughter (14.99 months). Carcass characteristics
and pH decline were recorded. Longissimus thoracis was collected for analytical and sensory analysis.
Lower carcass weight, conformation and fatness scores were found for grazing compared to CON and
SC groups. CON bulls had highest intramuscular fat and lighter meat colour compared with grazing
bulls. The SC meat (14 days aged) was rated higher for tenderness, texture, flavour and acceptability
compared with grazing groups. CON saturated and monounsaturated fatty acid (FA) concentration
was highest, conversely, omega-3 FA concentration was higher for GC compared with CON, while
no differences were found in polyunsaturated FA. In conclusion, while market fatness specification
was not reached by grazed grass treatments, beef eating quality was not detrimentally affected and
nutritional quality was improved.

Keywords: grass-fed; young bulls; nutritional quality; tenderness; carcass characteristics; pasture

1. Introduction

Some European markets require bulls to be slaughtered at less than 16 months of age and to
have a carcass fatness score of six (1–15 scale) [1]. These market specifications are presumed to reflect
an effect of age and carcass fatness on meat quality and consumer preferences and are generally
achieved by the use of high energy rations [1]. However, these specifications limit the ability of farmers
to explore the use of alternative lower-cost feed options and to increase the profitability of the bull
beef enterprise.

Feedstuff costs are a major proportion of the total expenditure in cattle production [2]. In regions
with a temperate climate, grazed grass is a cheaper feedstuff [3,4]. Conserved grass (silage) has been

Foods 2019, 8, 264; doi:10.3390/foods8070264 www.mdpi.com/journal/foods7



Foods 2019, 8, 264

used in this bull production system to achieve the carcass specification required but few meat quality
studies are available. As grazed grass is cheaper than conserved grass, there is interest in including
grazed grass in bull production, while the inclusion of a grazing period would also decrease the costs
associated with cattle housing for a prolonged period.

Grass-fed beef is increasingly appreciated due to its “green-healthy image” also related to an idyllic
image of animal production [5], which, in turn, can play a crucial role in consumer acceptability [6].
Diet conscious consumers will also prefer the overall lower fat content and altered fatty acid profile
of a grass-fed beef product [7]. However, tenderness is the most important quality characteristic for
the consumer [8,9] and beef from grass-fed bulls has been reported as being less tender than beef
from grain-fed bulls [10]. While market specifications reflect real and perceived market preferences,
ideally, they should be supported by scientific evidence. There is, however, a poor relationship
between carcass quality as assessed by the European classification system (EUROP) and beef quality
characteristics, particularly eating quality [11]. Consequently, modified lower-cost production systems
need to be studied not only for achievement of current market specifications but also for meat quality
characteristics and consumer preferences.

Therefore, the aim of the present study was to compare two typical Irish bull production systems
with novel grass-based systems to determine whether the carcasses comply with the actual market
requirements and to determine whether carcasses that did not achieve the fat score specification were
indeed inferior with respect to quality and nutritional characteristics.

2. Materials and Methods

2.1. Animals, Management and Feed Analyses

The study was carried out under license from the Irish Government Department of Health and
Children (held by Edward G. O’Riordan B100/2483) and all procedures used complied with national
regulations concerning experimentation on farm animals.

Spring-born late-maturing breed (Limousin and Charolais) sired suckler male cattle (n = 60; 386,
s.d. 28.0 kg live weight; 337, s.d. 36.3 days of age) were housed in a slatted floor shed and offered
grass silage to appetite, supplemented with 2 kg of a barley/soya-based concentrate for eight weeks
prior to the start of the experiment. At the end of the winter (11 February), the animals were blocked
by breed, weight and age and randomly assigned to one of four dietary groups (n = 15): Two indoor
diets: (a) barley-based concentrate comprised of 862 g/kg rolled barley, 60 g/kg soya bean, 50 g/kg cane
molasses and 28 g/kg vitamins and minerals offered ad libitum plus grass silage offered ad libitum
(CON) or (b) grass silage ad libitum supplemented with the above concentrate (SC) and two outdoors
diets: (a) rotationally grazed grass without concentrate supplementation (G0) or (b) grazed grass plus
0.5 of the dietary dry matter (DM) intake as the above concentrate (GC).

Indoor animals had a lying area of c. 2.72 m2 per animal in a slatted, concrete floor shed. Beginning
23 February (considered as day 0 of the experiment), CON bulls were offered an increasing allowance
of concentrates until the ad libitum level of consumption was achieved. The concentrate allowance for
animals on SC was increased as the animals gained weight (4 kg, 5 kg, 6 kg and 6.5 kg per animal at
days 0,10, 30, and 90 of the experiment, respectively). The grass silage (Table 1) was a first harvest
from a predominantly perennial ryegrass sward, mowed and wilted for 24 h before ensiling. Grass
silage and concentrates were offered separately.

Outdoors bulls remained on the pre-experimental ration until they were turned out to pasture
(day 21 of the experiment) and rotationally grazed perennial ryegrass (Lolium perenne L.) dominant
swards for 79 days. The total grazing area was a single block of 13.2 hectares (ha), split into three equal
farmlets (4.4 ha). To ensure that the response to concentrates at pasture was not confounded with
differences in herbage quality, the two grazing groups were allocated herbage of similar pre-grazing
height and mass (2300 kg DM/ha) and the sub-paddock area was adjusted such that post-grazing sward
height and herbage mass and, residency time were similar for each grazing treatment. The concentrate

8



Foods 2019, 8, 264

allowance, which averaged 5 kg per animal daily, was offered once daily and it was based on expected
grass consumption as observed in previous studies with similar animals at this stage of the grass
growing season. Based on previous research at this centre, initial grazing areas for GC were adjusted
to be 0.73 of that of G0, and these proportions were altered during the experiment as necessary.

Samples of feeds were collected periodically throughout the study and analysed as previously
described [12]. The chemical composition and fatty acid profile of the feedstuffs are shown in Table 1.

Table 1. Chemical composition of the dietary ingredients.

Grazed Grass Grass Silage Concentrates

Dry matter (DM) (g/kg fresh matter) 180 247 804
pH − − 3.92

DM digestibility (g/kg) 761 680 −
Composition of DM (g/kg)

Starch − − 544
Ash 112 92 55

Crude protein 163 130 144
Neutral detergent fibre 468 577 185

Acid detergent fibre − − 67
Water soluble carbohydrate 123 − −

Acid hydrolysis ether extract − − 31

Fatty acid profile (%)

14:0 0.11 0.36 0.21
16:0 18.18 15.59 22.12
16:1 0.00 0.05 0.12
17:0 0.09 0.04 0.08
18:0 2.32 1.86 1.61

18:1-c11 0.18 0.69 0.76
18:1-nc9 3.00 2.77 14.33
18:2-nc6 13.49 17.50 54.06
18:3-n3 55.67 56.52 4.44

20:0 0.19 0.29 0.17
20:1 0.00 0.00 0.68

20:5-n3 0.51 0.00 0.32
21:0 0.06 0.00 0.00
22:0 0.66 0.96 0.24

22:1-n9 0.07 0.06 0.08
24:0 0.89 0.84 0.13

Others 4.52 2.47 0.58

All animals were slaughtered on one day at 14.99 SD. 0.93 months of age with 53 of the 60 animals
being under 16 months of age. The live weight was recorded on the farm on the morning of slaughter.

2.2. Slaughter, Sampling Procedures, PH and Colour Measurement

On the day of slaughter, the animals were transported approximately 30 km to a commercial
slaughter plant and slaughtered immediately after arrival by bolt stunning followed by exsanguination
from the jugular vein. Electrical stimulation was not applied, and the carcasses were hung by the
Achilles tendon. The slaughter and dressing procedures were in accordance with European Union
Regulations (EC) No. 1009/2009 and No. 853/2004 and carcass weight, conformation and fatness scores
were recorded. Carcass grades for conformation and fatness were assessed using the numerical value
within a 15-point scale [13]. Carcasses were then placed in a chiller set at 5 ◦C. Approximately 10 h
later, the chiller temperature was set to 0 ◦C.

The pH and temperature of the longissimus thoracis (LT) at the 10th rib were recorded in the left side
carcass at 1 h, 3 h, 5 h and 7 h post mortem, with a portable pH meter with temperature compensation
(Model WP-80 (pH/ORP/T meter), TPS Pty, Ltd. Springwood, Queensland, Australia.) and a glass
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pH probe (Glass electrode: model EC-2010-06, Refex Sensors Ltd. Westport, Ireland.) using a scalpel
incision for each measurement as described by Pearce et al. [14]. The pH meter was (re)calibrated at
ambient temperature intermittently during the measurement period. The chill temperature was set to
0 ◦C approximately 12 h after the bulls were slaughtered.

After approximately 48 h in the chiller, carcasses were moved to the deboning hall (4 ◦C). The colour
of the LT as Hunter lab values was measured at the 5th/6th rib interface, 1 h after cutting and exposure to
air using a portable spectrophotometer (Miniscan EZ, HunterLab, Reston, VA, USA). The pH of LT was
measured at this location as described above. The cube roll (commercial cut that begins between the 5th
and 6th rib and ends between the 10th and 11th rib) was then removed, vacuum packed and transported
to Teagasc, Food Research Centre, Ashtown, Dublin. Beginning at the 10th rib end, two steaks of 2.5 cm
thick were stored at −20 ◦C for composition and fatty acid determination. The remainder of the cube
roll was vacuum packed and wet-aged for 12 additional days (4 ◦C, in the dark) for a total of 14 days of
ageing. Thereafter, it was sliced (2.5 cm thick steaks) for sensory evaluation, cook loss and instrumental
texture analysis. All samples were then vacuum packed and frozen at −20 ◦C for subsequent analysis.

2.3. Meat Proximate Composition

Steaks for proximate analysis were thawed, trimmed of external fat and connective tissue, and the
trimmed muscle was blended (R101, Robot Coupe SA, Vincennes Cedex, France). The moisture content
of each sample was determined in duplicate using a microwave instrument (Microwave SMART
Trac; CEM Corporation, Matthews, NC, USA) according to [15]. The intramuscular fat (IMF) content
was measured as described by Folch et al. [16] (1957). Protein was determined in duplicate using
a LECO protein analyser (Model FP-428, Leco Corporation, St. Joseph, MI, USA) based on the Dumas
method [17].

2.4. Instrumental Texture and Sensory Evaluation

Frozen vacuum-packed steaks were thawed in circulating water at 20 ◦C. All external fat and
connective tissue surrounding the muscle was removed, the steaks were conditioned for 15 min at 20 ◦C
before cooking for sensory and instrumental texture analysis. After the excess moisture was removed,
the weight of the steaks was recorded. The steaks were subsequently cooked in vacuum pack bags to
an internal temperature of 70 ◦C, by immersing in a water bath (Model Y38, Grant Instruments Ltd.
Royston, UK) at 72 ◦C. The internal temperature of the steaks was measured using a digital thermometer
(HI 904, Hanna Foodcare Instruments, Bedfordshire, UK) [18]. After cooking, all the juices were poured
out of the bag and the steaks were left to cool to room temperature, finally the weight of the cooked steak
recorded. The cook loss (CL) was determined by the following formula:

CL% = (raw weight − cooked weight) ÷ raw weight × 100 (1)

All steaks were stored in a closed bag and tempered overnight at 4 ◦C for subsequent Warner–Bratzler
shear force (WBSF) analysis [18]. Six cores (1.25 cm diameter) parallel to the direction of the muscle fibres
were obtained and sheared using an Instron Universal testing machine (model 5543, Instron Corporation.
Bucks, UK) equipped with a Warner–Bratzler shearing device. The crosshead speed was 5 cm/min.
Instron Series IX Automated Materials Testing System software for Windows (Instron Corporation.
Bucks, UK) was employed in the analysis. Three parameters were used to define the instrumental texture
of meat: WBSF (N) or peak strength or force required to shear through a meat sample; modulus of
deformability (Mpa) or the slope between the 20% to 80% segment of the total peak; and total energy (J)
or total peak area.

Sensory testing was conducted using untrained assessors (n = 15) [19,20] who ranged in age from
20–50 and who consumed beef regularly. Sensory analysis was carried out in the sensory kitchen in
University College Cork. The kitchen features sensory booths and conforms to the standards of the
International Organization for Standardization [21]. The analysis was conducted under standard lighting
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(LUX, 1000) in well-ventilated and portioned panel booths. Steaks were grilled to an internal temperature
of 72 ◦C, assigned three-digit random codes and served to assessors as 1 cm2 pieces, in randomised
order [22]. Each assessor was asked to rate the sensory qualities of steak from each animal according to
the methodology of the American Meat Science Association [18,23]. The assessors rated five sensory
qualities on a scale (8-point hedonic) from 1–8 for tenderness (3–5 chews) where 1 = extremely tough and
8 = extremely tender, overall flavour where 1 = very poor and 8 = extremely good, overall firmness where
1 = extremely mushy and 8 = extremely firm, overall texture where 1 = very poor and 8 = extremely
good and overall acceptability where 1 = not acceptable and 8 = extremely acceptable. Distilled water
and unsalted soda crackers were provided to purge the palate of residual flavour notes between samples.

2.5. Meat Fatty Acid Analysis

Lipid extraction and fatty acid methylation was carried out as described by Noci et al. [12]. Fatty
acid methlyesters (FAMEs) were analysed using a Varian 3500 GLC (Varian, Harbor City, CA, USA)
fitted with a flame ionization detector. All samples were methylated in duplicate and each sample was
injected, in splitless mode, twice onto the GLC column, using a Varian 8035 auto-sampler. Separation of
the FAMEs was performed on a 100 m CP-Sil 88 column (100 m × 25 mm × 0.2 μm Supelco, Bellefonte,
PA, USA) using H as the carrier gas. The GLC conditions have been described previously by Shingfield
et al. [24]. Data were recorded and analysed on a Minichrom PC system (VG Data System, Manchester,
UK). Individual FAMEs were identified by retention time with reference to the external standard
(Supelco 37 component FAME Mix, Supelco Inc., Bellefonte, PA, USA) and quantified by using the
internal standard C 23:0. The atherogenic index (AI) and thrombogenic index (TI) were calculated
according to Ulbricht and Southgate [25].

2.6. Statistical Analysis

All data were subjected to analysis of variance (ANOVA) via the generalised linear mixed model,
GLIMMIX procedure of SAS (SAS Inst. Inc., Cary, NC, USA) using block and production system as
sources of variation. Animal was the experimental unit. The random tool of the GLIMMIX procedure
was used to include “time” as a repeated measurement for the analysis of pH decline and assessor for
the analysis of the sensory data. Data are presented as least squares means and when significant effects
were detected, the post hoc Tukey test was used to separate the means. The level of significance used
was P < 0.05.

The following models were used for instrumental and sensory measurements, respectively:

Y = μ + P + B + P * ID +
∑

Y = μ + P + B + C (ID) +
∑

μ = intercept;
∑

error. Fixed factors P: production system; B: animal block. Random effect: P * ID:
Production System * Animal identity, C (ID): consumer within ID of the animal.

3. Results

Unless otherwise indicated, all stated differences are significant (P < 0.05).

3.1. Animal Performance, Meat Quality and Sensory Evaluation

Animal Performance, meat quality and sensory evaluation results are presented in Table 2.
Bulls fed on concentrates reached a higher live weight compared with SC which in turn was

higher than GC and G0 which did not differ. Carcass weight and fat scores were higher for CON
compared with SC which in turn were higher than GC and G0 which did not differ. Conformation
scores were higher for CON compared to SC and GC which in turn were higher than G0.
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Table 2. Animal performance and characteristics of longissimus thoracis muscle from bulls assigned to
one of the following systems: grass silage plus barley-based concentrate ad libitum (CON); grass silage
ad libitum plus 5 kg of concentrate (SC); grazed grass without supplementation (G0) or grazed grass
plus 0.5 kg of the dietary dry matter intake as concentrate (GC) until slaughter at 15 months.

Variable CON SC GC G0 SEM P-Value

BW (kg) 604 a 557 b 515 c 498 c 7.135 <0.001
Average daily weight (kg/day) 2.00 a 1.58 b 1.47 b,c 1.30 c 0.048 <0.001

Carcass weight (kg) 358 a 314 b 288 c 277 c 4.997 <0.001
Kill out proportion (%) 59.2 a 56.5 b 56.0 b 55.7 b 0.320 <0.001

Fat score (1–15) 7.27 a 6.00 b 4.27 c 3.67 c 0.231 <0.001
Conformation (1–15) 9.93 a 8.53 b 8.40 b 7.67 c 0.168 <0.001

Crude protein (%) 23.0 a 22.9 a 22.7 a 21.6 b 0.191 0.039
Moisture (%) 74.8 c 75.2 b,c 76.1 a,b 76.7 a 0.178 <0.001

Intramuscular fat (g/100 g meat) 2.20 a 1.85 b 1.48 c 1.59 b,c 0.063 <0.001
Ultimate pH 5.60 5.60 5.62 5.62 0.006 0.323

L 37.2 a 34.7 b 31.7 c 32.5 c 0.390 <0.001
a 19.3 a 19.2 a 18.3 b 18.4 b 0.139 0.022
b 12.7 a,b 12.8 a 11.8 c 12.2 b,c 0.096 0.001

Cook loss (%) 25.7 27.7 28.6 27.6 0.369 0.056
Warner–Bratzler shear force (N) 35.8 33.6 35.3 32.5 0.936 0.587

Slope (MPa) 0.785 0.770 0.845 0.733 0.024 0.452
Energy (J) 0.230 0.229 0.237 0.219 0.006 0.733

Tenderness (1–8) 4.70 a,b 5.22 a 4.24 b 4.60 b 0.109 <0.001
Overall flavour (1–8) 5.39 a,b 5.74 a 5.02 b 5.22 b 0.076 0.001

Overall firmness (1–8) 5.39 a 5.11 a 5.02 a,b 4.69 b 0.080 0.001
Overall texture (1–8) 5.02 a,b 5.42 a 4.71 b 4.81 b 0.087 0.001

Overall acceptability (1–8) 5.10 b 5.56 a 4.79 b 5.02 b 0.084 0.001
a,b,c Values within a row with different superscript differ significantly at P < 0.05.

The IMF concentration was higher for CON compared to SC which in turn was higher than GC
and similar to G0 which did not differ. Protein concentration was lower for G0 compared with the
other three diets. Moisture concentration was lowest for CON and highest for G0.

Figure 1 shows the evolution of pH/temperature of LT up to 7 h post-mortem. No significant
differences were found between treatments at 1 h post-mortem. Thereafter, the decrease in pH was
more pronounced for CON than for the grazing groups. The SC pH decline was similar to that from
grazing animals from 1–3 h post-mortem, while the pH for SC after 5 h was lower than in grazing
animals and similar to CON. At 7 h post-mortem the pH for SC did not differ from the other groups.
There was no difference between groups in ultimate pH (pHu) (Table 2). Muscle temperature decline
(Figure 1) was less pronounced in CON animals than in grazing animals with SC intermediate. Thus
after 1 and 3 h, temperature for CON was higher than for grazing animals but similar to SC. At 5 and
7 h post-mortem temperature for CON was higher than for the other groups, while temperature for SC
was higher than GC and G0 which did not differ.

With regard to colour (Table 2), CON meat was lighter (higher L value) than meat from SC, which
in turn was lighter than that from GC and G0. No differences were found in lightness between grazing
treatments. On the other hand, indoor treatments meat had higher redness (a value) than that from
grazing treatment. Neither CON and SC, nor GC and G0 differ between them in a value. Finally, CON
and SC meat showed similar yellowness in meat colour (b value), while meat form these two indoor
treatments was more yellow than for GC treatment. G0 meat did not differ in yellowness from GC and
SC treatments.

No differences (P < 0.05) were found after 14 days of ageing for any of the variables related to
instrumental texture (WBSF, modulus and energy). On contrary, the sensory panel rated LT from SC
higher than GC and G0 (which did not differ) but similar to CON, for tenderness and overall flavour.
For overall firmness, LT from CON, SC and GC were rated similarly while LT from G0 was rated lower
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than CON and SC but similar to GC. For overall texture, LT from CON and SC were rated similarly,
while SC was rated higher than GC and G0 which did not differ. For overall acceptability, meat from
CON, GC and G0 were rated similarly, but lower than SC.

 
Figure 1. Pattern of pH/temperature decrease post-mortem (1, 3, 5 and 7 h) of longissimus muscle from
bulls assigned to one of the following systems: grass silage plus barley-based concentrate ad libitum
(CON); grass silage ad libitum plus 5 kg of concentrate (SC); grazed grass without supplementation
(G0) or grazed grass plus 0.5 kg of the dietary dry matter intake as concentrate (GC) until slaughter
at 15 months. a,b,c,d,e,f Different lowercase letters indicate statistical differences in pH (P < 0.05).
A,B,C,D,E,F,G,H Different uppercase letters indicate statistical differences in temperature (P < 0.05).

3.2. Fatty Acid Profile

Data on fatty acid classes and relevant nutritional ratios are summarised in Table 3. The total fatty
acid concentration and the concentration of total saturated fatty acids (SFA), total monounsaturated
fatty acids (MUFA) and cis-MUFA were higher for CON than SC which in turn was higher than GC
and G0 which did not differ. The concentration of trans-MUFA was higher for CON than for grazed
animals while SC was intermediate

The concentration of total omega 3 polyunsaturated fatty acids (n-3) PUFA was similar for G0
and GC which was higher than SC which in turn was higher than CON. The concentration of total
omega 6 (n-6) PUFA was similar for CON, SC and GC but higher than G0. The concentration of highly
unsaturated fatty acids (HUFA) was higher for SC, GC and G0 (which did not differ) than CON. The n6
n3 PUFA ratio increased in the order G0 < GC < SC < CON. Grazing per se increased the 18:1-trans11:
18:1-trans10 ratio compared to SC and CON which did not differ. The PUFA:SFA ratio was similar for
GC and G0 but higher than SC which in turn was higher than CON. The AI was similar for GC and G0
but lower than SC which in turn was lower than CON. The TI was similar for GC and G0 but lower
than SC and CON which did not differ.

More detailed fatty acid profile analysis results are in Tables 4–6 provided in the discussion section.
The proportion of individual SFA and dimethyl acetals (DMA) is summarised in Table 4. Of the

main SFA detected, the proportions of C14:0 and C16:0 were lower in GC and G0 than SC which in
turn was lower than CON. The proportion of C18:0 was not affected by treatment. The proportions
of C16:0 and C18:0 DMA were higher in GC and G0 than SC which in turn was higher than CON.
The proportion of C18:1 DMA was higher in GC and G0 than SC and CON.
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Table 3. Summary of total fatty acids (total FA mg/100 g muscle), and nutritional ratios of the longissimus
thoracis muscle from bulls assigned to one of the following systems: grass silage plus barley-based
concentrate ad libitum (CON); grass silage ad libitum plus 5 kg of concentrate (SC); grazed grass
without supplementation (G0) or grazed grass plus 0.5 kg of the dietary dry matter intake as concentrate
(GC) until slaughter at 15 months.

CON SC GC G0 SEM P-Value
∑

FA 1155 a 823 b 558 c 575 c 47.9 <0.001
SFA 517 a 340 b 196 c 208 c 24.9 <0.001

MUFA 478 a 308 b 169 c 180 c 25.3 <0.001
PUFA 125 126 132 123 2.15 0.409

trans-MUFA 25.6 a 17.4 b 14.1 b 16.2 b 1.24 0.007
cis-MUFA 451 a 291 b 154 c 164 c 23.01 <0.001
PUFA-n3 26.4 c 37.2 b 43.9 a 44.2 a 1.31 <0.001
PUFA-n6 85.7 a 77.4 a 78.8 a 67.7 b 1.68 0.003

HUFA 35.5 b 44.4 a 47.0 a 47.2 a 1.10 0.001
CLA 3.62 2.46 2.15 2.94 0.212 0.076

n6/n3 PUFA 3.24 a 2.16 b 1.83 c 1.55 d 0.095 <0.001
t11/t10 18:1 0.860 b 2.82 b 11.67 a 14.17 a 1.131 <0.001
PUFA:SFA 0.268 c 0.423 b 0.702 a 0.636 a 0.031 <0.001

Atherogenic index 0.643 a 0.553 b 0.377 c 0.408 c 0.019 <0.001
Thrombogenic index 1.65 a 1.63 a 1.36 b 1.45 b 0.027 <0.001

SFA = saturated fatty acid; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids;
HUFA = Highly unsaturated fatty acids larger than 19 carbons; CLA = conjugated linoleic acid; n6 = omega
6 fatty acid; n3 = omega 3 fatty acids a,b,c Values within a row with different superscript differ significantly at
P < 0.05.

Table 4. Individual saturated fatty acid (SFA) and dimethyl acetal (DMA) proportions (of total fatty
acids 1) in the longissimus thoracis muscle from bulls assigned to one of the following systems: grass
silage plus barley-based concentrate ad libitum (CON); grass silage ad libitum plus 5 kg of concentrate
(SC); grazed grass without supplementation (G0) or grazed grass plus 0.5 kg of the dietary dry matter
intake as concentrate (GC) until slaughter at 15 months.

CON SC GC G0 SED P-Value

SFA

8:0 0.017 c 0.064 b 0.086 a 0.096 a 0.006 0.003
10:0 1.01 c 1.31 b 1.85 a 1.93 a 0.083 <0.001
11:0 0.125 b 0.138 b 0.242 a 0.230 a 0.013 <0.001

12:0 0.066 b 0.097 b 0.115
a,b 0.141 a 0.007 0.002

14:0 2.19 a 1.65 b 0.940 c 1.04 c 0.091 <0.001
iso-15:0 0.159 b 0.222 a,b 0.251 a 0.277 a 0.014 0.045

anteiso-15:0 0.162 b 0.175 b 0.218 a 0.246 a 0.007 <0.001
15:0 0.483 0.536 0.508 0.537 0.014 0.529
16:0 22.9 a 20.1 b 15.2 c 15.5 c 0.525 <0.001

iso-17:0 2 1.12 a 0.349 c 0.875 b 0.767 b 0.054 <0.001
17:0 1.09 c 0.905 b 0.670 a 0.697 a 0.030 <0.001
18:0 13.9 14.2 13.1 13.4 0.191 0.229

19:0 3 0.151 0.150 0.143 0.145 0.005 0.955
20:0 0.234 a 0.113 c 0.182 b 0.197 b 0.029 <0.001
24:0 0.107 0.131 0.100 0.098 0.030 0.975

DMA

DMA 16:0 2.06 c 3.14 b 4.45 a 4.75 a 0.184 <0.001
DMA 18:0 1.20 c 2.04 b 2.90 a 2.91 a 0.122 <0.001
DMA 18:1 2.24 b 2.97 b 4.18 a 4.55 a 0.194 <0.001

1 Only values superior to 0.05 have been reported 2 coeluted with t9-16:1. 3 coeluted with c15-18:1. a,b,c values
within a row with different superscript differ significantly at P < 005.

The proportion of individual MUFA is summarised in Table 5. Of the main cis MUFA detected,
the proportion of C16:1 and cis 9 C18:1 were lower in GC and G0 than SC which in turn was lower
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than CON. The proportion of cis 11 C18:1 was lower for G0 than GC, SC was similar to GC and G0 but
lower than CON. Of the main trans MUFA detected, the proportion of trans 10 C18:1 was higher for
CON than the other three groups which did not differ. The proportion of trans 11 C18:1 was similar for
GC and G0 and higher than SC and CON which did not differ.

Table 5. Individual monounsaturated fatty acid (MUFA) proportion (of total fatty acids 1) in the
longissimus thoracis muscle from bulls assigned to one of the following systems: grass silage plus
barley-based concentrate ad libitum (CON); grass silage ad libitum plus 5 kg of concentrate (SC); grazed
grass without supplementation (G0) or grazed grass plus 0.5 kg of the dietary dry matter intake as
concentrate (GC) until slaughter at 15 months.

CON SC GC G0 SEM P-Value

MUFA
14:1 0.345 a 0.230 b 0.088 c 0.103 c 0.019 <0.001

cis MUFA

c7-16:1 0.179 b 1.30 a 1.54 a 1.80 a 0.115 <0.001
c9-16:1 2.77 a 2.21 b 1.39 c 1.47 c 0.100 <0.001
c5-17:1 0.094 d 0.226 v 0.363 b 0.504 a 0.025 <0.001
c7-17.1 0.110 c 0.633 b 0.518 a 0.518 a 0.029 <0.001
c9-17:1 0.700 a 0.383 c 0.602 a,b 0.534 b 0.024 <0.001
c10-17:1 0.303 a 0.001 b 0.093 b <0.001 b 0.022 <0.001
c11-17:1 0.798 b 1.03 b 1.52 a 1.74 a 0.075 <0.001
c9-18:1 27.9 a 23.0 b 16.2 c 16.1 c 0.854 <0.001
c11-18:1 1.53 a 1.28 b,c 1.36 b 1.19 c 0.029 0.001
c12-18:1 0.314 0.389 0.376 0.275 0.023 0.276
c13-18:1 0.187 a 0.130 b 0.098 b,c 0.085 c 0.010 <0.001
c14-18:1 0.046 0.131 0.090 0.100 0.012 0.144
c16-18:1 0.106 a 0.105 a 0.072 b 0.077 b 0.005 0.010

trans MUFA

t6+t8-18:1 0.145 0.112 0.105 0.090 0.006 0.064
t9-18:1 0.145 0.144 0.115 0.143 0.006 0.173
t10-18:1 0.726 a 0.397 b 0.230 b 0.253 b 0.062 0.023
t11-18:1 0.546 b 0.644 b 1.26 a 1.31 a 0.084 <0.001

t12+ t13-18:1 0.159 a 0.132 a,b 0.092 b 0.103 b 0.007 0.028
t15-18:1 2 0.024 b 0.084 a 0.197 a 0.343 a 0.039 0.017
t16-18:1 0.205 a 0.102 b 0.097 b 0.085 b 0.013 0.070

n-9

20:1n-9 0.147 0.136 0.122 0.123 0.005 0.291
22:1n-9 0.053 b 0.114 a 0.131 a 0.107 a 0.008 0.013
24:1n-9 0.069 0.061 0.122 0.092 0.020 0.639

n-9: Monounsaturated fatty acid omega 9; t: trans isomer, c: cis isomer 1 Only values superior to 0.05 have been
reported 2 coeluted with c10-18:1. a,b,c Values within a row with different superscript differ significantly at P < 0.05.

The proportion of individual PUFA is summarised in Table 6. Of the main n-6 PUFA detected,
the proportion of C18:2 was similar in CON, SC and G0, while GC was higher than SC and CON.
The proportion of C20:4 was higher in GC and G0, which did not differ, than in SC which in turn was
higher than CON. Of the main n-3 PUFA detected, the proportions of C18:3, C22:5 and C20: 5 were
higher in GC and G0, which did not differ, than in SC which in turn was higher than CON.
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Table 6. Individual polyunsaturated fatty acid (PUFA) proportions (of total fatty acids 1) in the
longissimus thoracis muscle from bulls assigned to one of the following systems: grass silage plus
barley-based concentrate ad libitum (CON); grass silage ad libitum plus 5 kg of concentrate (SC); grazed
grass without supplementation (G0) or grazed grass plus 0.5 kg of the dietary dry matter intake as
concentrate (GC) until slaughter at 15 months.

CON SC GC G0 SEM P-Value

PUFA
20:2 0.071 c 0.109 a,b 0.130 a 0.092 b 0.006 0.009
22:2 0.132 b 0.182 b 0.271 a 0.267 a 0.014 <0.001

Non conjugated 18:2

9t,12t-18:2 0.128 0.110 0.107 0.094 0.006 0.444
t10,c15-18:2 0.133 0.131 0.123 0.148 0.006 0.612
t11,c15-18:2 0.127 0.159 0.149 0.132 0.009 0.555
c9,c15-18:2 2 0.214 b 0.254 b 0.341 a 0.348 a 0.013 <0.001

CLA

c9,t11-CLA 0.286 b 0.279 b 0.364 a,b 0.471 a 0.021 0.003
t10,c12-CLA 0.025 0.008 0.010 0.009 0.003 0.167

n-6

18:2n-c6 6.04 b 6.95 b 9.94 a 8.04 a,b 0.338 <0.001
18:3n-6 0.063 b 0.100 b 0.216 a 0.190 a 0.016 0.004
20:3n-6 0.421 c 0.558 b 0.804 a 0.714 a 0.029 <0.001
20:4n-6 1.58 c 2.32 b 3.30 a 3.30 a 0.131 <0.001

n-3

18:3n-3 0.790 c 1.58 b 3.06 a 3.15 a 0.150 <0.001
20:3n-3 0.076 0.046 0.087 0.069 0.007 0.130
22:5n-3 0.718 c 1.30 b 2.06 a 2.15 a 0.127 <0.001
22:6n-3 0.106 0.461 0.444 0.365 0.068 0.315
20:5n-3 0.718 c 1.29 b,a 2.06 a 2.15 a 0.102 <0.001

n-9

20:3n-9 0.135 d 0.229 c 0.340 b 0.398 a 0.016 <0.001

CLA = conjugated linoleic acid. n-6 = polyunsaturated fatty acids omega 6; n-3 = polyunsaturated fatty acids
omega 3; n-9 = polyunsaturated fatty acids omega 9; t = trans isomer, c = cis isomer 1 Only values superior to 0.05
have been reported; 2 coeluted with c9-19: a,b,c Values within a row with different superscript differ significantly at
P < 0.05.

4. Discussion

4.1. Carcass Characteristics

In this study, we considered the market specification that bulls must be younger than 16 months of
age at slaughter to be the element of the production system that could not be changed. The context of the
study therefore was to compare cheaper alternative systems with systems demonstrated to achieve the
carcass weight and fat cover specifications [1]. The results indicate that the only grass-based system that
reached the current market requirement was SC, i.e., the ration based on grass silage and concentrates,
offered indoors with associated costs of housing. Therefore, the production of late-maturing sired
bulls for slaughter at under 16 months of age from pasture seems not to be an option for meeting
current market requirements. The age and fat score specification likely reflect a perception that meat
from leaner and older animals is inferior in some quality characteristics. However, French et al. [26]
reported a poor correlation between fatness scores and meat quality which was recently supported by
Bonny et al. [11] from a much larger dataset. The primary objective of this study was to determine
whether carcasses that did not achieve the fat score specification and were deemed too lean were
indeed inferior with respect to quality for the consumer
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4.2. Meat Quality

Mean carcass weights differed in this study and we acknowledge that carcass weight can influence
meat characteristics [27]. In the current study, muscle from the grazing systems had lower IMF and
lower protein in line with previous studies [10,28]. Banović et al. [29] reported that consumers pay more
attention and choose more often meat products with lower fat content while Grunert [30,31] reported
that visual fat has generally a negative effect on purchase decision. Therefore, while the leanness of
beef cuts from grazing cattle may be appreciated by the consumer as a reduced fat product, low fat
accretion in the animal will lead to a negative carcass classification based on EUROP scheme [32]. Thus,
unlike the carcass grading system used in Australia [32], the lack of a relationship between carcass
grading and eating quality in Europe is to the detriment of the primary producer and consumer.

The ultimate pH in the current investigation was within the normal range (5.4–5.8) described by
Viljoen et al. [33] and agrees with previous studies [10,34]. Some authors have linked a higher pH
in muscle from pasture animals with lower glycogen stores in muscle and/or increased stress during
transport and slaughter management, since outdoor animals are not accustomed to human handling [27].
The latter is especially important in bulls, as male animals are more prone to suffer stress when forced into
close social contact with their cohorts during transportation and lairage [35,36]. With correct management,
normal ultimate pH can be achieved in under 16 months bulls independently of the dietary treatment.

The darker meat in the grazing groups is in line with previous studies [37,38]. Why SC was also
darker than CON is not clear, since ultimate pH was similar, and the animals were managed similarly
indoors. Darker colour may also be related to a higher myoglobin concentration in grass-fed animals.
However, the redness (a) value indicates less red meat from grazed animals, which suggests that a higher
pigment concentration is unlikely. However, myoglobin concentration measurement is needed to confirm
this point.

In the present study, the steaks were aged for exactly 14 days as this is common industry practice.
The lack of differences in the instrumental texture variables (WBSF, Modulus and Energy) agrees with
those authors [39] who indicate that after 12 day of ageing differences in instrumental texture between
factors such as gender or breed disappear [38,39].

Despite the lack of difference between treatments in instrumental texture, meat from SC was rated
more highly by the sensory panel than meat from GC. Inconsistency between sensory and instrumental
measurement results is common and is reflected in the modest correlation between both methods as
reported by others [40,41]. Similar to the present study, Hedrick et al. [42] found that meat from cattle
finished on silage was as tender or more tender than grain-finished cattle. The detrimental effect of
concentrate supplementation outdoors compared to indoors (GC v SC) on tenderness was observed
previously in 19-month-old bulls [34], albeit overall acceptability did not differ in that study.

The relationship of the rate and extent of post-mortem proteolysis with temperature and pH
decline have been previously described [43]. Therefore, at the same chilling temperature, carcass fat
cover impacts temperature and pH decline and sensory evaluation as previously highlighted [38,44,45].

The flavour of meat is dependent on the volatile profile [46] which in turn is greatly influenced by
fat level and fatty acid composition [47,48]. Grass-produced beef can have a slightly less intense flavour
than grain-produced beef [48], since higher levels of fat are associated with higher intensity of flavour.
However, in the present experiment, flavour intensity was not assessed. In general, the effect of ration
composition on flavour likeness results are inconsistent [38,49]. The higher rating in flavour for SC
may be related to its higher fat content compared to outdoors animal and its lower SFA proportion
compared to CON. This may give SC the best combination of IMF and fatty acid composition to meet
consumer expectations. Overall, the lack of difference in sensory characteristics between CON and G0
is particularly noteworthy as G0 carcasses would be severely discounted relative to CON carcasses
under the current EUROP grading system.
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4.3. Fatty Acid Profile

Consumers are increasingly aware of the relationships between diet, health and well-being and
this has resulted in a growing preference for foods which are healthier and more nutritious [50,51].
Some consumers prefer to purchase beef from grass fed cattle as meat and meat products from grass
fed animals are often perceived as having higher amounts of nutritionally important compounds
when compared with beef from non-grass-based production systems. In addition, ‘grass fed’ has been
used to promote perception of animal health and well-being, and environmental sustainability [52].
Accordingly, the fatty acid composition was measured in beef from the contrasting production systems
in this study. The higher concentration of fatty acids in the CON group per se reflects the higher energy
consumption and associated fat deposition and is a consequence of this production system. The higher
fatty acid concentration is the sum of higher concentrations of individual classes of fatty acids. When
comparing studies in the literature with respect to the fatty acid profile of beef, it is important to be
aware of differences in carcass weight or fatness between treatments. The higher concentration of SFA
in CON animals compared to grass-fed animals in this study agrees with Aldai et al. [53] while other
authors found no differences in SFA between grass and grain-fed meat [54].

An increase in IMF concentration on a common diet can alter the proportions of fatty acids,
generally increasing MUFA and decreasing PUFA proportions [55,56]. Therefore, in this study the
individual fatty acid data are presented as a proportion of total fatty acids to gain a better insight into
any changes in the pattern or profile of fatty acids due to the different production systems examined.

The change in the individual SFA profile is generally in agreement with that reported by
Alfaia et al. [54] and Aldai et al. [53]. The change in the SFA profile also reflects the fatty acid composition
of the feedstuffs consumed, particularly the concentrate rations used. The lack of differences in total SFA
concentration and in the SFA profile between both grazed grass-based diets (GC and G0) is in line with
French et al. [28].

Three DMA derived from plasmalogen lipids were detected (16:0, 18:0 and 18:1). These DMA are
generated from the vinyl chain linked at sn-1 position of plasmalogens, which are a particular class
of glycerophospholipids present in cell membranes [57]. The lower proportions of DMA in muscle
from indoor cattle (Table 4) agree with Aldai et al. [53]. Few studies have examined the nutritional
importance of DMA in beef but DMA deficiency in humans has been associated with some diseases [57].

The higher concentration of MUFA in CON is consistent with previous investigations [53,54].
The alteration in the isomer profile of trans C18:1 observed in the present study has been previously
reported [53,58]. A decrease in the trans-11 trans-10 18:1 ratio has been related with increased atherogenicity
in animal models, while a higher ratio is related with increased rumenic acid (conjugated linoleic acid, see
below) which has putative human health properties [59]. Changes in the proportions of these isomers
has been suggested to reflect changes in rumen microbiota characteristics due to alteration in the rate of
fermentation of the diet and associated changes in ruminal pH. C18:1-t11 rather than C18:1-t10 production
in the rumen is associated with Butyrivibrio fibrisolvens which predominates in the rumen forage-finished
animals [60]. While generally, a higher concentration of PUFA is observed in grass-fed beef compared to
concentrate-fed beef [28,54,61], the lack of difference in the current study is likely related to the higher IMF
concentration in CON. Also, many studies report fatty acid on a proportional basis. The proportions of
PUFA (10.8, 15.3, 23.7 and 21.3 g/100 g fatty acids for CON, SC, GC and G0, respectively) in the present
study support the literature but are high which likely reflects the very low total fatty acid concentration
and very low neutral lipid proportion particularly in the grass-based production systems. In this regard,
Nian et al. [62] reported a PUFA proportion of 23.5 g/100 g fatty acids for muscle from dairy origin bulls
that had an IMF concentration of 0.5%, consistent with our data.

Linolenic acid (C18:3, omega 3) and linoleic acid (18:2n-6, omega 6) were the major PUFA of the
omega series identified in this study. The omega series fatty acids cannot be synthesised by humans
and are considered essential nutrients for humans [63]. The ratio is also considered important for
human health since an excess of one family of omega 3 or omega 6 can interfere with the metabolism of
the other [63]. It has been suggested that a healthy diet should have an n-6:n3 PUFA ratio higher than
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4 [64], this ratio was only observed for outdoors animals suggesting that grass-fed beef has a higher
nutritional value. For omega-3 fatty acids, EU (2010) states that a claim that a food is a source of
omega-3 fatty acids may only be made where the product contains at least 300 mg α-linolenic acid per
100 g). The concentrations of linolenic acid in the present study were 9, 13, 17 and 18 mg/100 g muscle
for CON, SC, GC and G0, respectively. None of the beef in this study meets this claim.

Higher linoleic acid in GC and G0 compared with CO animals is unusual based on the literature,
but may reflect the extremely low IMF concentration in these groups. The higher proportion of
linolenic acid its elongation products mainly C22-5n-3 and C20:5n-3 in GC and G0 is consistent with
the literature [28].

Two CLA isomers were detected in the present study, the major isomer rumenic acid (C18:2-c9,t11)
and the minor isomer, C18:2 t10c12. The higher rumenic acid proportion in GC and G0 is also
consistent with the literature [28,53]. Animal studies demonstrated that CLA can reduce carcinogenesis,
atherosclerosis and diabetes [65–67]. However, due to the higher IMF concentration in CON and SC
compared to GC and G0 (Table 6), an individual consuming 100 g beef would consume a similar
amount of rumenic acid from beef from all the production systems examined.

Since humans are able to transform trans vaccenic acid (C18:1-t11) into rumenic acid (9c11t-C18:2)
at a rate between 5 to 12% [68], the higher concentration of trans vaccenic acid (6.3, 5.3, 7.0 and
7.5 mg/100 g muscle for CON, SC, GC and G0, respectively) would also contribute to a nutritional
enhancement of beef from the grass-based production systems. We acknowledge that the proportion of
CLA found in the present study was low compared with other studies, however the levels are similar
to those reported by Aldai et al. [53], who explained the lower CLA concentration on the basis of the
late-maturing breeds used.

The HUFA meat content is also an important nutritional factor, since the human efficiency of
transforming α-linolenic acid to EPA (eicosapentaenoic acid C20:5n-3), DPA (docosapentaenoic acid
C22:5n-3) and DHA (docosahexaenoic acid C22:6 n-3) is very low. On the other hand, HUFA (especially
DHA and EPA) have been related with the prevention of atherosclerosis, heart attack, depression and
cancer [69]. The higher concentration of HUFA and proportions of EPA and DPA in GC and G0 is
similar to Alfaia et al. [54]. For longer carbon chain omega-3 fatty acids, EU (2010) states that a claim
that a food is a source of omega-3 fatty acids may only be made where the product contains at least
40 mg of the sum of EPA and DHA per 100 g.). In the present study, EPA + DHA concentrations were
9.5, 14.4, 14.0 and 14.5 mg/100 g muscle for CON, SC, GC and G0, respectively. None of the beef in this
study meets this claim.

In line with previous results, the nutritional indices, AI and TI, were better for grass-fed beef
compared to CON indicating a general improvement of the nutritional quality. Similarly, the PUFA:SFA
ratio is suggested to be above 0.4 [70] and only the grass-based production systems achieved this target.

5. Conclusions

In conclusion, while only the indoor production systems met the market carcass fat specifications,
beef eating quality of grass-fed animals was not detrimentally affected. This, together with the fact that
grass-beef systems result in leaner meat with a fatty acid profile better for the health of the consumer,
makes these “grass-based” productions systems a feasible alternative especially for “health-concerned”
consumers. It is clear that the carcass fat specifications required by the industry are not justified on
an eating quality basis.
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Abstract: The aim of study was to investigate the relationships between the characteristics of cull
beef cows in the Rouge des Prés breed, finishing practices and physicochemical characteristics and
sensory traits of Longissimus thoracis (LT) and Rectus abdominis (RA) muscles from 111 cows. On the
basis of our surveys, which qualify at cow level the animal characteristics and finishing diet, clusters
of cull cows and finishing practices are created and their effects tested on LT and RA meat quality.
Old and heavy cows with good suckling ability (95 months, 466 kg and 7.1/10) are characterized
by LT with larger fibers, and higher intramuscular fat content and fat-to-muscle ratio. Young and
heavy cows with low suckling ability (54 months, 474 kg and 4.4/10) are characterized by LT and
RA with lower MyHC IIx and higher MyHC IIa and MyHC I proportions. MyHC IIx and IIa
proportions are lower and a* and b* color indices higher when cows are finished on pasture, probably
related to grass diet and physical activity. The fat-to-muscle ratio is higher without any effect on the
intramuscular fat content when cows are finished over a short period (107 days) with a high level of
concentrate (9.7 kg/day). The opposite effect is observed over a long period (142 days) with a low
level of concentrate (5.8 kg/day), confirming the interaction effect between finishing duration and
amount of energy concentrate on the allotment of adipose tissue deposit.

Keywords: suckling cattle; cull cow; meat quality; finishing practices; farm survey

1. Introduction

In France, more than 50% of the beef meat produced and consumed comes from cull dairy and
beef cows. There is a high diversity of cows in terms of breed, age, and diets. Throughout their life,
cows are fed with different diets (maize or grass silage, pasture, and hay associated with energy
and protein supplementations) which led to different growth curves and fat deposition dynamics [1].
Before slaughtering, they can be fed with a finishing diet for several weeks which influences the muscle
and fat contents of the carcass. This can induce a wide variability in carcass and meat quality traits such
as tenderness, juiciness, or flavor [2,3]. Many experiments dealing with tenderness have shown that
age can have a negative effect on tenderness from 24 months to more than 60 months [4,5]. Moreover,
compensatory growth, high energy level, growth rates, and duration of finishing periods can have
positive effects on tenderness that vary according to animal type (steer, heifer, young bull, or cull cow)
and muscle [3]. Finally, morphological animal type has few effects on tenderness [6]. The effects of diet
and animal type on flavor and juiciness have been assessed in a few studies. Duarte et al. [7] have
shown, in Nellore cattle, that juiciness and flavor are less affected by the finishing diet and have a
negative correlation to growth rate. Finishing diets leading to high fat deposition (and low growth
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rate), such as a long fattening period with a low energy level diet, may increase juiciness and flavor
intensity [8,9].

Nevertheless, most studies dealing with the effects of diet and animal type on meat quality
have mainly been conducted on young animals such as heifers, young bulls, and steers. In cull cows,
few experiments have been conducted dealing with the effect of the breed [4–6], finishing diet [9,10],
and age [5]. The main part of these studies has been conducted on cull dairy cows. They have shown
that breed (dairy versus suckling), animal morphology in a breed (selection on body conformation or
not), and interaction with finishing diet, can modify the fat deposition in the carcass and meat, the
muscle fiber type, the collagen content and composition, and in consequence the meat quality in terms
of tenderness, flavor, and juiciness. Moreover, the effects of finishing factors are different according
to the animal category (young bulls or cull cows) [11]. Nevertheless, there are few experiments with
cull cows because it is difficult to create homogenous experimental groups in terms of body condition
score, weight, age, and raising practices before the experimentation (e.g., diets, sanitary events, and
compensatory growth).

Moreover, most of the results have been produced in experimental conditions (trials dealing with
one or two factors) and are difficult to apply to real multifactorial conditions such as farm management
practices [12]. At farm scale, few experiments have studied the effects of rearing practices (diet) on meat
quality of Rectus abdominis (RA) and Longissimus thoracis (LT) [3,13,14]. They have focused their work
on the relationships of different types of finishing diets on beef meat quality traits (mainly tenderness)
of heifers [3], young bulls [13], and cull beef cows [14], but they did not study factors such as age or
animal type and their interaction with finishing diet. For these reasons, our objective was to assess
the effects of the age, animal type (suckling ability, morphology) of cull beef cows and the finishing
practices (forage and level of concentrate) on meat quality traits of RA (tenderness, color, juiciness,
and flavor) and LT (tenderness and color) muscles in relation to their composition (fiber type, enzyme
activities, fat content, and collagen content).

This work has been performed on protected denomination of origin (PDO) Maine-Anjou (MA)
cull cows. All the animals raised in this PDO belong to the local suckling breed, Rouge des Prés
(RdP), which was a dual-purpose breed until the late 1980s. We chose the population of PDO MA cull
cows slaughtered in a year (around 1300 cows) for selection of our experimental animals because it is
recognized for having the following diverse study factors at farm scale: cull cow morphology (age,
body conformation, carcass weight, and fat deposition) and finishing practices [15].

2. Materials and Methods

2.1. Sampled Animals

Our objective was to sample 10% of the total population of PDO MA cows slaughtered throughout
a year, in other words 110–120 cull cows. These cows represented the diverse finishing practices
observed in PDO MA farms. A preliminary study on the whole PDO MA farm population conducted
by Schmitt et al. [15] identified a representative selection of 45 farms based on their finishing practices
(forage type, amount of concentrate, and the finishing period). In 2010, 111 cull cows from these farms
and slaughtered throughout the year were selected and sampled.

The cows were collected in a commercial slaughterhouse (Elivia, Le Lion d’Angers,
France) following standardized slaughtering procedures (last feed on the day before slaughter,
transport duration less than 15 h, maximum 12-h resting period after arrival with available water,
stunning procedure with a captive-bolt stunner, and vertical bleeding), as well as standardized chilling
and storing procedures (deep muscle temperature of 6–7 ◦C achieved in 24 h). At 24 h post-mortem, cold
carcass weight and fatness scores were collected. The conformation was judged by a trained classifier
according to the EUROP classification with three levels per class (+, =, −) (CE1249/2008 regulation).
Scores (from 1 to 5) related to the PDO MA agreement and assessing meat color (visual score),
intramuscular fat content (IMF) (visual score), and tenderness (palpation of the fifth rib). For each
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carcass, the fifth rib from the left half of the carcass and the two RA muscles were removed at 24 h
post-mortem. The LT muscle was sampled from the fifth rib the same day. Finally, the LT and the
two RA muscles were vacuum packaged. The RA muscle was chosen because it is easily sampled,
without any economic depletion of the carcass, and because it is more reactive to the variations of
rearing practices than LT muscle [16]. In addition, the LT muscle sample was used as a reference for
comparison with other studies using LT muscle and with the RA muscle results.

A 3 cm thick steak and samples of 110 g were removed from the LT muscle section and the left RA
muscle for further analysis. The steaks were vacuum packaged, chilled for 14 days at 4 ◦C and then
stored at −20 ◦C until shear force measurements were performed. From the 110 g, 10 g were used for the
following fiber characterizations: fiber cross-section area, myosin heavy chains (MyHC) proportions,
and enzyme activities. Samples intended for fiber area measurement were cut into 2 duplicates of 2 cm
x 3 mm side cubes and stacked on cork in order to position the muscular fibers, progressively frozen in
isopentane and then in liquid nitrogen, and then stored at −80 ◦C until analysis. Samples intended for
MyHC proportions and for enzyme activities were cut into small cubes (down to 1 mm side), frozen in
liquid nitrogen, and stored at −80 ◦C. The remaining muscles, 100 g, were used for the IMF, total, and
soluble collagen content measurements. The samples were cut into 5 mm side cubes, freeze dried for
72 h and ground to obtain a meat powder. Then, the powder of each sample was vacuum packaged
and stored at 4 ◦C until analysis.

The right RA muscles were vacuum packaged and chilled for 14 days at 4 ◦C for aging. After aging,
they were frozen and stored at −20 ◦C until sensory analysis.

2.2. Physicochemical Measurements

2.2.1. Intermuscular Fat Content and Carcass Composition

The fifth rib was dissected and intermuscular fat, meat, and bones were separated from each
other. Each tissue was weighted. Thereby, the fat to meat ratio of the fifth rib (i.e., the intermuscular fat
content) and the carcass composition were calculated according to the equations developed by Robelin
and Geay (1975) for Salers breed [17]. The equations used were: (i) Muscle in the carcass (kg) = –11.21
+ 0.7449 × carcass weight (kg) − 72.52 × adipose tissue in the rib (kg) + 12.2 ×muscular tissue in the
rib (kg) and (ii) fat in the carcass (kg) = −5.22 + 0.1489 × carcass weight (kg) + 67.48 × adipose tissue in
the rib (kg) − 10.39 ×muscular tissue in the rib (kg).

2.2.2. Muscle Fiber Cross-Sectional Area

The fiber cross-sectional area was determined by computerized image analysis on 10-μm thick
sections cut using a cryotome MICROM HM 500 M at a temperature of −25 ◦C [18]. The sections were
stained with azorubine colorant to define the histological architecture of the muscle and to measure
fiber proportion and diameter. Because the fibers did not have the same areas depending on animals
and muscles, between 180 and 220 fibers from two different locations in the muscle were used to
determine the mean fiber area using computerized image analysis. The surface area of each type
of fiber and the mean fiber area were measured using the Visilog software program developed by
Meunier et al. [18].

2.2.3. Myosin Heavy Chain Proportions

The MyHC IIx, IIa, and I isoforms were separated according to their molecular weight using the
electrophoretic method developed by Picard et al. [19]. Around 100 mg of muscle were ground in
5 mL of a buffer solution containing 0.5 M NaCl, 20 mM Na pyrophosphate, 50 mM tris, 1 mM EDTA
and 1 mM dithiothreitol. After centrifugation at 2500 × g for 10 min at 4 ◦C, 500 μL of supernatant
were removed and diluted 1:1 v/v with glycerol. The protein content was measured by spectrometry
according to Bradford [20]. Thereby, a volume of supernatant containing 5 μg of proteins was analyzed
using a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to Picard
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et al. [19]. After migration, the gels were stained in a solution of R250 Coomassie blue. The proteins
were fixed in a solution made with ethanol (30%) and acetic acid (5%) for 20 min at room temperature.
The gels were incubated in a colored solution containing propanol 2 (25%), acetic acid (10%) and
Coomassie blue R250 (2 g/L) for 20 min. Then, the proportion (%) of the three MyHC was determined
by densitometric analysis using an ImageQuant Software (Amersham Biosciences/GE Healthcare,
Uppsala, Sweden).

2.2.4. Enzyme Activities

Muscle samples were homogenized with a polytron in a 5% (wt/v) solution with 10 mM tris
(pH 8.0), 0.25 M sucrose, and 2 mM EDTA. One aliquot of homogenate was centrifuged at 10,000 × g
for 10 min at 4 ◦C for determination of lactate deshydrogenase (LDH) and isocitrate deshydrogenase
(ICDH) activities. The LDH activity was measured by following the disappearance of nicotinamide
adenine dinucleotide, reduced form (NADH) at 340 nm, and ICDH activity was measured by following
the reduction of nicotinamide adenine dinucleotide phosphate (NADP) at 340 nm. LDH activity
was determined according to Ansay [21], using 10 μL of supernatant diluted four-fold, in 2.9 ml of a
reaction mixture that contained 50 mM triethanolamine (pH 7.5), 5 mM EDTA, 0.235 mM NADH and
2 mM pyruvate. Pyruvate concentration was determined for maximum LDH activity in bovine muscle.
ICDH activity was determined according to Briand et al. [22], using 200 μL of supernatant in 2.7 mL
of a reaction mixture that contained 36 mM Na2HPO4, 0.5 mM MnCl2, 0.05% Triton X-100, 0.35 mM
NADP and 1.3 mM isocitrate (pH 7.5). All enzyme activities were measured at 25 ◦C, performed in
duplicate, and are expressed as micromoles of substrate concerted per minute and per gram of wet
muscle (μmol/min/g).

2.2.5. Intramuscular Fat Content

An Accelerated Solvent Extractor 200 (Dionex Corporation, Sunnyvale, CA, USA) was used to
measure out the IMF content of a large number of samples (111 cull cows × 2 muscles × 3 repetitions,
n = 666). Exactly 1 ± 0.001 g of meat powder was placed in a 22 mL extraction cell previously prepared
with a cellulose filter and silicon balls. The IMF was extracted with petroleum ether at a temperature
of 125 ◦C and a pressure of 103 bar. The petroleum ether containing IMF was collected and transferred
into an evaporation vial previously weighted (± 0.001 g). After 15 min of evaporation, the vial was
placed in a drying oven at 105 ◦C for 17 h and then weighed (± 0.001 g) to determine the amount of
IMF in the meat sample.

2.2.6. Total and Soluble Collagen Contents

The total collagen content of raw meat was derived from the hydroxyproline concentration
(collagen = 7.5 × HyPro) determined on five replicates using the method of Bergman and Loxley [23]
adapted by Bonnet and Kopp (1984) [24]. The insoluble collagen content was determined following the
same procedure on the residue obtained after heating the meat sample in a tris–HCl 0.02M, NaCl 0.23M,
pH 7.4 buffer solution (1:5 w/v) at 90 ◦C for 2 h and subsequently discarding the heat-soluble fraction
as described by Bonnet and Kopp [25].

2.2.7. Warner-Bratzler Shear Force

The shear force was measured according to the method developed by Honikel [26] using a
Warner-Bratzler shear device (Synergie200 texturometer). After thawing 48 h at 4 ◦C, the RA and LT
steaks were placed for 4 h in a thermostated bath at 18 ◦C. Then, they were cooked using an Infragrill E
(Sofraca, France) set at 300 ◦C until the temperature at the heart of the steak reached 55 ◦C. From 3 to
5 test pieces (1 × 1 × 4 cm) were taken from the heart of the steak in the direction of the fibers and 3 to
4 repetitions per test tube were carried out. A 1 kN load cell and a 60 mm/min crosshead speed were
used (universal testing machine, MTS, Synergie 200H). The peak load (N) and energy to rupture (J) of
the muscle sample were determined.
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2.2.8. Color

Meat color was monitored using a portable spectrocolorimeter (Minolta 508i, Minolta Konica, Japan)
on LT and RA after a 30-min blooming period (24 h post-mortem, the day of cutting). The illuminant,
D65, was the chosen because it closely approximates daylight [27]. The spectrocolorimeter was
calibrated before measurement using a standard white calibration tile (Y = 93.58, x = 0.3150, y = 0.3217).
Color coordinates were calculated in the CIELAB system: L* (lightness), a* (green to red color
components), and b* (blue to yellow color components). Measurements were taken at nine locations on
each muscle. Three consecutive measurements were averaged to give one value. Thereby, three values
per muscle were obtained.

2.3. Sensory Analysis

The right RA muscles were thawed 48 h before sensory analysis at 4 ◦C. Then, they were cut into
15 mm steaks and cooked for 1 min 45 s in an Infra grill Duo Sofraca set at a temperature of 300 ◦C
(SOFRACA, Morangis, France) to reach a core temperature of 55 ◦C. After cooking, the steaks were
cut into 20 mm cubes that were served on a plastic plate at an internal temperature of 55 ◦C. Sensory
assessment was conducted by a 12-member test panel trained in meat sensory analyses. The panelists
evaluated the cooked samples for initial tenderness, overall tenderness, initial juiciness, final juiciness,
global flavor, bovine flavor, persistence, and overall appreciation. Initial tenderness was defined as
the ease of rupture at the first bite, whereas overall tenderness indicated the ease of rupture along
chewing. Initial juiciness was defined as the released juice at the first bite; the final juiciness indicated
the released juice at the end of chewing. The persistence characterized the duration of the taste’s
persistence all along chewing. Each attribute was rated on a nongraduated scale from 0 to 10 points.
At each session, a monadic presentation of 6 RA muscle samples was completed, each sample being
selected in random order. The sessions were carried out in a sensory analysis room equipped with
individual boxes, under artificial noncolored lighting.

2.4. Surveys

For each sampled cow, the rearing practices were recorded using a survey carried out by directly
interviewing farmers. The questionnaire included both quantitative and qualitative information about
the finishing period and the characteristics of the cow related with its genetic type, its age at slaughter
and other indicators of its management. More precisely, the information collected in the survey that
related to diet characteristics of the finishing period was:

• The season of the finishing period (seasons are defined as spring (April to June), summer (July to
August), autumn (September to November) and winter (December to March));

• The part of hay, either haylage or grass in the finishing diet (% DM of offered forage);
• The amount of concentrate in the diet (kg/day). Concentrate was defined by the amount of raw

material (cereals, soya meal, dried beet pulp, . . . ) or balanced compound feed purchased by
the farmer;

• The duration of the finishing period (days);
• An estimation of the activity during the finishing period (% finishing days spent outside in

a paddock);
• The number of cows in the finishing fattening batch;
• Duration and of the period between the last weaning and the beginning of the finishing

period (days).

The information collected in the survey that related to the cull cow characteristics was:

• Birth weight from birth notification (kg);
• Age at first calving (months);
• Age at slaughter (months);
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• Parity (i.e., calving number);
• Ascendance characteristics (muscular conformation x muscular conformation, maternal skills x

maternal skills, muscular conformation x maternal skills);
• Estimated suckling value by the farmer (i.e., milk production; 0 for no ability to 10 for high ability);
• Sanitary events during productive period (yes/no);
• Long day-open periods (yes/no);
• Potential gestation during the finishing period (yes/no);
• Suckling during the finishing period (yes/no);
• The reason of culling (sanitary/other).

2.5. Statistical Analysis

The purpose of our analysis was to create clusters of cull cows based on finishing practices and cull
cow morphology, and thereby to compare the created clusters on their muscle composition and meat
quality traits. Two multivariate analyses, according to finishing practices and cull cow morphology,
were performed. First, two principal component analyses (PCA) were implemented using a ade4
package (acp.dudi procedure) in the R software on the following discriminating and active variables:
(i) part of different forages, amount of concentrate, duration of the finishing period, and activity
for the finishing clustering; (ii) birth weight, age at first calving, age at slaughter, calving number,
estimated suckling value, and carcass weight for the cull cow type clustering. Data were automatically
normalized in the analysis in order to give equal weight to each variable in the PCA analysis. The other
variables were not used because they were redundant or not discriminant. Afterwards, the item
coordinates on the PCA dimensions were included in two hierarchical cluster analyses (HCA, ade4
package, cah procedure based on Ward’s method, and R software). The program identifies the cluster,
which has a minor variance within groups and the greater variance between groups. The HCA was
done to identify different classes of finishing practices and cull cow types. The classes were reported in
the database; each cow was associated with a class of finishing practices and cull cow type.

Classes of finishing practices, of cull cow types and their interactions were compared on data
used for PCA, muscle composition, and meat quality traits. Variance analysis and mean multiple
comparisons with one factor were carried out using the general linear model (GLM) procedure from
SAS. Multiple comparisons of the adjusted means (LSMEANS) were done using the PDIFF option of
the GLM procedure.

3. Results

3.1. Cull Cow and Finishing Practices Clusters

3.1.1. Cull Cow Type Clusters

The PCA distinguished three main components (total proportion of variability explained = 75.2%).
The proportions of variability explained were 33.0%, 23.7%, and 18.5% and the eigenvalues were 1.65,
1.19, and 0.92 for the first, second, and third components, respectively. The coordinates of each item on
the three PCA components were used to perform the HCA. It led to three clusters which were named
Ylight, Omilk, and Yheavy (Table 1). Fifteen cows could not be included in the clustering due to a lack
of data for the variables used in the analyses.
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Table 1. Characteristics of the cull cow clusters identified by the hierarchical cluster analysis (adjusted
mean from anova ± standard error of the mean).

Ylight Omilk Yheavy p

N 51 32 13

Cold carcass weight, kg 415 a ± 3.0 466 b ± 5.9 474 b ± 4.0 ***
Estimated suckling value, /10 5.5 b ± 0.17 7.1 c ± 0.14 4.4 a ± 0.26 ***

Parity 1.5 a ± 0.09 5.2 b ± 0.23 1.7 a ± 0.26 ***
Slaughter age, months 50.4 a ± 1.41 95.3 b ± 3.07 54.0 a ± 2.99 ***

Age at 1st calving, months 32.8 a ± 0.53 32.0 a ± 0.84 33.5 b ± 0.84 ***

***: p < 0.001; Ylight = cluster composed by young and light cows with medium suckling value; Omilk = old and
heavy cows with good suckling value; Yheavy = young and heavy cows with low suckling value; a,b,c values within
a row with different superscripts differ significantly at p < 0.05.

The first cluster is composed by light carcasses (415 kg on average) from young cull cows
(50 months on average), with a parity below 2 and an average estimated suckling ability (5.5/10) (Ylight,
n = 51). These cows are not kept for the herd replacement (weak development, low suckling ability)
and are quickly culled. The second cluster is composed by heavy carcasses (466 kg on average) from old
cows (95 months on average) with a parity above 4 and a high estimated suckling ability (7.7/10) (Omilk,
n = 32). These cows are kept in the herd because they fit with the following objectives of the farmers:
good skeletal and muscular development, reproductive performance, and suckling ability. Finally, the
third cluster is composed by heavy carcasses (474 kg on average) from young cows (54 months on
average) with a parity below 2 and a low suckling ability (4.4/10) (Yheavy, n = 12). These cows have a
good muscular development and are quickly culled because of their higher economic value (related to
a better carcass yield than the other classes). We observed no difference among clusters in terms of
finishing practices.

3.1.2. Finishing Practices Type Clusters

The PCA distinguished three main components (total proportion of variability explained = 74.9%).
The proportions of variability explained were 30.5%, 24.7%, and 19.7% and the eigenvalues were 2.14,
1.73, and 1.38 for the first, second, and third components, respectively. The coordinates of each item on
the three PCA components were used to perform the HCA. It led to four clusters which were named
LongF, HayF, ConcF, and PastF (Table 2). Fourteen cows could not be included in the clustering due to
a lack of data for the variables used in the analyses.

The first cluster is characterized by a long finishing period (142 days on average) and a mix of
hay and haylage based diet supplemented with 5.8 kg/day of concentrate on average (LongF, n = 17).
Even if the daily amount of concentrate is the lowest among all the classes, the total amount distributed
throughout finishing period is close to the average of the total population (819 kg). The second cluster
is characterized by a short finishing period (80 d on average) and a hay-based diet supplemented with
8.0 kg/d (total = 632 kg) of concentrate (HayF, n = 41). The third cluster is characterized by duration of
the finishing period close to the average of the total population (107 d). The diet is composed by hay
supplemented with a high level of concentrate (9.7 kg/d and 1029 kg in total) (ConcF, n = 18). Finally,
the fourth cluster is characterized by a short finishing period (86 d on average) and a pasture diet
supplemented by 7.6 kg/d (total = 665 kg) of concentrate (PastF, n = 21). These clusters are consistent
with the diverse practices in the PDO MA farm population [15]. We observed no difference among
clusters in terms of prefinishing practices (8 weeks between weaning and finishing leading to similar
body condition among cows) and cull cow characteristics.
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Table 2. Characteristics of the finishing practices clusters identified by the hierarchical cluster analysis
(adjusted mean from anova ± standard error of the mean).

LongF HayF ConcF PastF p

Nb 17 41 18 21

Duration, days 142 c ± 6.3 80 a ± 1.9 106 b ± 3.2 86 a ± 6.0 ***
% finishing days spent outside 23 a ± 8.0 47 b ± 7.8 40 b ± 10.1 94 c ± 4.9 ***

Grazed grass, % forage DM 8 a ± 2.7 5 a ± 1.5 4 a ± 1.7 83 b ± 2.7 ***
Haylage, % forage DM 46 b ± 9.8 39 b ± 6.6 16 a ± 5.7 2 a ± 1.2 ***

Hay, % forage DM 46 b ± 8.6 55 b ± 6.4 80 c ± 5.5 14 a ± 2.5 ***
Concentrate, kg/d 5.8 a ± 0.31 8.0 b ± 0.26 9.7 c ± 0.28 7.6 b ± 0.57 ***

Concentrate throughout finishing, kg 819 b ± 58.1 632 a ± 20.0 1029 c ± 36.5 665 a ± 68.0 ***

***: p < 0.001; LongF = long finishing period with a mix hay-haylage diet supplemented with a low amount of
concentrate; HayF = short finishing period with a hay or haylage diet supplemented with a medium amount of
concentrate; ConcF =medium finishing period with a hay diet supplemented with a high amount of concentrate;
PastF = short finishing period with a grazed grass diet supplemented with a medium amount of concentrate;
a,b,c values within a row with different superscripts differ significantly at p < 0.05.

3.2. Effect of Cull Cow Clusters on Muscles and Meat Quality Traits

3.2.1. Longissimus Thoracis

There was no difference between clusters on total and insoluble collagen contents and shear force
measurements (Table 3). Omilk LT had higher IMF content and fat-to-muscle ratio, in comparison to
Ylight and Yheavy LT (+5.8 and +5.2 for IMF content, p < 0.01; +7.1 and +6.5 for fat-to-muscle ratio,
p < 0.01). Yheavy LT tended to have lower cross-sectional area of fibers than Omilk LT (−477 μm2,
p ≤ 0.1). The proportion of MyHC IIa was higher in the LT of Yheavy LT in comparison to Ylight
and Omilk LT (+9.5 and +8.8 percentage points (pp), respectively, p < 0.05). On the other hand, the
proportion of MyHC IIx tended to be lower (–9.5 and –6.8 pp, respectively, p≤ 0.1) and the proportion of
MyHC I did not differ between classes. Compared to Omilk LT, the LDH activity in Yheavy LT tended
to be lower (−73 μmol/min/g, p ≤ 0.1). Finally, the b* index was higher in Yheavy LT in comparison to
Ylight and Omilk LT (+1.13 and +0.63, respectively, p < 0.05).

Table 3. Effects of the cull cow clusters on Longissimus thoracis characteristics (adjusted mean from
anova ± standard error of the mean).

Ylight Omilk Yheavy p

Nb 51 32 13

ICDH 1 1.06 ± 0.05 1.00 ± 0.06 1.12 ± 0.07 NS
LDH 1 709 a ± 15.2 691 a ± 17.6 764 b ± 32.0 †

Fiber size, μm2 2878 a,b ± 94.4 3142 b ± 126.9 2665 a ± 102.3 †
IIx, % 15.3 b ± 2.27 12.3 a,b ± 2.02 5.8 a ± 3.10 †
IIa, % 54.3 a ± 1.85 55.0 a ± 2.26 63.8 b ± 3.15 *
I, % 30.4 ± 0.99 32.6 ± 1.66 30.4 ± 1.01 NS

Total collagen 2 3.09 ± 0.06 3.09 ± 0.08 2.95 ± 0.12 NS
Insoluble collagen 2 2.43 ± 0.05 2.47 ± 0.06 2.26 ± 0.08 NS
Shear force, N/cm2 45.6 ± 1.92 45.3 ± 1.69 42.2 ± 2.28 NS
IMF3, g/100g DM 15.2 a ± 0.87 20.0 b ± 1.14 15.8 a ± 1.11 **

Fat-to-muscle ratio 29.2 a ± 1.23 36.3 b ± 2.31 29.8 a ± 1.38 **
L* 39.5 ± 0.31 39.9 ± 0.37 39.2 ± 0.83 NS
a* 8.61 ± 0.16 8.79 ± 0.19 9.19 ± 0.33 NS
b* 7.07 a ± 0.16 7.57 a ± 0.27 8.20 b ± 0.29 *

**: p < 0.01; *: p < 0.05; †: p ≤ 0.1; NS: nonsignificant; 1 isocitrate dehydrogenase (ICDH) and lactate dehydrogenase
(LDH) activities, in μmole/min/g; 2 in μg OH-proline/mg dry matter; 3 intramuscular fat content; a,b,c values within
a row with different superscripts differ significantly at p < 0.05.
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3.2.2. Rectus Abdominis

There was no difference between clusters on ICDH and LDH activities, fiber size, total and
insoluble collagen contents, shear force, and color (Table 4). In comparison to Ylight RA, Yheavy RA
also had lower proportions of MyHC IIx (–7.2 pp, p < 0.05), but in favor of the proportion of MyHC I
(+6.1 pp, p < 0.05). The Yheavy RA tended to have higher IMF content than Ylight RA (+ 4.8 g/100 g,
p < 0.1). Sensory scores were always below 5/10. The panelists were initially trained for LT analysis, not
RA, probably explaining why scores were so low. Initial tenderness tended to be lower in Ylight RA, in
comparison to Yheavy and Omilk RA. Overall appreciation tended to be higher in Omilk RA (Table 4).

Table 4. Effects of the cull cows clusters on Rectus abdominis characteristics (adjusted mean from anova
± standard error of the mean).

Ylight Omilk Yheavy p

Nb 51 32 13

ICDH 1 1.25 ± 0.5 1.37 ± 0.05 1.35 ± 0.13 NS
LDH 1 645 ± 15.0 612 ± 13.9 669 ± 37.6 NS

Fiber size, μm2 3516 ± 118.0 3664 ± 170.3 3743 ± 232.9 NS
IIx, % 27.4 b ± 1.68 21.3 a ± 1.78 20.2 a ± 3.89 *
IIa, % 36.2 ± 1.18 40.0 ± 1.54 37.2 ± 2.84 NS
I, % 36.4 a ± 1.03 38.7 a,b ± 1.25 42.5 b ± 1.78 *

Total collagen 2 3.64 ± 0.10 3.50 ± 0.08 3.51 ± 0.17 NS
Insoluble collagen 2 2.84 ± 0.08 2.75 ± 0.07 2.70 ± 0.13 NS
Shear force, N/cm2 49.8 ± 1.21 50.6 ± 1.69 49.2 ± 2.61 NS
IMF3, g/100g DM 17.3 a ± 1.07 19.6 a,b ± 1.15 22.1 b ± 2.59 †

L* 38.9 ± 0.31 38.7 ± 0.35 38.4 ± 0.67 NS
a* 5.77 ± 0.15 5.88 ± 0.17 5.63 ± 0.23 NS
b* 4.50 ± 0.13 4.78 ± 0.18 4.44 ± 0.31 NS

Initial tenderness, /10 4.7 a ± 0.06 4.8 b ± 0.08 4.9 b ± 0.08 †
Initial juiciness, /10 4.2 ± 0.06 4.2 ± 0.07 4.2 ± 0.07 NS
Global flavour, /10 4.7 ± 0.04 4.8 ± 0.05 4.8 ± 0.09 NS

Persistance, /10 4.5 ± 0.04 4.5 ± 0.05 4.5 ± 0.06 NS
Overall appreciation, /10 2.9 a ± 0.08 3.2 b ± 0.11 2.9 a ± 0.14 †

*: p < 0.05; †: p ≤ 0.1; NS: nonsignificant; 1 isocitrate dehydrogenase (ICDH) and lactate dehydrogenase (LDH)
activities, in μmole/min/g; 2 in μg OH-proline/mg dry matter; 3 intramuscular fat content; a,b,c values within a row
with different superscripts differ significantly at p < 0.05.

3.3. Effect of Finishing Practices Clusters on Muscles and Meat Quality Traits

3.3.1. Longissimus Thoracis

We observed no effect of finishing practices on ICDH and LDH activities, fiber size, total and
insoluble collagen contents, shear force, and IMF content (Table 5). The fat-to-muscle ratio was higher
in ConcF LT in comparison to LongF, HayF, and PastF LT (+7.1, +8.8 and +7.2, respectively; p < 0.05).
The proportion of MyHC IIa in PastF LT, in comparison to LongF, HayF, and ConcF LT, were higher
(+9.0 pp, +6.2 pp and +10.4 pp, respectively, p < 0.01) and the b* index tended to be higher (+1.2, +0.8,
and +0.8 for b* index, respectively, p ≤ 0.1). Finally, the a* index was lower in HayF LT in comparison
to LongF, ConcF, and PastF LT (–0.8, –0.9, and –0.8, respectively; p < 0.01).
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Table 5. Effects of the finishing practices clusters on Longissimus thoracis characteristics (adjusted mean
from anova ± standard error of the mean).

LongF HayF ConcF PastF p

Nb 17 41 18 21

ICDH 1 1.06 ± 0.12 1.06 ± 0.05 1.03 ± 0.06 1.02 ± 0.04 NS
LDH 1 710 ± 27.5 698 ± 18.5 705 ± 22.8 706 ± 22.9 NS

Fiber size, μm2 2933 ± 184.5 2808 ± 94.6 2986 ± 130.7 2991 ± 160.9 NS
IIx, % 14.5 ± 2.96 12.8 ± 2.60 14.6 ± 2.97 7.0 ± 2.53 NS
IIa, % 53.1 a ± 2.54 55.9 a ± 1.97 51.7 a ± 2.63 62.1 b ± 3.23 *
I, % 32.4 ± 1.78 31.2 ± 1.05 33.6 ± 1.24 30.9 ± 2.24 NS

Total collagen 2 3.06 ± 0.11 3.09 ± 0.06 3.12 ± 0.11 3.14 ± 0.09 NS
Insoluble collagen 2 2.43 ± 0.09 2.45 ± 0.05 2.47 ± 0.08 2.47 ± 0.07 NS
Shear force, N/cm2 49.1 ± 3.61 44.2 ± 1.60 43.8 ± 2.91 42.9 ± 1.64 NS
IMF3, g/100g DM 18.2 ± 2.03 16.1 ± 0.90 15.8 ± 1.15 15.7 ± 1.17 NS

Fat-to-muscle ratio 30.9 a ± 2.40 29.2 a ± 1.21 38.0 b ± 3.62 30.8 a ± 1.41 *
L* 40.0 ± 0.55 39.9 ± 0.41 39.6 ± 0.34 39.6 ± 0.53 NS
a* 9.2 b ± 0.35 8.4 a ± 0.16 9.3 b ± 0.26 9.2 b ± 0.21 **
b* 7.0 a ± 0.36 7.4 a ± 0.23 7.4 a ± 0.26 8.2 b ± 0.33 †

**: p < 0.01; *: p < 0.05; †: p ≤ 0.1; NS: nonsignificant; 1 isocitrate dehydrogenase (ICDH) and lactate dehydrogenase
(LDH) activities, in μmole/min/g; 2 in μg OH-proline/mg dry matter; 3 intramuscular fat content; a,b,c values within
a row with different superscripts differ significantly at p < 0.05.

3.3.2. Rectus Abdominis

Finishing practices have only influenced the proportion of MyHC I in RA muscle. LongF RA were
characterized by a lower proportion of MyHC I in comparison to HayF, ConcF, and PastF RA (–4.6 pp,
–5.9 pp and –5.3 pp, respectively, p < 0.05) (Table 6). Sensory traits were weakly modified by finishing
practices. Initial tenderness was lower in HayF RA in comparison to ConcF RA (–0.4 pp, p < 0.05).
And juiciness was higher in LongF RA in comparison to HayF, ConcF, and PastF RA (+0.3 pp, +0.3 pp,
and +0.3 pp, respectively, p < 0.01) (Table 6).

Table 6. Effects of the finishing practices clusters on Rectus abdominis characteristics (adjusted mean
from anova ± standard error of the mean).

LongF HayF ConcF PastF p

Nb 17 41 18 21

ICDH 1 1.25 ± 0.09 1.29 ± 0.05 1.42 ± 1.00 1.22 ± 0.06 NS
LDH 1 633 ± 17.2 656 ± 17.8 616 ± 20.1 648 ± 25.4 NS

Fiber size, μm2 3855 ± 206.6 3466 ± 104.7 3559 ± 195.6 3636 ± 214.9 NS
IIx, % 25.2 ± 2.32 25.5 ± 2.04 24.8 ± 2.34 23.2 ± 2.58 NS
IIa, % 40.8 ± 1.91 36.9 ± 1.36 35.4 ± 2.02 37.6 ± 2.02 NS
I, % 33.9 a ± 1.46 37.5 b ± 1.03 39.8 b ± 1.79 39.2 b ± 1.52 *

Total collagen 2 3.51 ± 0.11 3.67 ± 0.11 3.33 ± 0.09 3.57 ± 0.16 NS
Insoluble collagen 2 2.73 ± 0.11 2.87 ± 0.09 2.55 ± 0.07 2.81 ± 0.13 NS
Shear force, N/cm2 55.9 ± 4.69 51.4 ± 1.53 48.7 ± 1.45 50.7 ± 2.34 NS
IMF3, g/100g DM 19.8 ± 1.62 17.5 ± 1.07 17.7 ± 1.61 19.8 ± 2.02 NS

L* 39.8 ± 0.36 39.0 ± 0.38 38.8 ± 0.50 38.3 ± 0.35 NS
a* 6.1 ± 0.27 5.5 ± 0.16 5.8 ± 0.26 5.9 ± 0.23 NS
b* 4.5 ± 0.24 4.4 ± 0.16 4.5 ± 0.27 4.6 ± 0.22 NS

Initial tenderness, /10 4.6 a,b ± 0.11 4.5 a ± 0.08 4.9 b ± 0.07 4.8 a,b ± 0.09 *
Initial juiciness, /10 4.5 b ± 0.10 4.2 a ± 0.05 4.2 a ± 0.10 4.2 a ± 0.08 **
Global flavour, /10 4.9 ± 0.06 4.7 ± 0.04 4.7 ± 0.05 4.7 ± 0.07 NS

Persistance, /10 4.6 ± 0.06 4.5 ± 0.05 4.4 ± 0.05 4.5 ± 0.07 NS
Overall appreciation, /10 3.1 ± 0.14 2.9 ± 0.08 3.1 ± 0.11 2.9 ± 0.12 NS

**: p < 0.01; *: p < 0.05; †: p ≤ 0.1; NS: nonsignificant; 1 isocitrate dehydrogenase (ICDH) and lactate dehydrogenase
(LDH) activities, in μmole/min/g; 2 in μg OH-proline/mg dry matter; 3 intramuscular fat content; a,b,c values within
a row with different superscripts differ significantly at p < 0.05.
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3.4. Effect of the Interaction Between Cull Cow Clusters and Finishing Practices Clusters on Muscles and Meat
Quality Traits

The effects of the interaction were assessed by considering four finishing practices modalities and
only two of the cull cow clusters (Ylight and Omilk). The number of Yheavy cows was too low to
include this modality in the statistical analysis. We only observed two trends of interaction effects on
IMF content and fat-to-muscle ratio in LT (p ≤ 0.1). Finishing practices had no effect on IMF content and
fat-to-muscle ratio in LT in Ylight LT. However, in Omilk LT, the IMF content tended to be high when
cows were finished according to LongF practices (IMF content = 25.9%, fat-to-muscle ratio = 33.6%);
conversely, the fat-to-muscle ratio was high when cows were finished according to ConcF practices
(IMF content = 17.3%, fat-to-muscle ratio = 44.2%). These results might suggest that the partition of
lipid deposition between inter- and intramuscular fat depend on feeding practices in Omilk cull cows.

4. Discussion

In comparison to LT muscle, RA muscle has significantly larger fibers, higher proportion of MyHC
I at the expense of MyHC IIa, higher ICDH activity and lower LDH activity, higher shear force, higher
collagen and IMF contents, and darker but less red and yellow meat. These differences match the
results of [16] and will lead to strong differences in meat quality traits between LT and RA muscles,
especially tenderness.

4.1. Effect of Cull Cow Clusters on Muscle Characteristics

In our study, the differences in meat quality traits among cull cow clusters are stronger for LT than
RA. This result is consistent with Soulat [28] but not Oury et al. [16] who observed stronger differences
for RA than LT of Charolais heifers in relation to several finishing practices.

Omilk cows are older, heavier, and have a higher parity and suckling ability than Ylight and
Yheavy cows. These cows are kept in the herd for their good maternal skills (milk production to suckle
the calves). Moreover, Jurie et al. [5] found no relation between age and carcass weight of suckling cull
cows, whereas Liénard et al. [29] observed an increase of carcass weight of suckling cull cows until five
to six years of age and then a 10 kg decrease when cows are slaughtered at eight or nine years of age.
In our study, at least we can assume that the carcass weight and conformation of Omilk and Yheavy
cows are similar and significantly higher than those of Ylight cows.

Omilk LT are characterized by larger fibers, and higher IMF content and fat-to-muscle ratio than
Yheavy and Ylight LT. The latter result also means that the proportion of adipose tissue in the carcass
is higher for Omilk cows in comparison to Yheavy and Ylight cows (19.4% versus 18.3 and 17.4%,
respectively, p = 0.003). These differences could be related to the age and the suckling ability of the
Omilk cows. Jurie et al. [5] have observed no difference in LT composition (IMF content, MyHC,
fiber size and proportion of fat tissue in the carcass between groups of suckling cull cows differing in
age (4–5, 6–7 and 8–9 years). In this study, the body composition score at slaughter was similar for all
cull cows and could explain why no difference was observed. Moreover, between 4 and 9 years of age
(as it was observed for RdP cows in our study), the biological mechanisms involved in fiber size and
metabolism modifications do not exist anymore (growth of young cows [5]) or (aging of old cows [5]).
The suckling ability could also explain the differences observed between Omilk cows and the others.
It is well known that dairy animals (dairy breeds or dairy line within a suckling breed) tend to deposit
more fat [5] and to have higher proportions of MyHC I in their muscles [30] when aging. For these
reasons, Omilk LT composition would probably be intermediate between that of dairy and suckling
cull cows.

Yheavy LT, in comparison to Omilk and Ylight LT, have lower MyHC IIx proportion and higher
MyHC IIa proportion and tend to have higher glycolytic activity. Moreover, Yheavy RA, in comparison
to Omilk and Ylight RA, have higher MyHC I proportion, and lower MyHC IIx proportion, without
any difference in enzyme activities. These cows probably belong to an intra-breed muscular line as
farmers are known to select animals on maternal abilities (RDP was a dual-purpose breed until the 90s)
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or muscular development abilities (some bulls have the double-muscle gene). The animals are leaner,
the suckling ability is low, and the LT composition is closer to that of suckling cull cows (Limousine,
Charolaise, Belgium Blue), with a higher proportion of IIa and higher glycolytic activities [30,31].

For the two muscles, we observed no difference in total and insoluble collagen contents between
cull cow clusters, and in accordance to these results, no difference as well in shear force values.
Our results are consistent with previous studies that have shown no relation between age and total and
insoluble collagen contents in LT muscle of suckling cull cows [3–5]. Gerhardy [12] has also shown
similar total collagen content between dairy cull cows (62 months at slaughter on average) and dairy
heifers (23 months at slaughter on average). However, they observed a higher insoluble collagen
content in the LT of suckling cows, in accordance with Purslow [32]. The existence of a long finishing
period (at least 60 days) in our study could explain why there is no difference in insoluble collagen
contents between cull cow clusters. During finishing, the collagen frame (perimysium) is remodeled.
As the collagen turnover is long (half-life around 45 days), the effect of the remodeling fades after
several months [32]. Thus, as finishing lasted more than 45 days in our study, we could assume that
the remodeling of the collagen frame has been similar causing similar insoluble collagen contents
between cows.

4.2. Effect of Finishing Practices Clusters on Muscle Characteristics

In our study, the differences in meat quality traits among and finishing practices clusters are weak
for the two studied muscles. The main differences observed, mainly in LT muscle, concerned MyHC
fibers proportions and color indices. This shows that RA is less reactive than LT to finishing practices
as also stated in the literature [16].

MyHC IIx and IIa proportions are lower in the PastF LT, and the a* and the b* color indices are
higher in the PastF LT, as compared with other LT. Muscle pH, physical activity, IMF content and
color, and age are the main factors explaining meat color differences [2]. In our study, physical activity,
diet, and IMF color are the only factors that could explain our results, other factors being similar
between clusters [14]. Priolo et al. [33] have shown that the L* index is lower (related to a darker meat)
when cattle graze during finishing. The physical activity and grazing (in comparison to hay diet), by
modifying the fiber metabolic activity (mainly oxidative) [34], would lead to higher myoglobin content
in the muscle and thereby the higher L* index [35]. However, at least 100 days of grazing would be
necessary to observe significant effects [33] and probably would be adequate to increase the a* index.
On the other hand, Kerth et al. [8] have shown that the b* index of subcutaneous fat is higher when
cattle graze during finishing. Assuming that the IMF b* index is also higher, this could explain the
higher b* index in PastF LT [36].

In ConcF LT, the fat-to-muscle ratio was higher without any effect on IMF content, whereas, in
LongF LT, the IMF content was higher without any effect on the fat-to-muscle ratio. Even if the body
condition is not known at the beginning of the finishing period, it seems that the finishing duration and
the amount of energy concentrates (per day) influence the allotment of adipose tissue deposit during
finishing [11]. A short finishing period with a high proportion of concentrate in the diet, as observed in
the ConcF cluster, would lead to a deposit of adipose tissue in either the internal or intermuscular fat [3].
As shown by Robelin et al. [1], first the fat deposit occurs in the subcutaneous and internal fats, then in
the intermuscular fat, and finally in the IMF. A short finishing period with a low forage-to-concentrate
ratio diet promotes fat deposition as subcutaneous and internal fat, whereas a long finishing period
with a high forage-to-concentrate ratio diet deposits fat in the IMF. Thereby, these feeding practices
influence the IMF content and the fat composition of the carcass [9,37].

Shear force was not different among finishing practices clusters. This is consistent with the
extensive literature that shows no or very few effects of forage type and amount of concentrate during
finishing on shear force [3,36,38]. Nevertheless, the tenderness assessed by sensory analysis tended to
be higher in ConcF and PastF RA, in comparison to HayF and LongF RA. Even if the main factors
influencing tenderness (total and insoluble collagen contents, IMF content, carcass conformation,
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and fibers) were similar between clusters, the finishing practices could explain this slight effect.
Vestergaard et al. [35] have shown that a low forage-to-concentrate ratio in the finishing diet, as
observed in ConcF, could improve meat tenderness. Jurie et al. [34] have shown that a finishing diet
based on grazing, as observed in PastF, could improve meat tenderness by modifying the metabolic
activity and fiber types in the muscles.

In our study, cull cows were selected and collected in farms. Their characteristics before the
finishing period (body condition score) and their history (growth, reproductive performance, diets,
fat lipomobilization, sanitary events, . . . ) were highly variable. Although this information was
collected (survey), its variability was too high to take it into consideration in our statistical analysis
(clustering). This could have interfered in our analyses. Indeed, Apple et al. [39] have observed a
linear relationship between the body condition score and the fat composition in the carcass of cull
cows. Furthermore, it is well known in younger animals (heifers and steers) that the characteristics of
the growth period (compensatory growth for instance) impact the effects of the finishing periods on
the carcass composition and the meat quality (subcutaneous fat, IMF content, and tenderness) [40,41].
For that reason, often the growth period and the body condition scores are considered when animals
are allocated to the experimental treatments in trials dealing with the effect of finishing practices on
meat quality of heifers and steers. Thus, it could be interesting to perform another experiment taking
into account those factors in order to study the effect of the interaction between the history of the cow
before culling and the finishing practices on carcass and meat quality traits.

By exploring the differences between muscular and dairy lines within a local breed, our study
gives new insights into the effect of animal type on meat quality. Our study is original because it
considered the interaction between animal type and finishing practices at farm scale on the meat
quality of cull beef cows. Finishing practices have less effect than animal type on RA and LT meat
properties. Their effects also differed according to muscle type (RA or LT) and cull cows types on
muscle composition. The effects observed on meat quality are directly related to farmers’ practices
and provide new advice and modifications in culled cows finishing practices to improve meat quality.
As we only performed sensory analyses on RA muscle, we can only suppose that those differences
might have effects on sensory attributes among muscles. It could be interesting to study other muscles
to assess whether the effects of the animal type and finishing practices are similar regardless of the
muscles considered. Moreover, to enhance characterization of animal types, it could be interesting
to create animal clusters including genetic indices (e.g., suckling ability index) as a replacement for
qualitative information from farmer surveys. It could also be interesting to increase the number of
animals using a multifactorial approach, to study the effect of the overall farm management of cows
on carcass and meat quality traits. This means studying the interaction between the practices before
culling (sanitary problems, compensatory growth, feeding system, etc.), the animal characteristics at
the beginning of the finishing period (e.g., body condition score), the animal type (as observed in our
study) and the finishing practices. This interaction could partially explain the lack of effects observed
among clusters (IMF content for instance among finishing clusters).
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Abstract: The aim of this study was to investigate the impact of rearing managements applied during
a heifers’ whole life on the carcass and flank steak (rectus abdominis) meat traits. For this study,
rearing managements applied on 96 heifers were identified by conducting surveys in farms. A heifers’
whole life was divided into three key periods: Pre-weaning, growth, and fattening. The combination
of the rearing factors applied during the heifers’ whole life allowed us to characterize several rearing
managements. Among them, four have been studied in depth. The main results displayed that the
carcass traits were more sensitive to the rearing managements than the flank steak traits. The different
managements considered had an impact on the weight, the dressing percentage and the conformation
score of the carcass. Whereas, they had no impact on the sensory descriptors, the sheer force and the
color of the flank steak. This study showed that the variations observed for carcass and meat traits
could not be explained by the variation of only one rearing factor but could be explained by many
rearing factors characterizing the rearing management applied. Finally, this study demonstrated that
it was possible to improve carcass traits without deteriorating meat traits.

Keywords: pre-weaning period; fattening period; growth period; meat sensory properties; rearing
managements; rearing surveys

1. Introduction

Beef carcass and meat traits are impacted by the animal type (sex and breed) [1–3]. Rearing
managements have also been shown to influence these characteristics, with the fattening period as
the main studied period of the animal’s life. In the literature, the fattening period was mainly studied
using experimental devices by controlling one or two rearing factors. The factors that have been
most frequently studied during this period are the slaughter age [2,4–6], the slaughter weight [7,8],
the fattening duration [9–11], the fattening diet [12–14], and the fattening management, i.e., a pasture
period during the fattening period or the whole fattening in housing [15–18]. The rearing managements
applied during the animal’s whole life period (i.e., from birth to slaughter, WLP) are a complex
combination of many rearing factors to achieve carcass traits expected by the target market and to
maximize their value. Very few studies have jointly studied the influence of the rearing managements
applied at different periods of the animal’s life (growth, fattening or whole life) on carcass and meat
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traits [19–22]. The aim of the present study was to illustrate the effect of different rearing managements
during the animal’s whole life period on carcass traits and meat sensory properties. This study
concerned the protected geographical indication (PGI) Fleur d’Aubrac. This PGI was chosen in order
to work only on one animal type (i.e., crossbreed Charolais × Aubrac heifers) bred exclusively for the
meat production with a slaughter age between 26 and 42 months. In France, the meat consumed mainly
comes from female cattle. The shortest life duration of the heifers allows for the improvement of the
accuracy of the WLP rearing managements collected by the survey. This study was undertaken using
fixed slaughter and post-slaughter conditions to limit the potential bias caused by these parameters on
the meat quality [23–25].

2. Materials and Methods

2.1. Animals and Rearing Factors Data Collected by Surveys

The 96 crossbreed Charolais × Aubrac heifers used in this study were born in Occitanie (France
region) between December 2012 and May 2013. Their slaughters were distributed between February
2015 and June 2016.

To characterize the WLP rearing management, the heifer’s life was divided into three key periods
(Figure 1). Each key period of the heifer’s life was characterized by many quantitative or qualitative
rearing factors. The three steps of the survey were distributed over time to allow for the collection of
information regarding different rearing factors that were applied during the whole life. The surveys
were carried out by interviewing the farmers using questionnaires and establishing batch management
practices [26].

In total, 46 rearing factors were used to characterize the three key rearing periods. The rearing
factors characterizing the pre-weaning period (PWP, q = 16), the growth period (GP, q = 13) and the
fattening period (FP, q = 17) are presented in the Tables 1–3, respectively.

Figure 1. Description of the three key rearing periods during a heifers’ whole life (WLP) and
distribution of the three farm surveys conducted over time. Rearing managements characterizing
the three key periods (pre-weaning, PWP; growth, GP and fattening, FP) are described in
Tables 1–3, respectively.
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The energetic contents of the forages (hays, grass silages and wrapped haylages) in the fattening
diet and all concentrates (crude proteins (CP), net energy and neutral detergent fiber (NDF) contents)
were recorded. These data were used to calculate the chemical composition of the average forage (i.e.,
hays + grass silages + wrapped haylages) during the FP and the chemical composition of the average
concentrate for each period.

2.2. Animals Slaughtering, Carcass Traits and Muscle Sampling

All heifers were slaughtered in the same industrial slaughterhouse (Abattoir du Gévaudan,
Antrenas, France). The slaughter was done by exsanguination after stunning under the same conditions
for all heifers. Carcasses were suspended vertically using the Achilles method without electrical
stimulation. About 1 h (hot carcass weight) post-mortem, carcasses were weighted and graded visually
by an official judge (conformation and fat scores) according to the EUROP grid system [27]. Until 24 h
post-mortem, carcasses were chilled and stored at 2 ◦C in a cold room.

The EUROP system consists of a characterization of the carcass conformation using a scoring
grid divided into 5 classes: E (extremely muscled), U, R, O and P (very poorly muscled). Each class of
conformation was divided into 3 sub-categories using “+” (high), “=” (average), and “−” (low), so that
the conformation was divided into 15 subclasses. A scale ranging from 1 (very poorly muscled) to 15
(extremely muscled), corresponding to each of the conformation sub-categories, was considered [27].
In the EUROP system, the fatness score of the carcass is divided into 5 classes where 1 = lean and
5 = very fat. In our study, the fatness score was not a discriminatory trait as all carcasses were scored 3.

Carcass quality was characterized using three measurements: Cold carcass weight (calculated
from the hot carcass weight −2%, kg), dressing percentage (dressing% = ratio of cold carcass weight to
live weight before slaughter, %) and conformation score. In our dataset, the distribution of each carcass
trait was the following: Mean cold weight, 430 kg (standard deviation, SD = 42); mean dressing%,
58.5% (SD = 2.0) and mean conformation score, 11 (U=, SD = 1).

Twenty-four hours post-mortem, the full rectus abdominis (RA) muscle was collected from
the right-hand side of the carcass. To conserve the same sampling conditions (24 h post-mortem),
irrespective of the slaughtering day, only 77 RA muscles could be taken among the 96 samples.
This muscle is an oxidative muscle with higher mean fibre areas [28,29] than the longissimus muscle
(LM), which is considered as a reference muscle in most meat quality studies. According to the results of
Cassar-Malek et al. [30], the RA muscle is more sensitive to the variation of rearing managements than
the LM muscle. Moreover, Oury et al. [31] observed few differences between the sensory properties
(tenderness, juiciness and flavor) of both muscles, RA and LM, when heifers were reared under the
same conditions.

2.3. Meat Quality Evaluation

The color was measured 2 h after excision from the carcass on the fresh RA samples, using a
spectrophotometer (Konica Minolta CM-600d, Osaka, Japan) and expressed in CIE L*a*b* units [32].
Before the color measures, meat samples were exposed to air for 20 min. The spectrophotometer
was calibrated following the instructions of the manufacturer. A “black” and a “white” calibration
were performed before each measurement session. To characterize the color of the whole RA
muscle, the mean of 5 measurements (randomly distributed on the muscle) per RA muscle was
used. The connective tissues were avoided.

The RA muscles were then weighted, vacuum-packaged and chilled for 14 days at 4 ◦C for ageing.
After ageing, they were frozen at −20 ◦C until the analysis [33].

Sixteen members of a trained tasting panel conducted the sensory evaluation of the meat, using a
monadic test. The members of the tasting panel had attended 20 training sessions before starting the
sensory evaluation of the flank steak (RA muscle) samples [34]. In short, the assessors were selected
and trained before the final studies in accordance with ISO 8586 [35] and were familiar with sensory
assessment of the meat. After the training period of the panel composed of three sessions of different
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beef samples in which sensory descriptors were defined, assessors rated the descriptors on a structured
scale extending from 0 to 10. Then, the concordance between the members of the trained tasting panel
was checked using the Kendall concordance test [36].

The samples were randomly selected. Before the tasting session, the meat samples were thawed
for 24 h at 4 ◦C and cut into 2 sub-samples: The first for the sensory evaluation and the second for the
sheer force measurement. The sensory evaluation was carried out under conditions in accordance with
AFNOR and SSHA [37,38].

The meat samples used for the sensory evaluation were cut into even 15 mm thick steaks. These
steaks were cooked on a double-face grill at a temperature of 300 ◦C for 1 min 45 s in aluminum foil to
remove the roasted taste (i.e., up to an internal temperature of 55 ◦C) [19]. After cooking and removing
the meat borders, the steaks were cut into homogeneous pieces (size 15 × 20 × 20 mm) that were
served in batches of 3 or 4 on a plastic plate to the trained panel. During each tasting session, 5 samples
were evaluated by the trained panel using a Latin square presentation.

The assessors evaluated five sensory descriptors: Initial tenderness, overall tenderness, overall
juiciness, flavor intensity and fat presence. Initial tenderness was defined as the tenderness at the first
bite, whereas overall tenderness was defined as an evaluation of the tenderness before swallowing the
meat sample. Each sensory descriptor was rated on a 10-point non-graduated scale from a score of 0
(tough, dry, slight, and too lean) to a score of 10 (very tender, very juicy, strong, and highly fat).

The sheer force was measured according to the method described by Salé [39,40] on raw meat
using material testing equipment (MTS Synergie 200). For each sample, 25 meat portions with different
thicknesses (max 18 mm) were cut perpendicular to the fibers [41]. From the different measurements
obtained, the force (daN) and the work (dJ) at 10 mm were determined. The sheer force was then
calculated (ratio of work to force, dJ/daN).

In our dataset, the distribution of each flank steak trait was the following: Mean weight, 1.6 kg
(SD = 0.2); mean L*, 26.2 (SD = 3.2); mean a*, 15.1 (SD = 2.5); mean b*, 10.9 (SD = 2.9); mean initial
tenderness, 6.3/10 (SD = 0.8); mean overall tenderness, 6.1 (SD = 0.8); mean overall juiciness, 6.4
(SD = 0.5); mean flavor intensity, 4.5 (SD = 0.7); mean fat presence, 7.6 (SD = 0.6) and mean sheer force,
0.5 dJ/daN (SD = 0.07).

2.4. Statistical Analyses

The statistical analyses were performed using R 3.2.3 [42].
A descriptive analysis of the dataset to observe the normality of distribution was realized, using

quantile-quantile plots [43]. After this descriptive analysis, the quantitative rearing factors that were
discontinuous with few values were converted into qualitative parameters. The transformed rearing
factors concerned: (i) For the growth period: The calculated average percentage of each forage (hay,
grass silage, and wrapped haylage) in the housing diet and the growth period duration (Table 2);
(ii) for the fattening period: The calculated average of the concentrate’s crude protein content across
the whole period (Table 3). These conversions allowed for the definition of homogeneous modality
classes that could be processed statistically.

From the rearing factors characterizing the pre-weaning period (q = 16, Table 1), PWP rearing
management clusters (PWP-clust) were constructed using a factor analysis for mixed data (FAMD),
followed by a hierarchical clustering on the principal components (HCPC). The FAMD allowed for the
consideration of quantitative and qualitative rearing factors simultaneously. The number of rearing
management clusters was determined from the obtained dendrograms. For the growth and fattening
periods, the same procedure was applied from the rearing factors characterizing these both periods
(GP-clust and FP-clust), q = 13 (Table 2) and q = 17 (Table 3), respectively. The three FAMD were
realized from the rearing data of the 96 heifers. The FAMD and HCPC were implemented using the
“FactoMineR” package [44] in R.

Between the rearing management clusters defined for each key period of the heifer’s life, analysis
of variance (ANOVA) or χ2 tests were conducted for each of the quantitative or qualitative rearing
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factors to evaluate their dependence on the defined rearing management clusters. If there was a
significant difference in ANOVA, a Tukey test was performed to compare the average pairwise, using
the “agricolae” package in R [45].

The WLP rearing management was determined from the combination of the obtained rearing
management clusters (PWP-clust × GP-clust × FP-clust) in which the heifers were affected. Only the
WLP rearing managements with at least 8 heifers for carcass and meat data were considered in the
following study.

For each of the carcass and meat traits, an ANOVA was realized to evaluate their dependence on
the considered WLP rearing managements. In the ANOVA, the effect of the farm was tested on all
carcass and meat traits. If the effect of the farm was significant, the farm was considered as a random
effect for the analysis. For each sensory parameter, the score given by each member of the trained
tasting panel was used in the analysis. The effects of the member of the trained tasting panel and the
effect of the animal were tested in the ANOVA. If they were significant, these factors were considered
as random effects.

Finally, to investigate the effects of the WLP rearing managements on the carcass and meat traits,
if there was not random effect, ANOVAs were performed. If not, mixed models were developed using
the “lmerTest” package [46] in R. If the results of the ANOVA or mixed models were significant, a
post-hoc Tukey test was conducted to compare the average pairwise. For the mixed models, the Tukey
test was realized using the package “multcomp” [47] in R.

The effects were declared significant at p ≤ 0.05 and tending toward significant was considered
for 0.05 < p ≤ 0.10.

3. Results

After the HCPC analysis, three different rearing management clusters were defined for each key
period of the heifer’s life (PWP, GP and FP).

3.1. Description of the Three Rearing Management Clusters Obtained for the Pre-Weaning Period (PWP-Clust)

The PWP-clust1 contained 37 calves. The properties of this PWP rearing management cluster were
an average daily gain significantly lower than the both other PWP clusters and the longest pasture
duration (Table 1). The concentrate’s crude protein and energy contents were lower than the other
rearing managements applied during the pre-weaning period. During the housing, the time spent by
the calf with its mother was longer than both of the other rearing managements applied during the
pre-weaning period, as the calves were permanently with their mothers. Finally, in PWP-clust1, calves
did not have concentrates during the pasture period.

The PWP-clust2 contained 39 calves. This PWP rearing management cluster was characterized
by a shorter pasture duration than both other PWP rearing managements (Table 1). In this cluster,
the concentrate’s crude protein and energy contents had intermediate values compared to both of the
other rearing managements applied during the pre-weaning period. In the PWP-clust2, the calves
ingested concentrates only during the housing period of the pre-weaning period. Finally, in this rearing
management, 66.7% of the calves were born without the intervention of the farmer.

The PWP-clust3 contained 20 calves. The properties of this cluster were a longer period
with concentrate in the calves’ diet and an intermediate pasture duration than the other rearing
managements applied during the pre-weaning period. During the pasture, the calves received
concentrate (Table 1). Moreover, in PWP-clust3, the concentrate’s crude protein and energy contents
were significantly higher than both of the other rearing managements applied during the pre-weaning
period. The average daily gain of the calves from PWP-clust2 and PWP-clust3 was higher than that of
the calves from PWP-clust1. In the PWP-clust2 and PWP-clust3, the time spent by the calf with her
mother during the housing was the lowest. The calves were with their mother only during feeds.
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3.2. Description of the Three Rearing Management Clusters Obtained for the Growth Period (GP-Clust)

The GP-clust1 contained 21 heifers. This GP rearing management cluster was characterized
by the lowest weaning weight and the longest pasture duration (Table 2). In the GP-clust1 and
GP-clust2, the period during which the heifers received concentrates in their diet was shorter than
that in GP-clust3. In GP-clust1; the concentrate’s crude protein content was lower compared to the
other rearing managements applied during the growth period. During the housing period, the heifers
received hay (between 20% and 40%) and grass silage (>50%). This management was applied for more
than 500 days. In the GP-clust1, 95.2% of the heifers received a hay complement during the whole
pasture duration of the growth period.

The GP-clust2 contained 46 heifers. This GP rearing management cluster had the shortest pasture
duration (Table 2). In the GP-clust1 and GP-clust2, the heifers ingested a lower concentrate quantity
during the growth period than those in the GP-clust3. Among the heifers in the GP-clust2, 82.6%
ingested mostly hay (>80% or between 40 and 80% in diet) and 32.6% ingested also wrapped haylage
(between 40 and 60% of the diet), during the housing period of the growth period. Then, 87% of the
heifers had no grass silage in their diet. In the GP-clust2, the heifers were not supplemented with hay
during the pasture of the growth period.

The GP-clust3 contained 29 heifers. This GP rearing management cluster was characterized by
the longest period during which heifers received concentrate in their diet and the highest concentrate
quantity intake (Table 2). In this cluster, the concentrate’s crude protein and energy content values
were the highest. This rearing management was applied for more than 500 days and during pasture of
the growth period, the heifers were not supplemented with hay.

3.3. Description of the Three Rearing Management Clusters Obtained for the Fattening Period (FP-Clust)

The FP-clust1 contained 20 heifers. Properties of this FP rearing management cluster were a
longer fattening period and an older age at slaughter than the other rearing managements applied
during the fattening period (Table 3). In the FP-clust1, the heifers were younger and lighter at the
beginning of the fattening period than those from the other fattening rearing managements. In the
FP-clust1 and FP-clust2, the heifers’ average daily weight gain was higher than that in the FP-clust3.
In FP-clust1, the fattening diet offered contained on overage 36.9% hay, 36.5% wrapped haylage and
20.4% grass silage. Then, the forage’s crude protein and NDF contents had intermediate values and
the concentrate’s energy content had lower values than those obtained in the other fattening rearing
management clusters. In the FP-clust1, 78.1% of the heifers received a mean concentrate with more
than 40 g/kg dry matter (DM) of crude proteins during the whole of the fattening period. In the
FP-clust1 and FP-clust2, heifers had higher concentrate quantities during the whole of the fattening
period than those from the FP-clust3. In FP-clust1, the heifers’ fattening was carried out in housing.

The FP-clust2 contained 21 heifers. This rearing management cluster was characterized by heifers
which had a higher initial weight and were slaughtered older than those from the FP-clust1 (Table 3).
In this rearing management, the fattening diet was composed mostly of hay (87.8%) and the proportions
of grass silage and wrapping haylage were the lowest. In the FP-clust2, the forage’s crude protein and
NDF content values were lower and higher respectively than those obtained in the other fattening
rearing managements. Then, the crude protein content of the mean concentrate given, for the whole
rearing period was below 250 g/kg DM. In FP-clust2, the main fattening managements were housing
(34.9%) and outside (34.9%).

The FP-clust3 contained 49 heifers. The properties of this rearing management cluster were a
lower average daily gain than FP-clust1 and the heifers were slaughtered with the lowest weight
(Table 3). In this fattening rearing management, the highest proportion of grass silage (52.7%) and
the lowest proportion of hay (18.3%) compounded the fattening diet. Then, the heifers ingested the
lowest concentrate quantities and had the longest pasture duration. In the FP-clust3, the forage’s crude
protein and NDF content values were higher and lower respectively than those obtained in the other
rearing management FP clusters. Then, the crude protein content of the mean concentrate given, for
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the whole fattening period was below 250 g/kg DM. In the FP-clust2 and FP-clust3, the fattening
duration was shorter than that in the FP-clust1. In the FP-clust3, the main fattening managements
were pasture (52.4%) and pasture and housing (42.8%).

3.4. Description of the WLP Rearing Managements Considered in This Study

From the rearing management (PWP, GP and FP) clusters, 12 different WLP rearing managements
characterizing the whole life of the heifers are defined (Table 4). These rearing managements were
the combination of rearing management clusters applied during the three key phases (pre-weaning,
growth and fattening) of the heifers’ life. For the rest of the study, only four WLP rearing managements:
WLP-A, WLP-D, WLP-E, and WLP-F were considered to have at least eight heifers for the carcass and
the meat data. The heifers from the WLP-A management received the rearing management clusters as
following: PWP-clust1, GP-clust1, and FP-chust3, during their life. During the WLP-D management,
the rearing management clusters applied during the heifers’ life were: PWP-clust1, GP-clust3, and
FP-clust2. The rearing management clusters characterizing the WLP-E were as following: PWP-clust2,
GP-clust2, and FP-clust1. Finally, the rearing management cluster: PWP-clust2, GP-clust2, and
FP-clust2 characterized the rearing management applied during the heifers’ life, WLP-F.

Table 4. Description of the rearing managements applied during the heifers’ whole life period (WLP).

WLP Rearing Managements
Rearing Management Clusters Number of Heifers

PWP GP FP Carcass Data Meat Data

WLP-A PWP-clust1 GP-clust1 FP-clust3 19 18
WLP-B PWP-clust1 GP-clust2 FP-clust2 1 1
WLP-C PWP-clust1 GP-clust3 FP-clust1 6 6
WLP-D PWP-clust1 GP-clust3 FP-clust2 11 8
WLP-E PWP-clust2 GP-clust2 FP-clust1 19 12
WLP-F PWP-clust2 GP-clust2 FP-clust2 13 10
WLP-G PWP-clust2 GP-clust3 FP-clust1 1 1
WLP-H PWP-clust2 GP-clust3 FP-clust2 6 4
WLP-I PWP-clust3 GP-clust1 FP-clust3 2 2
WLP-J PWP-clust3 GP-clust2 FP-clust1 6 6
WLP-K PWP-clust3 GP-clust2 FP-clust2 7 6
WLP-L PWP-clust3 GP-clust3 FP-clust2 5 3

The WLP rearing managements were obtained from the rearing management clusters. The rearing management
clusters were defined for each key period of heifers’ life (pre-weaning, PWP; growth, GP and fattening, FP),
described in Tables 1–3.

The WLP-A and WLP-D had only the pre-weaning rearing management in common. The WLP-E
and WLP-F received the same rearing managements during the pre-weaning and growth period.
WLP-D and WLP-F had only the fattening rearing management in common. The WLP-A and WLP-D
were mostly characterized by a lower average daily weight gain than WLP-E and WLP-F during the
pre-weaning period. Then, during the growth and fattening periods, the heifers ingested a higher
quantity of concentrate in the WLP-A than WLP-D (Tables 2 and 3). In the WLP-E and WLP-F, the
heifers ingested higher concentrate quantities than WLP-A only during the fattening period. In WLP-E,
the fattening period duration was the longest and the heifers were slaughtered the youngest. During
the fattening period, the heifers ingesting the highest hay percentage and the lowest grass silage
and wrapping haylage percentage received the WLP-D and WLP-F managements. The WLP-A was
characterized by the longest pasture duration during the heifers’ life and the lightest heifers at slaughter.
The heifers were slaughtered at the same age in the WLP-A, WLP-D and WLP-F managements.

3.5. Impact of the Four WLP Rearing Managements on Carcass and Flank Steak Traits

The WLP-E and WLP-F allowed for the production of a heifers’ carcass that was heavier and had
a higher conformation score than WLP-A (Table 5). The WLP-D, WLP-E, and WLP-F managements
produced heifers’ carcasses with similar weights and conformation scores.
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These difference in carcass traits, between these WLP rearing managements, could be explained by
the distribution of the different conformation classes according to the EUROP grid. The conformation
score of the carcasses from WLP-A was mainly U = (42%) but over half of the carcasses (52.6%) were
conformed to U− and R+. In contrast, no carcasses with an R+ conformation were obtained and
only one with a U− conformation score when heifers received the WLP-E. With the WLP-E, the
conformation scores of carcasses produced by heifers were mainly U = (68.4%) or higher (26.3% of
U+ and E− conformation scores). The heifers receiving the WLP-F produced carcasses with U+ and
U= conformation scores (46.1% and 30.8%, respectively). The WLP-D allowed for the production of
carcasses with a higher dressing% than WLP-A.

The four rearing managements applied during the heifers’ whole life had no significant impact
on the flank steak traits in terms of weight, all sensory descriptors, sheer force and color (Table 6).
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4. Discussion

4.1. Carcass Traits

The carcass results of this study match those of Hennessy et al. and Greenwood et al. [48,49]
illustrating that animals with faster growth during the pre-weaning period were slaughtered with
heavier carcass weights when the growth and fattening managements were similar. For the same
slaughter weight, Cerdeño et al. [50] did not show significant differences on the conformation score and
dressing% of calves when different rearing managements were applied during the pre-weaning period.
However, if the calves were slaughtered higher, the conformation score and the dressing% of their
carcass were improved [51]. The rearing management applied during the pre-weaning period could
have an impact on the carcass traits. During the growth period, Guerrero et al. [52] did not observe any
significant impact of rearing managements (intensive vs. extensive) on carcass traits (carcass weight,
dressing% and conformation score) in young bulls with the same fattening management. The absence
of significant differences in carcass traits between WLP-D and WLP-F is in accordance with these
results. The effect of the rearing managements applied before weaning or fattening could interact with
those applied during the next heifers’ life period involving an attenuation or an amplification of the
effects on carcass traits.

During the fattening period, the heifers from WLP-E were slaughtered at a younger age than
those receiving the other rearing managements applied during the heifers’ whole life. In the literature,
the fattening period was the most frequently studied period and many rearing factors were known
to influence carcass traits. Our results disagree with the results of many studies, which displayed
that the heifers slaughtered at an older age were heavier [2,5]. The heavier carcass from WLP-E could
be explained by the fattening period duration. This result agrees with many studies indicating an
increase in the carcass weight of cull cows with an extension of the fattening period duration [10,11,53].
However, the WLP-D and WLP-F, with a shorter fattening period duration, obtained a similar carcass
weight than WLP-E. In accordance with Soulat et al. [54], this result showed that is possible to attain
the same carcass traits with different rearing managements applied during the fattening period. In our
study, the heifers with the highest concentrate intake during the fattening period produced heavier
carcasses confirming the results observed by Cook et al. [55] in heifers. However, our results displayed
that it is possible to obtain the same carcass weight from a rearing management during the heifers’
life using lower concentrate quantities in the diet during the growth and fattening periods. For the
same concentrate quantity intake, in our study, the forage composition of the fattening diet had no
impact on the carcass weight. This result is in accordance with many studies which did not find
evidence for an impact of the fattening diet composition on carcass weight, in young bulls, steers, and
cull cows [14,56,57]. In WLP-A, the heifers had the longest pasture duration during their life. This
management produced lighter carcasses than the other rearing managements considered in this study.
In accordance with these results, Keane and Allen and Neel et al. [15,58] observed a lighter carcass
in steers from the fattening managements involving pasture. The longest pasture period of heifers
during their whole life could explain part of the difference observed on the carcass weight between
our four rearing managements applied during the heifers’ whole.

Although the slaughter ages were different between WLP-E and WLP-D, the dressing% of the
carcasses were not significantly different. This result is in accordance with the results of Bures and
Barton [2] in heifers. Few studies observed the effect of this rearing factor on the dressing% in heifers.
Many studies observed a higher dressing% when young bulls were slaughtered older [6,59]. However,
our results showed that the slaughter age was not the only rearing factor that could have an impact
on the dressing%. For a similar slaughter age, we observed a difference in the dressing% between
carcasses from WLP-A and WLP-D. According to our results, a longer fattening period duration could
have no impact on the dressing%. This result disagrees with the results of many studies indicating an
increase in the dressing% of dairy cull cows when the fattening duration was longer [10,60]. The animal
type and the breed, which were different could explain this difference. These parameters are known to
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influence the dressing%, which was higher for carcasses from WLP-D than WLP-A. In WLP-A, the
heifers were slaughtered at a lighter weight. This result confirms the results of McEwen et al. [7] who
observed an increase in the dressing% when steers were slaughtered at a heavier weight. However,
our results showed that the dressing% was not systematically increased when heifers were slaughtered
heavier. Moreover, these data illustrate that the variation observed for dressing% was not explained
only by the live weight of the heifers. In contrast to the results of Price et al. [61] in young bulls and
steers, in our study, the combination of a higher hay percentage in the fattening diet and heavier
slaughter weight did not lead to a lower dressing%. As demonstrated in many studies, the fattening
diet composition could have no impact on the dressing% in cattle [55,57,62,63]. It could explain the
few differences observed between the four rearing managements applied during the heifers’ whole
life considered in our study. In the WLP-A, the heifers had the longest pasture duration during their
life and their carcasses had a lower dressing%. In accordance with the results of Keane and Allen and
Neel et al. [15,58], the pasture duration could explain in part the low dressing% values observed.

In our study, the heifers slaughtered younger had a similar conformation score than those
slaughtered older. This result complies with the studies of Bures and Barton and Ahnstrom et al. [2,5].
However, with a similar slaughter age, the carcasses from the WLP-A had a lower conformation score
than the carcasses from WLP-F. As for the others carcass traits, the variation of the conformation score
could not be explained by only one rearing factor [54]. In accordance with different results obtained in
cull cows [10,11,53], WLP-E with the longest fattening period allowed to produce carcasses with higher
conformation scores. However, our results showed that it is possible to obtain conformation scores
similar to WLP-E with a shorter fattening period. In our study, the conformation score did not seem to
be impacted by the slaughter weight. This observation confirms the results obtained by Keane and
Allen and Ellies-Oury et al. [15,64] in steers. According to many studies, the fattening diet composition
would not seem to have any impact on the conformation score in heifers and steers [55,61,63]. On the
other hand, WLP-A with the longest pasture duration produced carcasses with the lowest conformation
score (R+). The pasture duration during the heifers’ whole life could explain a part of the variation of
the conformation score observed between our four rearing managements applied during the heifers’
whole life. This observation confirms the results observed by Keane and Allen and Neel et al. [15,58]
during the fattening period, in steers. However, the conformation scores were similar between WLP-A
and WLP-D. Our study displayed that the rearing management applied during the heifers’ whole
life and not only one rearing factor and one heifers’ life period explained the carcass traits variability.
This study showed that an improvement of the carcass quality traits could be obtained from different
rearing managements during the life of heifers. Moreover, our results showed that it is possible to
modify the rearing managements at different period of heifers’ life without having a negative impact
on carcass traits.

4.2. Meat Traits

In accordance with the results of Hennessy and Morris [48], the variations in the growth rate
during the pre-weaning period observed between the rearing managements considered in this study
did not seem to have any impact on the meat’s sensory traits. In the study conducted by Hennessy
and Morris [48], steers and heifers were subjected to the same rearing managements after weaning in
contrast to our study. Our results also confirm those of Picard et al. [65] showing that modifications
of the rearing managements during the pre-weaning period had no impact on the fiber properties
measured at slaughter on 18-month-old bulls However, Cerdeño et al. [50] showed that the rearing
management applied during the pre-weaning period can have an impact on the tenderness of the calf
meat. Considering the rearing management applied during the heifers’ whole life, it is possible that the
effect on the sensory properties of the flank steak could interact with the rearing managements applied
after the weaning period. To the best of our knowledge, the impact of the rearing managements during
the pre-weaning period on sheer force and meat color of the meat has never been studied before.

58



Foods 2018, 7, 160

Our results also match the results of Durunna et al. [66] obtained on LM in steers. They showed
that modifications of the rearing managements during the growth period did not seem to have an
impact on sensory properties or on meat color. It is possible that the rearing managements during the
fattening period could mitigate a possible negative impact on the meat, resulting from the rearing
managements applied during the previous periods (pre-weaning and growth) of the heifers’ life.
Thanks to the plasticity of the muscle properties, this could explain the absence of differences between
the rearing managements considered in our study with regard to meat traits.

In contrast to our results, Oury et al. [19] observed an impact of rearing managements applied
during the heifers’ whole life on flank steak tenderness. In cull cows, Couvreur et al. [20] also observed
an impact of the rearing managements applied during the fattening period on the tenderness and
juiciness of the flank steak. The different rearing managements and animal types (sex, breed, age) could
explain the differences between these studies and our results. In the study of Oury et al. [19], the heifers
ingested maize silage and higher concentrates quantities during the fattening period compared to our
study. Other studies have demonstrated an effect of the animal type and breed on the LM meat traits
in cattle [1,2,67]. Furthermore, Ellies-Oury et al. [64] demonstrated that an increase in the slaughter
weight tended to increase tenderness and flavor intensity scores of flank steak in steers. In our study,
the slaughter weight had no impact on the sensory properties of the flank steak. Moreover, as we
worked at the scale of the combination of many rearing managements applied at different periods
of the animal’s life, it is difficult to identify the individual impact of the slaughter weight on the
meat traits.

With regard to the RA color, Serrano et al. [68] did not demonstrate any effect of the fattening
diet in young bulls. In their study, Oury et al. [69] observed few impacts of the rearing managements
applied during the heifers’ whole life on the L* parameter for flank steak. Our results are in accordance
with these studies. However, there are few data on the impact of rearing factors on RA color in cattle.
In our study, the different rearing managements considered allowed us to attain the same meat color.

Our study also showed that different combinations of rearing managements during the heifers’
life could allow us to attain the same, or to improve the carcass and meat traits. That confirmed our
previous results obtained for carcass and LM meat traits [54,70,71].

In our study, we observed that the carcass quality was weakly related to the meat quality of
RA. Carcasses characterized by a low weight, conformation score, and dressing% can produce the
same flank steak quality compared to carcasses which had high values for these three parameters.
This result is in accordance with the observation of Gagaoua et al. [72] showing that a low contribution
of carcass traits can explain meat traits of a cull cow during the fattening period. For other muscles,
Bonny et al. [73] observed a very weak relationship between the carcass traits (conformation and
fatness scores) and the sensory meat properties. However, a recent study showed that the carcass
traits (fatness score, percentages of muscle and fat in the carcass) can have an impact on the sensory
properties (tenderness, flavor and juiciness) of the meat [74]. The rearing management applied during
the heifers’ whole could improve carcass traits without decline RA meat traits.

A limitation of this study was the low number of animals for certain groups. To confirm the
robustness and the repeatability of this approach it would be important to increase the number of
heifers per rearing management. To complete this study, it would be interesting to expand to other
rearing managements applied during the heifers’ life such as those based on maize silage or corn.
It would also be interesting to study other muscles to evaluate whether the effects of the rearing
managements applied during the heifers’ whole life are similar irrespective of the considered muscle.
Finally, a consideration of the production costs and carcass valorization per rearing management
would help meat sector stakeholders to reduce costs without declining the carcass traits and the eating
quality of meat.
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5. Conclusions

To conclude, the originality of this study was to consider the rearing managements applied during
the heifers’ whole life and to study their effects on carcass and meat traits. Our results showed that the
rearing managements applied during the heifers’ whole life seemed to have more impact on carcass
traits than on the flank steak properties. According to the rearing managements considered in our
study, the carcass traits could be improved without altering the meat properties. Different combinations
of rearing managements during a heifers’ life have been identified to improve the production at the
farm level.
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Abstract: The aim of this work was to study the effects of four different rearing managements applied
during the heifers’ whole life period (WLP) on muscles from ribs in the chuck sale section. The
characteristics of meat studied were the sensory, rheological, and color of the longissimus muscle (LM)
and the rheological traits of four other muscles: complexus, infraspinatus, rhomboideus, and serratus
ventralis. The main results showed that WLP rearing managements did not significantly impact the
tenderness (sensory or rheological analyses) of the rib muscles. The LM had high (p ≤ 0.05) typical
flavor and was appreciated when heifers received a WLP rearing management characterized by a
short pasture duration during the heifers’ whole life (WLP-E). The heifers’ management characterized
by a long pasture duration during their life (WLP-A) or by a diet composed mainly of hay during the
growth and fattening periods (WLP-F), had lower typical flavor and were less appreciated than those
with WLP-E management. Moreover, the LM color was redder for heifers of WLP-E than those of the
WLP-A and WLP-F groups. This study confirmed that it is possible to obtain similar meat qualities
with different rearing managements.

Keywords: rearing managements; chuck sale section; meat sensory properties; meat rheological
properties; color attributes; longissimus muscle; complexus muscle; infraspinatus muscle;
rhomboideus muscle; serratus ventralis muscle

1. Introduction

Beef carcasses are composed of many skeletal muscles [1] with different properties, e.g., structural,
metabolic and contractile [2,3]. After beef carcass cuts, the wholesale cuts purchased by consumers
could be composed of different muscles, e.g., ribs and short ribs of beef. It is well known that meat
quality traits can be impacted by different factors, e.g., animal type (sex and breed) [4–6], stress
(transport, slaughter condition) [7–9] and rearing managements [10–12]. Many studies showed that
different rearing factors observed during the fattening period (e.g., slaughter age [6,13], fattening
duration [14,15], and fattening diet [16–18]) had an effect on meat quality traits. Recent studies have
shown that the rearing management (combining different rearing factors) applied during the animal’s
whole life period (i.e., from birth to slaughter, whole life period (WLP)) could have an impact on the
carcass and/or meat traits [10–12]. These recent studies had observed the effect of the WLP rearing
managements on the flank steak (rectus abdominis muscle, RA) [10,11]. The aim of the present
work was to study the effects of the WLP rearing managements defined by Soulat et al. [10] on the
longissimus muscle (LM) traits (sensory, rheological and color properties), in the ribs of the chuck sale
section. Moreover, the effects of the WLP rearing managements were also studied on the toughness
(rheological) of four other muscles composing these ribs: complexus, infraspinatus, rhomboideus, and
serratus ventralis. In the literature, the LM is considered as a reference muscle and the other muscles
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composing the rib have been poorly studied. One originality of this work was to observe the effects of
the same WLP rearing management on these different muscles.

2. Materials and Methods

2.1. Animals and Rearing Managements

The present study was realized from the same experiment presented by Soulat et al. [10] in
partnership with the protected geographical indication (PGI) Fleur d’Aubrac. Briefly, this PGI produces
exclusively crossbreed Charolais with Aubrac heifers for the meat production. The breeding of the
heifers was realized respecting the design brief of this PGI, which is based mainly on a grass diet
(conserved and pasture) [19]. The heifers (n = 48) considered in this work, were produced in eight
commercial farms. For this study, the same four rearing managements described by Soulat et al. [10]
applied during the animal’s whole life period were considered: WLP-A, WLP-D, WLP-E and WLP-F
(Figure 1). Briefly, these WLP were the combination of different rearing management clusters
characterizing three periods of the heifers’ life: pre-weaning, growth and fattening [10]. The clusters at
each period of heifers’ life were obtained statistically from the data collected during the surveys. The
heifers receiving the rearing management WLP-A and WLP-D had the same pre-weaning management
(PWP-clust1). The rearing managements applied during the growth and the fattening periods (GP-clust1
and FP-clust3) were specific to the WLP-A rearing management. The WLP-D had specific management
during the growth period of the heifers (GP-clust3). The WLP-D and WLP-F had the same management
during the fattening period (FP-clust2). The WLP-E and WLP-F rearing managements had the same
rearing management during the pre-weaning period (PWP-clus2) and the growth period (GP-clust2).
The rearing management applied during the fattening period of the heifers (FP-clust1) was specific to
the WLP-E rearing management. Briefly, the WLP-A and WLP-E rearing managements were mainly
characterized by a long and a short pasture duration during the heifers’ whole life, respectively. The
WLP-D rearing management was mainly characterized by a high concentrate quantity intake by the
heifers during the growth and the fattening periods. The WLP-F rearing management was mainly
characterized by a diet composed mainly of hay during the growth and the fattening periods.
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2.2. Animals Slaughtering, Muscle Sampling and Meat Quality Evaluation

The heifers were slaughtered by exsanguination after stunning in the same industrial
slaughterhouse (Abattoir du Gévaudan, Antrenas, France) as described in Soulat et al. [10].

Twenty-four hours post-mortem, two beef ribs (the 5th and 4th ribs), localized in the chuck sale
section, were collected from the right-hand side of the carcass. Two hours after excision from the
carcass, the color was measured on the LM of the rib (side of the cutting section between the 6th and
the 5th ribs). The color was expressed in CIE L*a*b* units [20], using a spectrophotometer (Konica
Minolta CM-600d, Osaka, Japan) (light source D65, 8 mm diameter measurement area, and 0◦ standard
observer). Before each measurement session, the spectrophotometer was calibrated by performing a
black and a white calibration. Five measurements (randomly distributed on the muscle) per LM were
realized to characterize the color of this muscle. The chroma (C*) and hue angle (h*) were calculated
from the a* and b* values, as realized by Gagaoua et al. [21].

The rib samples of each animal were vacuum-packaged and chilled at 4 ◦C during 14 days for
aging. At the end of the aging period, the samples were frozen at −20 ◦C until the analyses [22].

In this study, the sensory evaluation was only realized on the LM by a trained tasting panel
(15 members), using a monadic test. The sensory evaluation was realized using the same process
described by Soulat et al. [10]. Briefly, the members of the trained tasting panel had 20 training sessions
(between 1 and 1.5 h per session) before starting the sensory evaluation of the LM, in accordance with
ISO 8586 [23]. Before each tasting session, the ribs were thawed and dissected to separate the different
muscles. The LM samples were cut into two sub-samples: The first for the sensory evaluation, and the
second for the shear force measurement. For sensory evaluation, the LM samples were cut into steaks,
and cooked on a double-face grill to reach an internal temperature of 55 ◦C. Then, samples were cut
(size 15 × 20 × 20 mm) and 3 or 4 pieces were served to each member of the trained panel. At each
tasting session, a Latin square presentation was used to evaluate the sensory traits of five samples.

The trained panel evaluated six sensory descriptors: The initial tenderness, overall tenderness,
initial juiciness, overall juiciness, typical flavor, and overall acceptability. The initial tenderness and
juiciness were defined as an evaluation at the first bite of the tenderness, and juiciness, respectively. In
contrast, the overall tenderness and juiciness were an evaluation of the tenderness and the juiciness,
respectively, before swallowing the meat sample. These six sensory descriptors were measured on a
10-point non-graduated scale from a score of 0 (tough, dry, slight, and highly disliked) to a score of 10
(very tender, very juicy, strong, and highly liked).

The shear force was measured on five muscles of the rib, located in the chuck sale section: The
complexus (CP), infraspinatus (IF), longissimus (LM), rhomboideus (RH), and serratus ventralis (SV)
(Figure 2). The shear force was evaluated using a Warner–Braztler apparatus (EZ-SX set assay EU
RoHS, Shimadzu, Kyoto, Japan) on raw meat [24]. For each muscle from the rib, at least five meat
portions (length: 1.5 to 3 cm, width: 1 cm and thickness: 0.5 to 1 cm) were cut perpendicular to the
fibers [25]. From the different measurements per muscle, the shear force was calculated using the
Trapezium X 1-5.1 software (Shimadzu, Kyoto, Japan).
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Figure 2. Localization of five rib muscles: complexus (CP), infraspinatus (IF), longissimus (LM),
rhomboïdeus (RH), and serratus ventralis (SV).

The distribution of the meat rib traits considered in this study are presented in Table 1.

Table 1. Description of the rib muscle traits.

Meat Traits Mean SD Min Max

Sensory description of longissimus
muscle (scale 0–10) 1

Initial tenderness 7.25 1.44 1.42 10.00
Overall tenderness 7.10 1.62 1.45 10.00

Initial juiciness 6.63 1.54 1.23 9.95
Overall juiciness 6.65 1.64 0.61 9.97

Typical flavor 6.60 1.57 0.84 9.99
Overall acceptability 6.37 1.68 0.27 9.96

Color of longissimus muscle
L* 32.90 2.80 27.70 41.32
a* 18.23 2.53 12.67 26.52
b* 17.82 2.47 8.64 21.39
C* 25.10 4.39 3.06 33.03
h* 43.50 6.93 3.98 50.42

Shear force (N/cm)
Complexus 61.96 13.67 30.93 87.62

Infraspinatus 99.45 45.61 45.49 278.23
Longissimus 45.92 13.38 24.03 88.54

Rhomboideus 61.20 16.95 13.32 112.93
Serratus ventralis 56.23 18.52 31.18 125.29

SD: Standard deviation. Min: Minimum. Max: Maximum. 1, Scale for initial tenderness, overall tenderness, initial
juiciness, overall juiciness, typical flavor, overall acceptability: 0 = tough, dry, slight, and highly disliked and
10 = very tender, very juicy, strong, and highly liked.

2.3. Statistical Analyses

The statistical analyses were realized using R 3.5.2 software (R Core Team, Vienna, Austria) [26].
A descriptive analysis of the dataset, using quantile-quantile plots, was performed to observe

the normality of the distribution [27]. Then, for each meat trait, an analysis of variance (ANOVA)
was performed to evaluate their dependence on the four considered WLP rearing managements. In
all ANOVA, the farm effect was tested. If it was significant, it was considered as a random effect
in the ANOVA. In the ANOVAs of the sensory parameters, the effect of the member of the trained
tasting panel and the animal effect were considered as random effects. For the ANOVAs without a
random effect, if the result was significant a post-hoc Tukey test was performed, using the agricolae
package [28]. The ANOVAs containing random effects were developed using the lmerTest package [29].
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If the results of these ANOVAs were significant, a post-hoc Tukey test was also performed, using the
multcomp package [30].

An effect was considered significant at p ≤ 0.05 and a tendency was considered for 0.05 < p ≤ 0.10.

3. Results and Discussion

The four WLP rearing managements considered, in this work, had no significant effect on the
tenderness of the LM, as measured by a trained tasting panel or by shear force (Table 2). This result is
in accordance with those of Soulat et al. [10] who observed no significant effect on the tenderness of the
flank steak (RA muscle). However, tendencies (p ≤ 0.10) were displayed for the initial tenderness and
the shear force. The heifers receiving the WLP-E or WLP-F rearing managements (Figure 1) tended
(p ≤ 0.10) to produce LM with a higher initial tenderness than those receiving the WLP-A and WLP-D
rearing managements (Table 2). The WLP-E and WLP-F rearing managements were characterized
by a short pasture duration during the heifers’ whole life and by a diet composed mainly of hay
during the growth and fattening periods, respectively [10]. However, the WLP-A and WLP-F rearing
managements were characterized by a long pasture duration during the heifers’ whole life and by a
high concentrate quantity intake during the growth and fattening periods. The raw LM also tended to
be less tough when the heifers received the WLP-E or WLP-F rearing managements (Table 2). The
importance of collagen in meat could explain this weak difference. However, this tendency was not
found for the overall tenderness, as evaluated by the trained tasting panel. It is possible that the
cooking mitigated this tendency. The four considered rearing managements did not also significantly
(p > 0.05) affect the toughness (evaluated by shear force) of the other rib muscles uncooked: CP, IF, RH,
and SV. Based on our overall results, the variation of rearing managements applied at the different
key periods of the heifers’ life seems to have no impact on the toughness of the five raw rib muscles.
Our results show that it is possible to obtain the same overall tenderness of the LM with different
rearing managements. The muscle traits could have more impact on the tenderness than the rearing
management applied during the heifers’ whole life.

The LM had a significant (p < 0.05) higher initial juiciness for heifers receiving the WLP-E
rearing management than those receiving the WLP-A (Table 2). Nevertheless, the four WLP rearing
managements had no significant effect on the overall juiciness. These results are in accordance with
those of Soulat et al. [10] for the flank steak.

According to our results, the WLP-E rearing management produced an LM with a significantly
(p < 0.05) higher typical flavor and higher appreciated meat than the WLP-A and WLP-F rearing
managements (Table 2). The WLP-E and WLP-F rearing managements differ only by the rearing
management applied during the fattening period, which was different (Figure 1). The fattening period
duration was significantly (p < 0.05) longer in the WLP-E rearing management than the WLP-F and
the WLP-A managements [10]. In cull cows, studies of the literature showed a significant increase
in the LM flavor intensity when the fattening duration was longer [15,31]. Moreover, in the flavor
prediction model developed by Soulat et al. [32], an increase of the fattening duration allowed to
increase the LM flavor intensity in the cull cows. The main forages in the WLP-E and WLP-F rearing
managements were different: Hay or hay and wrapped haylage, respectively. According to the results
of different studies, the composition of the fattening diet could have no impact (p > 0.05) on the LM
flavor intensity, in heifers and steers [33–35]. During the fattening period, the heifers from the WLP-F
rearing management pastured, whereas those from the WLP-E were inside [10]. With less walking
during the fattening period for the heifers from the WLP-E rearing management, it was possible that
their LM was less oxidative and had more intramuscular lipid content than those from the WLP-F. In
their study, Jurie et al. [36] showed that the RA muscle was more oxidative (an increase of isocitrate
dehydrogenase concentration) when the steers moved during pasture. Moreover, studies showed that
cattle with fattening management with pasture produced leaner carcasses [37,38]. In consequence,
these carcasses could have less marbling. However, Soulat et al. [10] did not find a significant effect
(p > 0.05) of the four WLP rearing managements on the flavor intensity of flank steak. The WLP-A and
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WLP-E rearing managements had no rearing managements in common during the different key periods
of the heifers’ life (Figure 1). During the pre-weaning period, the heifers from the WLP-A rearing
management had an average daily gain (ADG) lower than those from the WLP-E [10]. According
to the results of Hennessy et al. [39], the meat flavor intensity was lower when cattle had a quick
growth before weaning. Our results are not in accordance with these results. This difference could be
explained by the fact that the heifers of our study did not have the same rearing management during
the growth and the fattening periods. During the fattening period, the heifers from the WLP-A rearing
management ingested a lower concentrate quantity than those from the WLP-E rearing management.
Different studies showed that an increase of the concentrate quantity in the fattening diet increased the
LM flavor intensity in steers [16,40]. However, other studies did not observe an effect of the concentrate
quantity in the fattening diet on the LM flavor intensity [18,41,42]. As the WLP-F rearing management,
the fattening period duration was shorter in the WLP-A than in the WLP-E rearing management [10].
The main fattening managements realized in the WLP-A was pasture or pasture and housing, whereas,
it was housing in the WLP-E (Figure 1). In their study, Duckett et al. [43] observed that the LM flavor
intensity was significantly higher when the fattening management was a concentrate ration compared
to mixed pasture. In the WLP-E rearing management, the heifers were slaughtered heavier than those
from the WLP-A. According to the results of different studies, the slaughter weight had no impact
on the LM flavor intensity, in young bulls and steers [44,45]. In the study of Oury et al. [46] and
Soulat et al. [10], in heifers, the flavor intensity of flank steak was not impacted (p > 0.05) by the rearing
management applied during the heifers’ whole life. Concerning the flavor, the LM seems to be more
sensitive to the WLP rearing management variations compared to the flank steak.

In our study, the effect of the WLP rearing managements was the same on the overall acceptability
and the typical flavor of the LM (Table 2). As the WLP rearing managements did not affect the
tenderness and the juiciness of the LM, we suppose that the overall acceptability of the LM was strongly
linked with the typical flavor. According to the results of different studies in cattle, the slaughter
weight [45], the fattening diet composition or the fattening management [33,34,47] did not impact the
LM overall acceptability.

For the LM color, the four rearing managements had no significant (p > 0.05) effect on the L*, b*,
and h* color parameters (Table 2). According to the a* values, the LM was significantly redder for
heifers receiving the WLP-E than those receiving the WLP-A and WLP-D rearing managements. The
heifers receiving the WLP-E management also produced LM with greater red color intensity, according
to the C* values, than those receiving the WLP-A. To our knowledge, the impact of the pre-weaning
and growth period on the LM color have not been studied. However, many studies showed that the
fattening duration [48] and the composition of the fattening diet [18,49,50] did not affect (p > 0.05) the
LM color. However, many studies showed that fattening management had a significant (p < 0.05) effect
on the LM color [37,43,51]. In these studies, the cattle with a pasture period during their fattening
produced LM meat with a lower a* than those fattened in housing. The L* and b* parameters were
also impacted by the rearing managements applied during the fattening period. In our study, the
heifers from the WLP-E rearing management had higher a* value than those receiving the WLP-A and
WLP-F rearing managements (Table 2). This result is in accordance with the literature. In the WLP-E
rearing management, the heifers were not pastured during their fattening compared to the heifers
receiving the WLP-A and WLP-F rearing managements (Figure 1). In our study, in contrast to the
results of Duckett et al. [43], Cozzi et al. [51], and Huuskonen et al. [37], the L* and b* color parameters
were not impacted by the WLP rearing managements. As rearing management is multifactorial, it is
possible that the effect of the fattening management was mitigated by this combination with the other
rearing factors.
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Considering the WLP rearing managements, it is difficult to identify the rearing factors, which had
the greatest impact on meat quality. In our study, the rearing factors varied independently, whereas,
in the literature, many studies observed the effect of one or two rearing factors in an experimental
condition. It is possible that some rearing factors have antagonist effects on meat quality during the life
of the heifers. The difficulty of interpretation of our results was considering all the combinations of all
the rearing factors. Moreover, the impact of rearing management applied during a period of the heifers’
life can be mitigated or amplified by the rearing management applied during another period of life.

4. Conclusions

The originality of this study was to observe the impact of four different rearing managements
applied during the heifers’ whole life on the traits of the LM (sensory, rheological, and color) in the ribs
of the chuck sale section. In accordance with the results of Soulat et al. [10], these new results showed
that different rearing managements applied during the heifers’ whole life obtained the same meat
quality, particularly, the tenderness and juiciness. Finally, all the results of this experiment showed that
the LM traits seem to be more sensitive to variations of the rearing managements than the flank steak,
in particular, for the typical flavor, the overall acceptability, and the a* value. Our results also showed
that these rearing managements did not significantly impact the toughness of the other four rib muscles
uncooked: complexus, infraspinatus, rhomboideus, and serratus ventralis. These results demonstrate
that farmers could adapt, to a certain extent, their rearing managements during the heifers’ whole
life, according to the hazards (e.g., drought, price of concentrates), with limited consequences on the
meat quality.
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Abstract: The objective of this study was to determine whether sire breed and/or castration had
an effect on meat quality of M. longissimus thoracis et lumborum (LTL) muscle from crossbred bulls
and steers and to investigate the relationship amongst the traits examined. Warner–Bratzler shear
force (WBSF), intramuscular fat (IMF)%, cook-loss%, drip-loss%, colour (L*, a*, b*) and ultimate pH
(upH) were determined in the LTL muscle from eight beef sire breeds representative of the Irish herd
(Aberdeen Angus, Belgian Blue, Charolais, Hereford, Limousin, Parthenaise, Salers and Simmental).
The results indicate that IMF%, cook-loss% and drip-loss% were associated with breed (p < 0.05);
while WBSF, IMF% and cook-loss% differ between genders (p < 0.05). Steer LTL had a greater IMF%
and exhibited reduced WBSF and cook-loss% in comparison to the bull LTL (p < 0.05). This study
provides greater insight into how quality traits in beef are influenced by breed and gender and will
support the industry to produce beef with consistent eating quality.

Keywords: beef quality; castration; breed; shear force; intramuscular fat

1. Introduction

Factors such as breed, gender, age of animal at slaughter, diet and feeding regime can influence
muscle characteristics, which in turn affect meat quality [1–3]. Meat quality attributes such as
tenderness, colour, flavour, juiciness, and water-holding capacity (WHC)-related traits—cook-loss%
and drip-loss%—influence consumer satisfaction [4,5]. The relative importance and value of particular
meat quality traits vary according to the type of meat product being produced and marketed and also
the end target consumer of the product; e.g., tenderness is more important for beef meat than sheep
meat [5]. As progress is made on the development of quality traits, their relative value is also altered,
which has potential to impact on their prioritisation in animal breeding programmes [6]. In order to
meet the demand for the high-quality product anticipated by consumers, beef producers must focus
on improving the quality in addition to quantity [7]. This has increased the focus of both industry and
academia on husbandry and breeding strategies aimed at improving meat eating quality traits [5].

Growth rate, carcass yield, feed efficiency and carbon efficiency are positively influenced in bulls
(intact adult males) compared to steers (castrated adult males) [8,9]. Carcass fat is, however, a limiting
factor for bull beef production [10]. Gender has been associated with many aspects of meat quality and
has been proposed to favourably influence fat deposition and tenderness [11]. Steers are commonly
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used to produce the highest quality beef that is distinguished from beef attained from bulls and obtains
a premium price in restaurants and markets in developed nations [11].

Breed also influences meat quality. Individual cattle breeds have been developed through
extensive long-term selection for specific production attributes, such as increased growth rate, carcass
conformation and intramuscular fat (IMF) [12,13]. Early maturing breeds such as Angus and Hereford
have higher levels of IMF (and associated traits tenderness and flavour) in comparison to late maturing
continental breeds [14–17] and this is reflected in the price [18].

Pre-slaughter handling and subsequent post-mortem processing play a major role in the final
quality attributes of meat. Factors such as feed withdrawal [19], transport time [11] and stress during
transport [20] can have a negative impact on subsequent meat quality. Bulls are more sensitive than
steers to all these factors due to their sexual maturity and greater aggression in the lairage. This can
lead to higher ultimate pH measurements and unfavourable meat quality [11,21,22].

Gaining insights into how meat quality traits are affected by animal breed and gender could inform
pre-slaughter handling practises and post-mortem technologies aimed at maximising quality [22].
Furthermore, it could allow meat processors to optimise meat management systems based on specific
quality traits (due to the animal’s breed or gender) [23–25]. Therefore, the objective of this study was
to determine whether sire breed and/or castration had an effect on the meat quality of M. longissimus
thoracis et lumborum (LTL) muscle from crossbred bulls and steers and to investigate the relationship
amongst the traits examined.

2. Materials and Methods

2.1. Animals and Sample Preparation

Crossbred bull and steer progeny were obtained and reared under the same feeding and
environmental conditions by the Irish Cattle Breeders Federation Tully Progeny Test Centre (Tully,
Kildare, Republic of Ireland). Bull and steer progeny examined in this study were bred from crossbred
commercial suckler dams artificially inseminated by elite Irish beef breed bulls. Animals were
acclimatised for approximately 30 days before starting a 90-day testing period. Bulls were offered
an ad-libitum concentrate diet with 3 kilograms (kg) of fresh hay, while steers were offered 8 kg of
concentrates and 5 kg of hay on a fresh-weight basis per head per day. Hay was offered to support the
healthy functioning of the rumen and to reflect an Irish commercial high concentrate-based dietary
regimen. All animals were finished to a specified carcass conformation and fat score range. For bulls
this was U− to E+ conformation score, 3− to 5= fat score and 678 kg live weight (±58 kg); for steers
this was R− to E= conformation score, 2+ to 5+ fat score and 637 kg live weight (±64 kg). Bulls were
slaughtered at approximately 487 days old (±24 days), while steers were slaughtered at approximately
634 days old (±52 days). Eight beef breeds, with numbers representative of that in the Irish herd, were
included as part of this study as follows: Aberdeen Angus (AA; bull n = 36, steer n = 28), Belgian Blue
(BB; bull n = 67, steer n = 10), Charolais (CH; bull n = 127, steer n = 41), Hereford (HE; bull n = 2, steer
n = 11), Limousin (LM; bull n = 234, steer n = 62), Parthenaise (PT; bull n = 11, steer = 4), Salers (SA; bull
n = 25, steer n = 16) and Simmental (SI; bull n = 63, steer n = 16). Animals were slaughtered in batches
of approximately 50, between February 2014 and May 2017 in a commercial plant by electrical stunning
(50 Hz) followed by exsanguination from the jugular vein. Between 40–60 min post exsanguination,
carcasses were split in half then chilled for 24 h at 2 ◦C. Twelve steaks with a thickness of 2.54 cm were
removed sequentially from the right-side LTL 48 h post-mortem starting at the rump end and vacuum
packaged. Steaks were labelled 1–12 according to the trait being measured in order to ensure the
analysis was conducted in a consistent location within the LTL muscle. Steaks were frozen at −20 ◦C
after 2 or 14 days of ageing at 4 ◦C, dependent on the trait being determined.
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2.2. Warner–Bratzler Shear Force and Cook-Loss%

For the determination of cook-loss%, 14-day aged steaks were frozen at −20 ◦C until analysis then
thawed within unsealed plastic vacuum bags in a circulating water bath at room temperature (20 ◦C).
Steaks were trimmed of external fat, blotted lightly with tissue paper to remove moisture and weighed.
Steaks were immersed in a water bath for cooking (Grant Instruments Ltd., Royston, England) at 72 ◦C
until an internal core temperature of 70 ◦C was reached using a temperature probe (Eirelec Ltd., Dublin,
Ireland). Samples were cooled to room temperature, blotted lightly with tissue paper and weight was
recorded. Samples were then placed within new unsealed vacuum bags and left to temper overnight
in a fridge at 4 ◦C. Cook-loss was expressed as a percentage of the raw weight of the steak as follows:

Cook-loss (%) = (raw weight − cooked weight)/raw weight × 100 (1)

Following cook-loss determination, the tempered steaks were used for Warner–Bratzler shear
force analysis according to a modified version of American Meat Science Association guidelines [26].
Seven cores per steak were removed for analysis using a 1.27-cm core and sheared perpendicular to
the fibre direction using the Instron 4464 Universal testing machine (Instron Ltd., Buckinghamshire,
UK), with a load cell of 500 N and a cross head speed of 50 mm/min, and analysed using Bluehill®2
Software (Instron Ltd., Buckinghamshire, UK). The maximum peak force recorded during analysis was
reported as Newton (N) shear force. The highest and lowest measurements were excluded with the
average of the remaining 5 cores recorded as the result to reduce standard deviation.

2.3. Intramuscular Fat%

IMF% was determined on 2-day aged steaks using the Smart System-5 microwave moisture drying
oven and NMR Smart-Trac rapid fat analyser (CEM Corporation, Matthews, NC, USA) using AOAC
Official Method 985.14 [27]. In brief, steaks previously frozen at −20 ◦C were thawed within unsealed
plastic vacuum bags in a circulating water bath at room temperature (20 ◦C). Once thawed, the steaks
were trimmed of external fat, cut into cubes approximately 2.5 × 2.5 cm and placed into a RobotCoupe
R2 blender and homogenised to a fine consistency. Two grams of homogenised meat free of connective
tissue was then placed within the Smart-Trac for analysis.

2.4. Ultimate pH

Ultimate pH (upH) measurements were collected from carcasses 48 h post-mortem by placing a
calibrated pH meter (Hanna HI 9125 pH meter, Woonsocket, RI, USA) within the loin between the 12th
and 13th rib avoiding bone and connective tissue. Calibration of the pH electrode was performed with
standardized buffers (pH 4.0 and 7.0).

2.5. Drip-Loss%

Drip-loss% was analysed according to the procedure of Honikel and Hamm [28]. From each steak
(2-day aged samples, assigned for drip-loss analysis), a piece was removed (2.5 cm in thickness, 7.5 cm
in length and 5 cm in width) avoiding connective tissue and large areas of fat not representative of
the sample. Samples for drip-loss weighed approximately 100 ± 5 g and were lightly blotted with
tissue paper, weighed, then suspended by string and an unfolded paperclip (formed into a hook shape)
within an expanded clear plastic bag, with care taken to ensure the sample did not come into contact
with the bag. The samples were suspended in a chill room at 4 ◦C for 96 h, after which, the surface was
lightly blotted with a tissue and re-weighed. Drip-loss was expressed as a percentage of the original
weight of the steak as follows:

Drip-loss (%) = (initial weight − final weight)/initial weight × 100. (2)
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2.6. Colour

Colour measurements were performed using the HunterLab UltraScan Pro CIE L*a*b* system
with a dual beam xenon flash spectrophotometer (Hunter Associates Laboratory, Inc., Reston, VA,
USA). CIE L* (lightness), a* (redness), b* (yellowness) values were recorded. The illuminant (D65, 10◦)
consisted of an 8◦ viewing angle and a 9.9-mm port size. Calibration was carried out using a white
standard tile (L = 100) and light trap (L = 0). The white tile was covered in cling film prior to calibration
to prevent any effect on the colour reading. Steaks (2 d post-mortem) were wrapped in cling film and
allowed to bloom for 1 h prior to measurement. Three measurements were taken in three separate
locations on each steak, avoiding intramuscular fat and connective tissue.

2.7. Statistical Analysis

Statistical analysis was performed by two-way Analysis of Variance (ANOVA) using Tukey–Kramer
adjusted generalised linear model (GLM) procedures of Statistical analysis Software (SAS) 9.4 (SAS
Institute, Cary, NC, USA). Pearson Correlations between beef LTL quality attributes were calculated
using the CORR procedure in SAS. Differences were considered significant at the p < 0.05 level.

3. Results

3.1. Correlations between Traits

Pearson correlations between eight beef quality traits examined as part of this study are presented
in Table 1. Cook loss, drip loss, pH and colour traits showed a number of correlations with each other.
WBSF and IMF were negatively correlated, with higher fat-content meat being associated with lower
shear force. Cook loss was also linked to both fat content and shear force.

Table 1. Pearson correlation coefficients between quality traits of beef LTL.

IMF (%) upH Cook-Loss (%) Drip-Loss (%) L* a* b*

WBSF −0.26 *** −0.05 0.19 *** −0.16 *** 0.06 −0.15 *** −0.05
IMF (%) −0.015 −0.22 *** −0.08 −0.07 0.1 ** 0.05

upH −0.15 *** 0.03 −0.01 −0.01 −0.01
Cook-loss (%) 0.06 0.18 *** 0.23 *** 0.16 ***
Drip-loss (%) 0.23 *** 0.04 0.13 **

L * 0.2 *** 0.42 ***
a * 0.83 ***

* p < 0.05, ** p < 0.01, *** p < 0.001; WBSF—Warner–Bratzler shear force; IMF—Intramuscular fat; upH—Ultimate pH.

3.2. Effect of Breed and Gender on Meat Quality

The effects of breed and gender on LTL muscle quality traits from eight beef breeds are presented
in Table 2. Gender had a significant effect on WBSF values, with bull LTL samples having higher shear
force than that of steer LTL. However, no effect was observed on WBSF values for breed.

IMF was associated with both breed and gender, with LTL from steers containing almost twice the
IMF% of bull LTL (2.85 and 1.27%, respectively; Table 2). AA sired LTL samples had the highest levels
of IMF in the current dataset (2.78%) with BB and PT (1.12%) sired progeny, the lowest. Cook-loss
was significant for both breed and gender effects, with LM-sired progeny having the lowest cook-loss
values (29.09%). Bull LTL cook-loss% was higher than that of steers (30.4 and 29.25%, respectively).
Drip-loss values only tended to be higher in steers than in bulls (3.41 and 2.73%); however, sire breed
had an effect on drip-loss% values. The AA sire progeny had the lowest drip-loss% measured (2.15%),
with BB having the highest (4.11%).
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4. Discussion

This study illustrates the significant effect castration has on important technological beef quality
traits, such as increasing IMF%, reducing WBSF and improving cook-loss%. Moreover, the quality
attributes, IMF, cook-loss and drip-loss, varied significantly according to sire breed. However, very
little variability exists for texture, as reflected by WBSF scores, and sire breed was not determined to be
a significant factor for this trait.

Interesting correlations amongst the traits examined as part of our study were found. Notably,
the three traits affected by gender, WBSF, IMF% and cook-loss%, were all significantly correlated to
each other. In this study, traits relating to different aspects of meat quality show trends that were
associated with each other, pointing to particular animals having an overall higher quality, relative
to others within the study. For example, animals with higher IMF% and redness values had lower
WBSF scores and reduced cook-loss%, which could be considered to be a combination of trait values
associated with good overall meat quality. Monteiro et al. [29] also reported a positive relationship
between WBSF and cook-loss%. They concluded that cook-loss% influenced WBSF more than any
other physiochemical trait and was the reason for shear force variation. The multifactorial relationship
amongst these traits suggests that selecting one of these correlated traits for improvement may have
a beneficial effect on other meat quality attributes. The two water-holding capacity related traits
(cook-loss% and drip-loss%) were not correlated with each other. The two traits capture different
aspects of fluid loss in processing. Drip-loss is reflective of exudate, consisting mainly of water and
proteins, whereas cook-loss may also be associated with glycogen potential and additionally melting
fat during the thermal processing [30]. These traits have been well studied in pork [31]. Interestingly, a
comparable lack of correlation between these traits is present in beef in the current study.

The highest scoring sire breed for IMF% was the early-maturing AA sire offspring, which was
significantly different from the two lowest scoring sire breeds for this trait, i.e., the late maturing
continental BB and PT sire progeny. In a comprehensive study by Gagaoua et al. [1], breed had a
significant influence on IMF%, with AA bulls having twice the IMF% relative to continental breed bulls
examined in their study. Differences in IMF% values between breeds is mostly attributed to genetics,
with early maturing breeds (such as AA and HE) having higher fat deposition than continental breed
animals [16]. Steers had greater than twice the IMF% relative to bulls, consistent with Moran et al. [10]
and Nian et al. [32] who reported that gender was significant for IMF. The difference between IMF%
values between bulls and steers is attributed to the removal of the testes in steers, which arrests
sexual maturation leading to reductions in growth rate and muscular development and increases
fat deposition and accelerates the fattening period [33]. Other hormones involved in muscle and
adipose tissue metabolism include leptin, growth hormone, insulin, cortisol, insulin-like growth factor
1, thyroxin and triiodothyronine [34–36]. Testosterone binds to receptors within the muscle, increasing
the incorporation of amino acids into protein and increasing the capacity for muscular development
and growth rate [37]. This results in an increase in muscle mass without increases in IMF% [37].
Greater IMF values in steers are attributed to the diminished physiological effects of this androgen,
reducing plasma lipids, increasing lipolysis by adipocytes and stimulating androgen receptors [38,39].
The castration of bulls is directly involved in the upregulation of the lipogenic gene expression of
fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC); furthermore, it also downregulates the
lipolytic gene expression of monoglyceride lipase (MGL) and adipose triglyceride lipase (ATGL) [40].
Hence, castration contributes to improved IMF deposition mediated through increased lipid uptake
and lipogenesis and decreased lipolysis [40].

WBSF values exhibited a gender effect but not a breed effect, with steers exhibiting a WBSF value
approximately 7 N lower than bulls, in agreement with Nian et al. [32]. A gender effect for WBSF
between bulls and steers was also found by Mberema et al. [41]. However, they observed 14-day aged
bull LTL to be more tender than steer and heifer LTL. The results of the current study contrast with
Moran et al. [10] who found no effect on WBSF values between bulls and steers. Gerrard et al. [42]
reported that any difference in WBSF values explained by gender is not observed following 13 days
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of ageing. However, the current study aged samples for 14 days and an effect was still observed.
Other factors that contribute to the textural toughness of beef (namely sarcomere length and collagen)
were not assessed but may play a role in the differences observed between genders, with bulls having
shorter sarcomeres and higher levels of collagen within muscle [32]. Various studies on the use
of late maturing beef bulls have also reported that breed has no significant effect on instrumental
tenderness [13,43,44]. With regards to breed effect and sheer force, Marino et al. [45] reported
significance when comparing three cattle breeds contrasting in traditional breed purpose (Friesian
dairy bulls; Romagnola crossbred beef bulls; Podolian bulls—indigenous to southern Italy), with the
indigenous Podolian bulls significantly tougher than their counterparts. This is in contrast to the
findings of the current study as sire breed had no effect on shear force values.

In the current study, cook-loss% is associated with both breed and gender. The breed effect was
observed between LM and SI sire breeds. This is in agreement with Chambaz et al. [14] who also
observed a significant difference in cook-loss between these two breeds. IMF is one of the factors
associated with cook-loss; as IMF% increases, cook-loss% values decrease [46]. Findings relating breed
to cook-loss are sometimes conflicting. Mandell et al. [47] examined HE and SI breeds for cook-loss%
and found no significance; however, when comparing AA, BB and LM bulls for cook-loss, Cuvelier et
al. [2] found AA bulls to be significantly different. Steers had lower cook-loss% than the bulls examined
which is in agreement with numerous studies [10,32,47]. The differences observed between bulls and
steers may be attributed to the larger muscle fibre diameter of bulls, induced by androgens, with muscles
of increased cross-sectional area exhibiting greater cook-loss [9,48]. In contrast, Knight et al. [49] found
no gender effect between bulls and steers for cook-loss%. In our study, drip-loss% was significant
for breed but not gender. Early maturing breeds (AA and HE) exhibited lower drip-loss% values
in comparison to the larger, late maturing continental breeds such as Belgian Blue, Charolais and
Parthenaise animals, indicating early maturing breeds have the potential to have juicier meat and less
reduction in yield associated with hanging. Similar trends regarding drip-loss values and breed effect
were shown by Cuvelier et al. [2] when studying BB, LM and AA breeds, and Chambaz et al. [14] when
studying AA, LM, SI and CH breeds. Cuvelier et al. [2] suggested that higher drip-loss% values in
larger animal breeds (such as BB and PT, the highest scoring for this trait) may be due to their higher
meat:water content. The lower collagen content of double muscle animals may also contribute to
increased drip-loss, as WHC is known to increase with increasing amounts of connective tissue [50].
Breeds exhibiting lower drip-loss values have the added economic benefit of less product weight loss,
leading to higher financial gain on carcass and primal cuts.

Lightness (L*), redness (a*) and yellowness (b*) values were not influenced by breed or gender in
our study. This is consistent with Moran et al. [10] who did not see any difference when comparing
colour values between bulls and steers. Nian et al. [32] also found no significant effect for gender
on L* values; however, in that study, steers had significantly higher a* and b* values in comparison
to bulls, which is in contrast with the current findings. Papaleo Mazzucco et al. [16] found breed to
have no effect on L*, a* or b* values when comparing AA and HE steers. However, Cuvelier et al. [2]
found breed to influence both L* and a* values when comparing AA, BB and LM bulls; with BB bulls
having lighter and less red LTL, and AA bulls having the darkest and reddest LTL (b* values were not
reported).

5. Conclusions

Sire breed had a significant effect on three beef quality traits analysed, IMF%, cook-loss% and
drip-loss%, which were also correlated to each other. With respect to breed, Aberdeen Angus sired
progeny had the highest IMF% and the lowest drip-loss%, Limousin sired offspring had the lowest
cook-loss%, while Belgian Blue and Parthenaise sired progeny scored the highest for drip-loss%.
Castration significantly impacted three of the beef quality traits analysed: WBSF, IMF% and cook-loss%.
In comparison to bulls, steers had higher IMF% and reduced WBSF and cook-loss%, implying steer
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beef to be more tender and juicy, with more favourable IMF%. This study supports the hypothesis that
breed and gender influence meat quality traits.
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Abstract: The technological, nutritional, and sensorial quality of breasts and thighs with drumsticks
of turkey male and female breeders was characterized by comparison with breasts and thighs
with drumsticks of growing male and female turkeys from the Grademaker line (hybrid turkeys,
n = 20 birds per sex and per physiological stage). The breeder turkeys were slaughtered at 397 and
410 days of age and 10.42 and 32.67 kg of body weight for the females and males, respectively.
The standard turkeys were slaughtered at 75 and 103 days of age and 5.89 and 13.48 kg of body
weight for the females and males, respectively. The differences observed between males and females
on one hand and between standard and breeder turkeys on the other hand were mainly induced
by differences in slaughter ages and sexual dimorphism on body weight. The meat of female
breeders had characteristics close to those of female and male standard turkeys, whereas the meat of
male breeders was clearly distinguishable, particularly by displaying lower tenderness and water
holding capacity.

Keywords: male and female turkeys; breeders; broilers; carcass; meat; nutritional; sensorial and
technological quality

1. Introduction

In France, the production of turkey meat reached 350,000 tec (tonnes equivalent carcasses)
in 2015 [1]. The consumption of turkey meat was 4.6 kg per year and per capita in 2015 [2].
This production results essentially from standard turkeys. Females and males are slaughtered at
12 and 16 weeks of age, respectively, and 6–7 kg and 14–15 kg of body weight, respectively. The main
part of the turkey production is cut, but there is a production of light turkeys sold under whole
carcasses around Christmas and New Year holidays. Finally, when the period of reproduction of
turkeys is finished, animals are slaughtered under industrial conditions and their meat is mainly
valued under processed products. The French production of breeders was estimated to 8797 and
9174 tec in 2015 and 2016, respectively (Gicquel, personal communication). In the EU, production was
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estimated to 36,224 and 37,776 tec in 2015 and 2016, respectively (Gicquel, personal communication).
There are many studies on the meat quality of standard turkeys. In other countries, standard turkeys
are slaughtered at older ages (18 to 22 weeks for males, and 14 to 16 weeks for females) depending on
the line (BUT Big 6, Hybrid Converter). The body weight at slaughter ranges between 16 and 22 kg
for males, and between 9 and 11 kg for females [3–15]. The breast yield can vary between 22 and
30% and the yield of thighs with drumsticks can vary between 19 and 28% depending on the line,
the slaughter age, and the sex. The range of ultimate pH comprises between 5.55 and 6.20 in breast
muscle and between 5.75 and 6.30 in thigh muscle [3–5,9,16–28]. The juice loss can vary from 1 to 6%
depending on the duration of cold storage and the cooking loss from 4% to 29% depending on the
study and probably the cooking conditions and duration [7–10,12,14,15,19,23,25,28]. The shear force
value of breast muscle ranges between 7 and 46 N depending on the study (cooked or raw meat). Some
studies also reported the chemical composition of standard turkey meat. The water, protein, lipid, and
ash contents of breast muscle vary between 72 and 75%, 21 and 28%, 0.4 and 4.0%, and 1.0 and 1.3%,
respectively [3,5,7,9,10,12,14–16,20,24,26–28]. On the other hand, to our knowledge, no study has been
published on the meat characteristics of male and female breeder turkeys. The aim of the present study
was to evaluate the technological, nutritional, and sensorial quality of meat from breeder turkeys in
comparison with that of standard turkeys.

2. Materials and Methods

2.1. Experimental Design

In order to realize this characterization, carcasses of male and female breeder turkeys from
the Grademaker line (Hybrid Turkeys) were compared with carcasses of male and female standard
turkeys from the same line (n = 20 per sex and per physiological stage). Hendrix Genetics Turkeys
Company (Saint-Laurent de la Plaine, France) provided the animals reared, according the breeder
recommendations. The turkeys were slaughtered according to standard procedures, which include
immobilization by electrical stunning, followed by exsanguination, defeathering, and evisceration
(=D0). STVO (Société de Transformation des Volailles de l’Ouest) Company (Saint-Mars la Jaille,
France) cut the carcasses 24 h after slaughter and cold storage at 4 ◦C (=D1) in order to determine
the meat yields. The thighs with drumsticks and breast muscles were then transported and stored
under refrigerated conditions to the Research Unit BOA (Biologie des Oiseaux et Aviculture, INRA
Nouzilly, France). From every left fillet, 4 cutlets of 200 g and 2 cm in thickness were individually cut
and packed in a bag (sealed air cryovac, 60 μm) under vacuum (multivac P300, Cenpac, Chambray les
Tours, France) and identified. The left thighs and drumsticks, with bones and skin, were individually
packed in a bag, under vacuum, and identified. These samples were transported under refrigerated
conditions to the experimental unit EASM (Elevage, Alimentation et Santé des Monogastriques, INRA
Magneraud, Surgères, France) and stored at −20 ◦C for further sensorial analysis.

2.2. Analysis of Technological Quality of Meat

The right fillets and thighs with drumsticks were used to realize various measures and to take
several samples on day 2. The ultimate pH (pHu) was determined by direct insertion of an electrode
(pH meter Model 506, Crison Instruments, Barcelona, Spain) into the Pectoralis major (PM) and
Iliotibialis superficialis (IT) muscles. The color was measured on the same muscles by using a Miniscan
Spectrocolorimeter (Hunterlab, Reston, VA, USA) with the CIELAB thrichromatic system as lightness
(L*), redness (a*), and yellowness (b*) values. The water holding capacity was estimated by measuring
drip loss of a raw cutlet (around 150 g) placed in a plastic bag, hung from a hook, and stored at 4 ◦C
for 6 days. The drip loss was expressed as the percentage of the initial cutlet weight. The cooking
loss was measured on a thick cutlet (around 150–200 g) and packed in a bag under vacuum on day 3.
The cutlets were cooked in a water bath at 85 ◦C for 16 min. They were then cooled during 15 min in
crushed ice. The cooking loss was expressed as the percentage of the initial cutlet weight. The texture
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measurement was then realized on these cooked cutlets. The average Warner-Bratzler shear force value
was determined on 3 strips (1 cm × 1 cm × 3 cm) for each cooked cutlet [29]. A piece of breast muscle
(around 100 g) was processed into cured–cooked meat on day 4 in order to determine the technological
yield [30].

2.3. Analysis of Nutritional Quality of Meat

In breast and thigh muscles, the content in haeminic pigments [31], protein content (Kjeldhal
method), moisture content by differential weighing of 5 g of sample placed in steam room at 105 ◦C
during 24 h, and lipid content were determined [32]. Lipids were then methylated [33] and the fatty
acid composition was determined by gas chromatography (Perkin Elmer, Saint-Quentin en Yvelines,
France) [34]. The classes of lipids were determined using Iatroscan (Iatron, Tokyo, Japan) based
on thin-layer chromatography and a flame-ionisation-detector system (TLC–FID) [35]. The lipid
peroxidation was evaluated [36] to determine the TBARS (Thio-Barbituric Acid Reactive Substances)
value. The protein oxidation was evaluated by measuring the thiol and carbonyl content [37,38].

2.4. Analysis of Sensorial Quality of Meat

The sessions of sensory analysis were realized in the laboratory INRA of Magneraud (Surgères,
France) in conditions corresponding to the standard [39]. The thighs with drumsticks and cutlets
were defrosted before cooking for 24 to 48 h depending on the weight. The thighs with drumsticks
were cooked in the oven (25 min at 250 ◦C, then maintained at 100 ◦C under wet heat in order to
reach a core temperature of 80 ◦C). The cutlets placed between two aluminum foils were cooked in a
steakhouse (5 min in 250 ◦C to reach a core temperature of 80 ◦C). Twelve panelists were first trained
during three sessions and tasting one turkey per group and per session. Then, the panelists tasted
the four groups in every session. Ten sessions were realized, the panelists testing one turkey per
group and per session. For every criterion, the notation was made on a continuous scale limited from
0 to 10. Assessment criteria for the tasting of thighs were: Color, tenderness, juiciness, stringiness,
compactness, oily sensation, global and rancid flavors, and global appreciation. Assessment criteria
for the tasting of cutlets were: Color, tenderness, juiciness, stringiness, sticky, global and rancid flavors,
and global appreciation.

2.5. Histological Analysis of PM Muscle

Samples of PM muscle were taken along a line parallel to the fiber axis on day 2 and frozen
in isopentane cooled with liquid nitrogen and stored at −80 ◦C until histological analysis was
performed [40]. Serial cross sections, 10 μm thick, were realized with a cryotome. The labeling
of type VI collagen of chicken (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City,
IA, USA) was realized thanks to the kit Vectastain ABC elite (Laboratoires Eurobio/Abcys, Les Ulis,
France) (Mouse IgG, Vector laboratories PK 6102 distributed by Eurobio Ingen (Les Ulis, France)) and
revealed with DAB (Sigma, Saint-Quentin Fallavier, France). The cross-sectional area (CSA) of muscle
fibers and the relative area occupied by collagen was determined using a computerized image analysis
system (Visilog software, Noesis, Crolles, France) on 13 samples per group.

2.6. Statistical Analysis

Data were tested with a variance analysis using Statview software (SAS Institute Inc., Cary, NC,
USA). The effects of sex, physiological stage, and their interaction were analyzed by comparing means
with a t-test and a p value < 0.05. Pearson correlations were calculated between different measured
parameters and considered significant with p < 0.05.
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3. Results

3.1. Meat Yields (Table 1)

The breeders were slaughtered at older ages and they had a higher weight and higher yield of
carcass and breast than standard birds. For the yield of thigh with drumstick, it was the opposite
observation, particularly for the females. The most important observed differences concerned males
compared to females and this whatever the physiological stage (standard or breeder). Indeed, the body
weight of male breeders was 3.1 times higher than that of female breeders and the body weight of
standard males was 2.3 times higher to that of standard females. Such differences were also reflected
on the weight of carcass, breasts, and thighs with drumsticks. The carcass yield of male breeders was
higher than that of female breeders, for which the ovaries removed during evisceration weighted
approximately 270 g. The carcass yield of standard males was also higher than that of standard females.
The yields of breasts and thighs with drumsticks of male breeders were higher than those of female
breeders. It was the same for the standard turkeys.

Table 1. Meat yields of males and females of breeder and standard turkeys (n = 20).

Female
Breeders

Male
Breeders

Standard
Females

Standard
Males

Physiological
Stage Effect

Sex
Effect

Interaction
Effect

Slaughter age (days) 397 410 75 103
Body weight at slaughter (kg) 10.42 ± 0.75 c 32.67 ± 1.51 a 5.89 ± 0.35 d 13.48 ± 0.56 b 0.001 0.001 0.001

Carcass weight (kg) 7.46 ± 0.56 c 25.08 ± 1.33 a 4.15 ± 0.31 d 9.74 ± 0.42 b 0.001 0.001 0.001
Breast weight (kg) 2.64 ± 0.23 c 9.20 ± 0.99 a 1.22 ± 0.13 d 2.97 ± 0.19 b 0.001 0.001 0.001

Thigh + drumstick weight (kg) 2.22 ± 0.18 c 7.83 ± 0.78 a 1.43 ± 0.10 d 3.40 ± 0.19 b 0.001 0.001 0.001
Carcass yield (%) 71.62 ± 1.09 c 76.75 ± 1.58 a 70.36 ± 1.59 d 72.25 ± 1.36 b 0.001 0.001 0.001
Breast yield (%) 25.31 ± 1.16 b 28.15 ± 2.51 a 20.69 ± 1.27 d 22.01 ± 1.02 c 0.001 0.001 0.001

Thigh + drumstick yield (%) 21.26 ± 0.70 b 23.98 ± 2.26 a 24.32 ± 0.73 a 25.19 ± 0.91 a 0.001 0.001 0.002

Yields are expressed as percentage of body weight at slaughter. The breasts include the two pectoral muscles
(P. major and P. minor) without skin. The thighs and drumsticks include the bones and skin. a, b, c, d within a row,
significant differences between groups with p < 0.05.

3.2. Technological Quality of Meat (Table 2)

The average pHu measured in the PM muscle was 5.70 whatever the sex or the physiological
stage. The standard females had a higher pHu in PM muscle than that of standard males. The breeder
turkeys had a lower pHu in IT muscle than that of standard turkeys. For the two physiological stages,
the males had a lower pHu in IT than that of the females.

The standard males had darker PM muscle than the other groups and female breeders had darker
IT muscle than the other groups. The standard turkeys had PM and IT muscles less red than those of
the breeder turkeys, and the females had PM and IT muscles less red than those of the males. The male
breeders had PM and IT muscles less yellow than those of the other groups. On the other hand,
the females had IT muscles more yellow than the males.

The male breeders had PM muscles harder than those of the other groups. Globally, the drip loss
of PM muscle after a storage at 4 ◦C was low. It was higher for the males compared to the females.
The difference was mostly important for the breeder turkeys (×1.7). The cooking loss of PM muscle
was higher for males compared to females and for breeder turkeys, particularly the males, compared
to standard turkeys. The PM muscle of males had lower technological yield than that of females and
the PM muscle of breeder turkeys, particularly the males, had lower technological yield than that of
standard turkeys. Indeed, the female breeders had the highest technological yield. This confirmed
the observations on the previous parameters concerning the water holding capacity of PM muscle.
The coefficients of correlation between drip loss after a storage at 4 ◦C and cooking loss or technological
yield were 0.46 and 0.63, respectively (p < 0.05). The coefficient of correlation between cooking loss
and technological yield was 0.67 (p < 0.05).

The protein oxidation in meat was low. The carbonyl content determined in PM muscle of
standard turkeys was higher than that measured in the PM muscle of breeder turkeys. However,
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the difference between the two physiological stages was low. The sex had no effect on the carbonyl
content in PM muscle. In the Sartorius (SART) muscle, the carbonyl content was a bit higher than that
measured in the PM muscle. In SART muscle, the physiological stage had no effect. The females had a
higher carbonyl content in SART muscle than the males, but the difference was low. The physiological
stage had no effect on the thiol content in PM and SART muscles. The sex had no effect on the thiol
content in PM muscle. On the other hand, the females had lower thiol content in SART muscle than
males, suggesting a higher level of protein oxidation, as the ability to release thiol was affected, and
confirming the results obtained with carbonyl. The TBARS value was higher in SART muscle compared
to PM muscle, and corroborating the contents in lipids and haemininc pigments. It was also higher in
breeder turkeys compared to standard turkeys. The sex had no effect on the lipid peroxidation in PM
and SART muscles.

Table 2. Technological quality of meat from males and females of breeder and standard turkeys (n = 20).

Female
Breeders

Male
Breeders

Standard
Females

Standard
Males

Physiological
Stage Effect

Sex
Effect

Interaction
Effect

pHu PM 5.68 ± 0.08 b 5.70 ± 0.13 ab 5.77 ± 0.07 a 5.68 ± 0.05 b 0.09 0.04 0.005
pHu IT 6.03 ± 0.11 5.79 ± 0.12 6.14 ± 0.14 5.92 ± 0.10 0.001 0.001 0.66
L* PM 49.14 ± 3.01 a 51.00 ± 3.24 a 49.30 ± 2.07 a 46.00 ± 2.21 b 0.001 0.23 0.001
a* PM −0.38 ± 0.90 0.48 ± 1.02 −0.75 ± 0.73 −0.62 ± 0.86 0.001 0.01 0.07
b* PM 7.69 ± 1.44 a 6.27 ± 1.56 b 7.06 ± 1.23 ab 7.00 ± 1.31 ab 0.87 0.02 0.03
L* IT 36.90 ± 3.50 b 42.64 ± 4.48 a 42.85 ± 2.03 a 42.46 ± 2.02 a 0.001 0.001 0.001
a* IT 5.63 ± 1.04 a 5.97 ± 1.02 a 2.08 ± 0.99 c 4.03 ± 1.21 b 0.001 0.001 0.001
b* IT 4.00 ± 1.00 2.57 ± 1.74 4.66 ± 1.09 3.85 ± 0.80 0.001 0.001 0.26

PM texture (N/cm2) 16.62 ± 1.65 b 27.00 ± 4.12 a 15.73 ± 1.63 b 16.68 ± 1.78 b 0.001 0.001 0.001
PM drip loss (%) 0.77 ± 0.34 1.29 ± 0.72 0.76 ± 0.31 0.97 ± 0.32 0.12 0.001 0.14

PM cooking loss (%) 11.08 ± 1.48 b 15.29 ± 2.43 a 8.59 ± 0.94 c 9.78 ± 1.08 bc 0.001 0.001 0.001
PM technological yield (%) 86.38 ± 2.16 a 72.38 ± 4.68 c 84.28 ± 2.72 ab 81.35 ± 2.03 b 0.001 0.001 0.001

PM carbonyl content 2.03 ± 0.38 2.14 ± 0.39 2.33 ± 0.30 2.26 ± 0.37 0.01 0.81 0.27
SART carbonyl content 3.43 ± 0.52 3.00 ± 0.42 3.21 ± 0.73 3.06 ± 0.56 0.52 0.03 0.27

PM thiol content 31.36 ± 6.96 35.76 ± 8.97 34.64 ± 6.84 35.99 ± 9.50 0.34 0.12 0.41
SART thiols content 34.84 ± 4.02 37.64 ± 4.81 37.03 ± 3.59 37.82 ± 4.40 0.21 0.06 0.29

PM TBARS value 0.80 ± 0.35 0.79 ± 0.25 0.44 ± 0.19 0.66 ± 0.34 0.001 0.13 0.09
SART TBARS value 1.34 ± 0.48 1.30 ± 0.45 0.89 ± 0.31 1.06 ± 0.38 0.001 0.48 0.26

PM = Pectoralis major; IT = Iliotibialis superficialis; SART = Sartorius; L* = lightness; a* = redness; b* = yellowness;
PM texture was estimated by measuring the shear-force value (N/cm2). The drip loss was measured after 6 days
storage of breast cutlets at 4 ◦C. The technological yield was estimated on cured–cooked samples of breast muscle.
The carbonyl content was expressed as nmol DNPH (2,4-dinitrophenylhydrazine) incorporated/mg protein.
The thiol content was expressed as nmol/mg protein. The TBARS (Thio-Barbituric Acid Reactive Substances)
value was expressed as mg equivalent MDA/g muscle. MDA = malondialdehyde; a, b, c within a row, significant
differences between groups with p < 0.05.

3.3. Nutritional Quality of Meat (Tables 3–5)

The breeder turkeys had a higher lipid content in PM and IT muscle than standard animals
(Table 3). The male breeders had a lower protein content in PM muscle than the other groups and the
lowest protein content in IT muscle. The physiological stage had no effect on the iron and haeminic
pigment (myoglobin and hemoglobin) contents in PM muscle whereas in IT muscle, the iron and
haeminic pigment contents were higher in breeder turkeys compared to standard turkeys. The males
had higher iron and haeminic pigment contents in PM and IT muscles than females. The iron and
haeminic pigment contents in IT muscle were 2- to 3-fold higher to that measured in PM muscle.
The coefficient of correlation between the haeminic pigment content in IT muscle and redness was
0.73 (p < 0.05).
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Table 3. Nutritional quality of meat from males and females of breeder and standard turkeys (n = 10).

Female
Breeders

Male
Breeders

Standard
Females

Standard
Males

Physiological
Stage Effect

Sex
Effect

Interaction
Effect

Dry matter PM (%) 27.70 ± 0.87 24.11 ± 1.82 25.60 ± 0.70 26.16 ± 0.51 0.001 0.26 0.23
Proteins PM (%) 24.72 ± 0.87 a 21.68 ± 1.80 b 25.21 ± 0.89 a 25.41 ± 0.52 a 0.001 0.001 0.001
Lipides PM (%) 3.01 ± 0.86 2.51 ± 0.96 1.01 ± 0.33 1.02 ± 0.15 0.001 0.26 0.23
Ashes PM (%) 1.08 ± 0.04 b 1.05 ± 0.04 b 1.42 ± 0.05 a 1.10 ± 0.13 b 0.001 0.001 0.001

Iron (μg/g PM) 3.03 ± 0.56 3.42 ± 1.31 2.37 ± 1.15 3.77 ± 1.45 0.65 0.01 0.14
Myoglobin (μg/g PM) 922 ± 170 1042 ± 399 722 ± 349 1147 ± 441 0.65 0.01 0.14

Dry matter IT (%) 26.14 ± 0.46 a 24.92 ± 1.05 ab 23.69 ± 1.12 b 24.52 ± 0.75 ab 0.001 0.50 0.001
Proteins IT (%) 22.70 ± 0.31 a 20.25 ± 1.03 b 21.79 ± 0.67 ab 21.39 ± 0.95 b 0.65 0.001 0.001
Lipids IT (%) 3.50 ± 0.69 4.20 ± 1.13 2.56 ± 0.73 2.91 ± 0.77 0.001 0.06 0.52

Ash IT (%) 1.12 ± 0.04 a 1.08 ± 0.05 ab 1.02 ± 0.07 b 1.05 ± 0.04 b 0.001 0.57 0.02
Iron (μg/g IT) 10.33 ± 2.48 12.70 ± 2.51 5.58 ± 1.68 8.21 ± 2.35 0.001 0.001 0.84

Myoglobin (μg/g IT) 3143 ± 756 3865 ± 765 1699 ± 511 2500 ± 714 0.001 0.001 0.84
Triglycerides PM (%) 2.51 ± 0.81 2.02 ± 0.90 0.54 ± 0.21 0.64 ± 0.13 0.001 0.33 0.14
Cholesterol PM (%) 0.04 ± 0.02 b 0.07 ± 0.02 a 0.05 ± 0.02 ab 0.04 ± 0.01 b 0.31 0.15 0.001

Phospholipids PM (%) 0.46 ± 0.08 0.42 ± 0.07 0.40 ± 0.13 0.34 ± 0.07 0.01 0.09 0.77
Triglycerides IT (%) 2.76 ± 0.57 3.29 ± 0.95 1.77 ± 0.59 2.16 ± 0.70 0.001 0.05 0.77
Cholesterol IT (%) 0.07 ± 0.03 b 0.09 ± 0.04 ab 0.14 ± 0.04 a 0.08 ± 0.03 b 0.01 0.10 0.001

Phospholipids IT (%) 0.67 ± 0.12 0.82 ± 0.25 0.65 ± 0.11 0.67 ± 0.35 0.24 0.25 0.38

PM and IT = Pectoralis major and Iliotibialis superficialis muscles, respectively; a, b within a row, significant
differences between groups with p < 0.05.

The sex had no effect on the triglyceride, cholesterol, and phospholipid contents of PM muscle
(Table 3). The physiological stage had no effect on the cholesterol content of PM muscle. By contrast,
the breeder turkeys had higher triglyceride and phospholipid contents in PM muscle than standard
turkeys. The sex had no effect on the cholesterol and phospholipid contents of IT muscle. The males
had a higher triglyceride content in IT muscle than the females. The physiological stage had no effect
on the phospholipid content in IT muscle. The breeder turkeys had a higher triglyceride content and a
lower cholesterol content than the standard turkeys.

The PM muscle had a high n-6 fatty acid (FA) content and the ratio n-6/n-3 FA was around
10–12 (Table 4). The sex had few effects on the FA composition of PM muscle. However, the breeder
females had a higher saturated FA (SFA) content than breeder males. The breeder turkeys had a higher
mon-unsaturated FA (MUFA) content and lower SFA and poly-unsaturated FA (PUFA) contents.

Table 4. Fatty acid (FA) composition of P. major muscle from males and females of breeder and standard
turkeys (% total FA; n = 10).

Female
Breeders

Male
Breeders

Standard
Females

Standard
Males

Physiological
Stage Effect

Sex
Effect

Interaction
Effect

C14:0 0.90 ± 0.54 a 0.54 ± 0.06 ab 0.41 ± 0.06 b 0.52 ± 0.08 ab 0.006 0.18 0.01
C14:1 0.10 ± 0.04 ab 0.14 ± 0.06 a 0.09 ± 0.06 ab 0.06 ± 0.02 b 0.004 0.74 0.05
C16:0 26.11 ± 0.83 a 22.05 ± 1.15 c 24.03 ± 1.03 bc 25.60 ± 0.53 ab 0.001 0.18 0.03
C16:1 3.93 ± 0.79 a 4.12 ± 0.76 a 2.07 ± 0.68 b 1.28 ± 0.46 b 0.001 0.18 0.03
C18:0 7.09 ± 0.54 7.11 ± 1.26 11.21 ± 1.49 9.81 ± 1.46 0.001 0.09 0.08
C18:1 35.63 ± 1.65 34.94 ± 1.62 24.88 ± 1.77 26.06 ± 0.97 0.001 0.61 0.06

C18:2 n-6 22.02 ± 1.23 c 25.89 ± 2.20 bc 29.38 ± 1.77 ab 29.68 ± 1.43 a 0.001 0.001 0.01
C18:3 n-3 1.17 ± 0.15 1.95 ± 0.40 1.77 ± 0.36 2.15 ± 0.40 0.001 0.001 0.07

C20:0 0.05 ± 0.03 0.07 ± 0.02 0.09 ± 0.02 0.11 ± 0.02 0.001 0.10 0.14
C20:1 0.20 ± 0.06 0.25 ± 0.06 0.17 ± 0.02 0.17 ± 0.02 0.001 0.10 0.14

C20:4 n-6 1.53 ± 0.46 c 1.92 ± 1.20 bc 4.53 ± 1.05 a 3.42 ± 0.91 ab 0.001 0.24 0.02
C20:5 n-3 0.62 ± 0.59 0.48 ± 0.74 0.10 ± 0.07 0.09 ± 0.04 0.01 0.60 0.66
C22:4 n-6 0.11 + 0.03 0.10 + 0.07 0.22 + 0.05 0.20 + 0.04 0.001 0.37 0.52
C22:5 n-3 0.12 ± 0.03 c 0.28 ± 0.15 bc 0.69 ± 0.19 a 0.57 ± 0.13 ab 0.001 0.62 0.01
C22:6 n-3 0.41 ± 0.17 0.16 ± 0.15 0.36 ± 0.11 0.27 ± 0.08 0.49 0.001 0.07

SFA 34.16 ± 0.82 a 29.77 ± 1.79 b 35.74 ± 2.16 a 36.04 ± 1.55 a 0.001 0.001 0.001
MUFA 39.86 ± 1.43 39.45 ± 2.10 27.20 ± 2.21 27.57 ± 1.38 0.001 0.96 0.50
PUFA 25.99 ± 1.05 c 30.78 ± 2.55 b 37.05 ± 2.63 a 36.38 ± 1.28 a 0.001 0.01 0.001
n-6 FA 23.66 ± 0.98 c 27.91 ± 2.18 b 34.13 ± 2.31 a 33.31 ± 1.11 a 0.001 0.01 0.001
n-3 FA 2.32 ± 0.57 2.87 ± 0.89 2.92 ± 0.36 3.08 ± 0.24 0.03 0.06 0.29

n-6 FA/n-3 FA 10.70 ± 2.47 10.27 ± 2.14 11.79 ± 0.91 10.87 ± 0.68 0.13 0.23 0.65

SFA, MUFA, PUFA = Saturated, mono-unsaturated, and poly-unsaturated fatty acids, respectively; a, b, c within a
row, significant differences between groups with p < 0.05.
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The IT muscle had a fatty acid composition close to that described for PM muscle (Table 5).
The ratio n-6/n-3 FA varied between 11 and 15. The sex had more effect on the FA composition of IT
muscle, but the differences observed between males and females for one given physiological stage
were low. The males had a content in C18:3 n-3 higher to that of females. The effect of physiological
stage was significant for all FA except C20:5 n-3 and C22:4 n-6. The IT muscle of breeder turkeys had a
higher MUFA content and lower SFA and PUFA contents to that of standard turkeys.

Table 5. Fatty acid (FA) composition of I. superficialis muscle from males and females of breeder and
standard turkeys (% total FA, n = 10).

Female
Breeders

Male
Breeders

Standard
Females

Standard
Males

Physiological
Stage Effect

Sex
Effect

Interaction
Effect

C14:0 0.68 ± 0.04 a 0.54 ± 0.08 b 0.52 ± 0.04 b 0.60 ± 0.04 a 0.01 0.07 0.001
C14:1 0.12 ± 0.03 0.13 ± 0.02 0.07 ± 0.02 0.05 ± 0.02 0.001 0.97 0.14
C16:0 24.60 ± 0.49 ab 21.32 ± 1.05 c 23.32 ± 1.15 bc 25.13 ± 0.62 a 0.001 0.01 0.001
C16:1 3.44 ± 0.57 ab 3.89 ± 0.77 a 2.28 ± 0.78 bc 1.41 ± 0.48 c 0.001 0.33 0.01
C18:0 8.39 ± 0.51 7.95 ± 0.84 9.64 ± 0.93 8.89 ± 0.93 0.001 0.03 0.57
C18:1 32.52 ± 0.73 33.26 ± 1.24 24.69 ± 2.03 25.87 ± 0.84 0.001 0.03 0.60

C18:2 n-6 25.51 ± 1.06 b 27.91 ± 1.52 b 32.55 ± 2.17 a 32.10 ± 0.72 a 0.001 0.001 0.01
C18:3 n-3 1.17 ± 0.13 c 1.85 ± 0.23 b 2.43 ± 0.27 a 2.67 ± 0.19 a 0.001 0.001 0.01

C20:0 0.08 ± 0.01 0.08 ± 0.01 0.10 ± 0.02 0.11 ± 0.02 0.001 0.21 0.10
C20:1 0.22 ± 0.03 ab 0.27 ± 0.04 a 0.18 ± 0.02 b 0.19 ± 0.02 b 0.001 0.001 0.01

C20:4 n-6 2.37 ± 0.29 ab 2.33 ± 0.70 b 3.35 ± 0.95 a 2.32 ± 0.56 b 0.03 0.02 0.03
C20:5 n-3 0.07 ± 0.06 0.06 ± 0.04 0.08 ± 0.09 0.10 ± 0.04 0.15 0.98 0.49
C22:4 n-6 0.19 + 0.04 a 0.11 + 0.03 b 0.15 + 0.03 ab 0.12 + 0.04 b 0.35 0.001 0.04
C22:5 n-3 0.12 ± 0.02 c 0.21 ± 0.06 b 0.45 ± 0.13 a 0.32 ± 0.08 ab 0.001 0.52 0.001
C22:6 n-3 0.54 ± 0.14 a 0.12 ± 0.04 c 0.21 ± 0.08 b 0.12 ± 0.05 c 0.001 0.001 0.001

SFA 33.75 ± 0.94 a 29.88 ± 1.16 b 33.58 ± 1.19 a 34.74 ± 0.82 a 0.001 0.001 0.001
MUFA 36.29 ± 0.97 a 37.55 ± 1.85 a 27.21 ± 2.75 b 27.52 ± 1.29 b 0.001 0.38 0.01
PUFA 29.89 ± 0.97 b 32.51 ± 1.93 b 39.13 ± 3.20 a 37.65 ± 1.08 a 0.001 0.38 0.01
n-6 FA 28.07 ± 0.94 b 30.34 ± 1.93 b 36.05 ± 2.85 a 34.54 ± 1.03 a 0.001 0.02 0.03
n-3 FA 1.83 ± 0.12 c 2.18 ± 0.19 b 3.09 ± 0.38 a 3.10 ± 0.11 a 0.001 0.02 0.03

n-6 FA/n-3 FA 15.41 ± 0.98 14.05 ± 1.65 11.76 ± 0.84 11.14 ± 0.42 0.001 0.01 0.28

SFA, MUFA, PUFA = saturated, mono-unsaturated, and poly-unsaturated fatty acids, respectively; a, b, c within a
row, significant differences between groups with p < 0.05.

3.4. Sensorial Quality of Meat (Table 6)

The thighs of breeder turkeys were judged more colored, less soft, less juicy, stringier, and more
compact than those of standard animals. They were also less appreciated. There was no effect of the
physiological stage on the oily sensation of cooked thighs nor on the global and rancid flavors, whose
scores were very low. The thighs of males were judged more colored, juicier, and stringier than those
of females.

The breasts of breeder turkeys were judged less tender, less juicy, stringier, and less sticky to those
of standard turkeys. They also had a flavor less acid and they were less appreciated, particularly those
of male breeders. There was no effect of physiological stage on the color of cooked breast and global
and rancid flavors, whose scores were very low. The breasts of males, particularly those of breeders,
were less tender, stringier, and less sticky than the breasts of females. Their global flavor was lower,
and they were less appreciated than those of females.

The coefficients of correlation between the tenderness and stringiness scores and the shear-force
value were −0.84 and 0.73, respectively (p < 0.05).
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Table 6. Sensorial analysis of cooked thigh and breast meat from males and females of breeder and
standard turkeys (n = 10).

Female
Breeders

Male
Breeders

Standard
Females

Standard
Males

Physiological
Stage Effect

Sex
Effect

Interaction
Effect

Thighs

Colour 4.78 ± 1.41 b 6.29 ± 1.49 a 3.04 ± 1.32 c 3.43 ± 1.43 c 0.001 0.001 0.001
Tenderness 2.45 ± 1.03 c 2.99 ± 1.45 b 4.38 ± 1.34 a 4.01 ± 1.21 a 0.001 0.46 0.001

Juiciness 1.54 ± 0.85 1.81 ± 1.21 2.22 ± 0.97 2.36 ± 1.32 0.001 0.05 0.56
Stinginess 2.18 ± 1.15 2.86 ± 1.40 1.47 ± 1.18 1.99 ± 1.21 0.001 0.001 0.47

Compactness 3.03 ± 1.75 2.60 ± 1.97 1.64 ± 1.11 1.76 ± 1.25 0.001 0.29 0.07
Oily sensation 1.35 ± 1.19 1.50 ± 1.42 1.54 ± 1.29 1.47 ± 1.14 0.51 0.73 0.37
Global flavour 3.92 ± 1.05 4.08 ± 1.01 3.83 ± 1.00 3.88 ± 0.95 0.13 0.29 0.55
Rancid flavour 0.37 ± 0.41 0.37 ± 0.37 0.36 ± 0.39 0.32 ± 0.29 0.36 0.45 0.63

Global appreciation 2.52 ± 1.26 2.51 ± 1.21 3.38 ± 1.54 3.58 ± 1.33 0.001 0.46 0.39

Breast

Colour 2.25 ± 1.43 2.49 ± 1.35 2.23 ± 1.37 2.45 ± 1.36 0.83 0.07 0.93
Tenderness 3.79 ± 1.16 b 2.07 ± 1.14 c 4.71 ± 1.39 a 4.41 ± 1.33 a 0.001 0.001 0.001

Juiciness 3.05 ± 1.46 2.78 ± 1.61 3.33 ± 1.50 3.15 ± 1.31 0.02 0.11 0.74
Stringiness 2.28 ± 1.26 b 3.15 ± 1.61 a 1.69 ± 1.24 c 2.03 ± 1.21 bc 0.001 0.001 0.04

Sticky 1.63 ± 1.13 1.11 ± 1.00 1.83 ± 1.33 1.71 ± 1.19 0.001 0.004 0.07
Global flavour 3.41 ± 0.94 a 3.00 ± 1.04 b 3.37 ± 1.03 a 3.38 ± 0.99 a 0.06 0.03 0.03
Acid flavour 1.11 ± 0.80 1.03 ± 1.00 1.36 ± 1.13 1.26 ± 1.02 0.01 0.31 0.93

Rancid flavour 0.33 ± 0.29 0.37 ± 0.42 0.33 ± 0.34 0.29 ± 0.28 0.23 0.82 0.23
Global appréciation 2.27 ± 1.16 a 1.60 ± 1.03 b 2.28 ± 1.23 a 2.42 ± 1.25 a 0.001 0.02 0.001

a,b,c within a row, significant differences between groups with p < 0.05.

3.5. Histological Characteristics of Pectoralis Major Muscle (Table 7, Figures 1 and 2)

The females, particularly the standard ones, had lower CSA of muscle fibers and higher relative
area occupied by collagen than males. The breeder turkeys, particularly the males, had a higher CSA of
muscle fibers and lower relative area occupied by collagen than standard turkeys. The breeder females
and the standard males had a comparable average CSA. The CSA of muscle fibers was correlated
(p < 0.05) with the weight (0.87), the shear-force value (0.74), and the tenderness (−0.83) and stringiness
(0.73) scores of PM muscle. The relative area occupied by collagen was correlated (p < 0.05) with the
weight (−0.40), the shear-force value (−0.34), and CSA of muscle fibers (−0.42) of PM muscle.

Table 7. Relative area occupied by collagen and cross-sectional area (CSA) of muscle fibers of Pectoralis
major muscle from males and females of breeder and standard turkeys (n = 13).

Female
Breeders

Male
Breeders

Standard
Females

Standard
Males

Physiological
Stage Effect

Sex
Effect

Interaction
Effect

Collagen, % 19.09 ± 3.20 17.06 ± 2.37 20.75 ± 1.88 18.85 ± 3.50 0.03 0.02 0.94
AST, μm2 1826 ± 419 b 3695 ± 593 a 1181 ± 238 c 2117 ± 439 b 0.001 0.001 0.001

a, b, c within a row, significant differences between groups with p < 0.05.

Figure 1. Cross-sectional area of Pectoralis major muscle from males and females of breeder and
standard turkeys (n = 13, magnification ×5).
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Figure 2. Relation between CSA of muscle fibers and breast weight from males and females of breeder
and standard turkeys (n = 13).

4. Discussion

4.1. Sex Effect

The turkey is characterized by a strong sexual dimorphism on body weight resulting in a higher
weight of carcass and cut pieces for males compared to females. It was the same for the yields expressed
relative to body weight. The coefficient multiplier between the breast weight of male breeders and
that of female breeders was 3.48. For the CSA of muscle fibers of PM muscle, this coefficient was 2.02.
For the standard turkeys, these coefficients were 2.43 and 1.79, respectively. This means that the breast
weight difference between males and females was partially due to the hypertrophy of the muscle fibers
but also due to a more important number and/or length of muscle fibers.

Concerning the technological quality, males slaughtered at older ages presented a lower pHu in
PM and IT muscles than that measured for females, suggesting higher glycogen reserves [41]. The PM
and IT muscles of males had higher haeminic pigment content and they were redder than those of
females. The males had PM muscles displaying higher drip loss during a storage at 4 ◦C and higher
cooking loss, resulting in a lower technological yield than that of females [41]. On the other hand, the
protein oxidation in SART muscle during a storage at 4 ◦C was lower for males compared to females.

4.2. Effect of Physiological Stage

The breeder turkeys slaughtered at older ages had higher body weight and weight of cut pieces
than those of standard turkeys. Their carcass and breast yields were also higher, whereas the yield
of thigh with drumstick was lower than those of standard turkeys. A study concerning the meat
valuation of hens at the end of their laying cycle had shown rather the opposite, with a carcass yield
relative to body weight of 60% and a breast yield of 11% [42]. The PM and IT muscles of breeder
turkeys were redder and the content in haeminic pigment of IT muscle was higher than those of
standard turkeys. During the sensory analysis, the thighs of breeder turkeys were also judged more
colored. The thigh and breast muscles of hens and cocks slaughtered at 64 weeks of age were also
redder compared to those of male and female chickens slaughtered at 6 weeks of age [43]. The same
observation was reported for a comparison between breeder ducks slaughtered at 500 days of age
and growing ducks slaughtered at 38 days of age [44]. The breast muscles of breeder turkeys were
less tender than those of standard turkeys. They were also judged stringier. These differences were
mainly explained by the difference in CSA of muscle fibers. The breast and thigh muscles of breeder
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ducks were also judged less tender than those of growing ducks [44]. The PM muscle of breeder
males also had a lower protein content and a lower technological yield after the cured and cooked
process. During the sensorial analysis, the thighs of breeder turkeys were judged less juicy than those
of standard turkeys. The PM and IT muscles of breeder turkeys had higher lipid, triglyceride, and
MUFA contents than those of standard turkeys. However, this had no effect on the flavor of cooked
thighs evaluated during the sensorial analysis. On the reverse, the breeder males had the lowest flavor
score. A lower meat tenderness and a higher carcass and intramuscular fatness were recorded in laying
hens slaughtered at 56 weeks of age compared to broiler chickens [45]. The breast and thigh muscles of
breeder ducks had higher protein, lipid, and MUFA contents than those of growing ducks [44]. They
also had a higher flavor score. The breast muscles of breeders 64 weeks old were less juicy, less tender,
and less tasty than those of chickens 6 weeks old [43]. The flavor score was also lower.

5. Conclusions

The differences observed between males and females on one hand and between standard and
breeder turkeys on the other hand mainly resulted from the difference in slaughter ages and sexual
dimorphism on body weight. The meat of female breeders had characteristics close to those of standard
turkeys, whereas the meat of male breeders was clearly distinguishable, particularly by displaying
lower tenderness and water holding capacity. For the latter, the transformation and/or cooking
processes must be clearly adapted by suggesting, for example. a use in minced meat to make loaf,
or in cut pieces associated with a long cooking. The storage at −20 ◦C of breast and thigh muscles
vacuum-packed for 5 to 7 months did not induce oxidation phenomena, which was confirmed by the
oxidation measures of proteins and lipids.
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Abstract: This review is aimed at providing an overview of recent advances made in the field of
meat quality prediction, particularly in Europe. The different methods used in research labs or by the
production sectors for the development of equations and tools based on different types of biological
(genomic or phenotypic) or physical (spectroscopy) markers are discussed. Through the various
examples, it appears that although biological markers have been identified, quality parameters go
through a complex determinism process. This makes the development of generic molecular tests
even more difficult. However, in recent years, progress in the development of predictive tools has
benefited from technological breakthroughs in genomics, proteomics, and metabolomics. Concerning
spectroscopy, the most significant progress was achieved using near-infrared spectroscopy (NIRS) to
predict the composition and nutritional value of meats. However, predicting the functional properties
of meats using this method—mainly, the sensorial quality—is more difficult. Finally, the example of
the MSA (Meat Standards Australia) phenotypic model, which predicts the eating quality of beef
based on a combination of upstream and downstream data, is described. Its benefit for the beef
industry has been extensively demonstrated in Australia, and its generic performance has already
been proven in several countries.

Keywords: meat; quality; prediction; biological marker; spectroscopy; phenotypic model

1. Introduction

The control of meat quality, especially sensory traits, remains an important issue for any farm
animal production. This is the case for ruminant meat, in particular beef, but also for poultry and pork,
although, for them, controlling the technological quality (processability) is at least as important [1].
Research efforts over many years, particularly in Europe, have led to a better understanding of the
impact of the various production factors on the muscle characteristics and the quality of the meat
obtained. At the same time, it highlights the complex determinism of the biological characteristics of
muscles and meat, which is most often driven by many factors related to genetics as well as animal
husbandry and slaughter systems [2]. Under these conditions, having reliable indicators to predict
meat quality is a major challenge for the meat industry. These indicators would facilitate the selection
of animals that are capable of producing good quality meat. In addition, they would improve breeding
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and slaughtering practices with the aim of optimizing the intrinsic qualities of muscles. With this in
mind, many studies have explored the possibilities offered by different methodologies in the fields
of biology, physical chemistry, and modeling to predict meat quality. This review aims to present,
through examples, the different approaches developed in Europe (with the exception of genetic tests)
to better predict the sensory and technological quality of meat and meat products. It also provides a
critical analysis, in the light of the results obtained or the obstacles identified, to the deployment of
these new tools at the industrial level.

2. Seeking the Genes that Control the Quality of Pork and Chicken Meat

Pork and poultry are the two most widely consumed meats in the world, in the form of a wide
variety of products, both fresh and processed. Therefore, the notion of meat quality in these species
is complex, and the technological and sensory traits, which have often common determinants, are
generally considered simultaneously to evaluate product quality [3,4]. As with all species, the quality
of poultry and pork is the result of interactions between genetic, breeding, slaughtering, and processing
factors. Although many genetic or breeding factors influencing meat quality have been identified, this
complex phenotype remains variable and difficult to predict. Therefore, the search for quality ante-
or post-mortem biomarkers has started in these species in order to predict—in vivo or quickly after
slaughter—the technological or sensory quality of meat or carcasses to optimize their use in different
processing sectors. There are many potential applications: the selection of breeding animals but also,
in the case of pork, the sorting of carcasses or parts of carcasses at the slaughterhouse (reviewed in [5]).
In these two species, several studies have sought to find muscle transcripts for meat quality prediction.

2.1. Biomarkers of Meat Quality in Pork

In pork, the identification of meat quality biomarkers through transcriptomic approaches was
performed on the loin and ham muscles. Studies focusing on the main sensory or technological traits
of pork were carried out on different animal models, including experimental groups with extreme
intramuscular fat (IMF) content, shear force value of cooked loin, pale, soft, exudative (PSE) defect, or
affected or not by the presence of ‘destructured’ (also called “PSE-like”) zones found especially in the
Semimembranosus muscle. This quality defect is a major issue that seriously impairs the processing
yield and the sensory quality of cooked ham.

In 2006, Damon et al. [6] identified the first molecular markers of ‘destructured’ ham muscle. They
included several genes encoding the myofibrillar proteins involved in actin–myosin interactions and
sarcomere integrity (tropomodulin, ankyrin, myomesin) and the enzymes involved in the glycolytic
pathway. In pork, IMF is an important phenotypic trait that contributes to the tenderness and juiciness
of meat. Liu et al. and Hamill et al. [7,8] showed that the IMF content of the Longissimus muscle
(loin) at the slaughter stage is associated with the expression of genes involved in different functions:
carbohydrate and lipid metabolism, cell communication, binding, response to stimulus, cell assembly,
and organization. These results strengthen the fact that IMF content depends on the regulation of
various metabolic and cellular pathways. These studies also highlighted the significant role of genes
involved in adipogenesis regulation during animal growth (70 kg live weight) determining the IMF
content at slaughter (110 kg). This reinforces the hypothesis that the inter-individual variability in
IMF content depends on the early expression of genes regulating the development of intramuscular
adipocytes [7]. Overall, this explains the difficulty in finding robust biomarkers of IMF content that
can be measured from muscle samples taken at slaughter.

Several studies aimed to find predictive biomarkers of loin tenderness, assessed either by a trained
sensory panel or by measuring the Warner–Bratzler shear force (WBSF) of cooked samples. The
microarray transcriptomic profiles of loin muscle varying in WBSF were compared, and classification
or regression analyses were used to identify 63 genes strongly associated with WBSF [9,10]. Integration
of these transcriptomic results with proteomic data obtained from the same samples [11] showed
that low WBSF values (i.e., tender meat) are associated with genes involved in the regulation of lipid
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metabolism, while high WBSF (i.e., tough meat) is related to genes controlling the morphology of
muscle fibers (number, size, sarcomere, etc.). Furthermore, analysis of the transcriptomic data using
random forest methodology identified 12 genes that are most important in determining the tenderness
of cooked loin [9,10].

Since the sensory and technological qualities of pork are complex phenotypes that are determined
by different traits (color, pH, drip loss, marbling or IMF, tenderness, juiciness, etc.), further studies
aimed at identifying predictive biomarkers of pork quality simultaneously considered the variability
of several meat quality traits within or between breeds or between production systems. Furthermore,
and contrary to what has been done before, these studies included further validation steps to test the
generic biomarker prediction on additional meat samples taken from the same population used for
their identification as well as others. For instance, using an experimental design involving two breeds
produced in different farming systems, it was possible to generate gradual and high variability in the
technological and sensory qualities of pork [12]. This set of animal samples was used to identify and
further validate biomarkers of pork quality. The muscle transcriptome profiles of 50 loins sampled
30 minutes after slaughter were associated with several meat quality traits: ultimate pH, drip loss,
lightness (L*), redness (a*), hue angle (h◦), IMF, as well as the WBSF, tenderness, and juiciness of the
cooked meat. The wide range of meat traits and gene expression patterns made it possible to establish
thousands of correlations between gene expression and meat quality traits (140 for a* up to 2892 for
tenderness). Then, 40 genes selected for their high correlation coefficient value or relevant biological
process terms regarding muscle development and meat quality were considered for a first “technical”
validation step from the same 50 loin samples, assessing gene expression by real-time PCR, which
is a sensitive and fast method that can be used when developing molecular diagnosis tools. At this
step, 113 transcript-trait associations were confirmed, of which 60 were further validated (R2 ≤ 0.46,
p < 0.05) for eight meat quality traits using 50 additional animals from the same experimental design.
This means that among the genes identified, the level of expression of one gene could explain up to
46% of the variability of one meat quality trait [13]. Finally, an external validation was carried out
on 100 commercial pigs (Duroc × Landrace × Yorkshire), validating 19 of these biomarkers (R2 ≤0.24,
p < 0.05) that were correlated to the ultimate pH of meat (6), drip loss (4), L * (5), h◦ (2), IMF content (1),
and tenderness (1) [14]. In addition to single correlations, multiple regression models were calculated
from the quantification of gene expression by real-time PCR. Models with three to five genes explained
up to 59% of the phenotypic variability of meat quality traits. The best accuracy (highest R2) was found
for meat color (h◦), ultimate pH, drip loss, and IMF [13], but their predictive value when tested on
commercial pigs (Duroc × Landrace × Yorkshire) was quite moderate (R2 ≤ 0.23, p ≤ 0.01 between the
predicted and measured value).

Until now, several biomarkers of individual pork quality traits have been identified, and some
have been validated in different pig populations. However, their predictive capacity still needs to be
improved before considering using for diagnosis purposes in the pork industry. Therefore, another
strategy was considered. It aims to identify and validate biomarkers of a meat quality level combining
both sensory and technological dimensions (instead of predictors of single meat quality traits), with
the ultimate objective of proposing molecular tools to classify carcasses or primary cuts soon after
slaughter in the meat industries, according to their predicted quality level. Using the meat quality
data for pork loin samples from the experimental design presented above (two breeds and production
systems, n = 100) and combining scientific expertise and statistical approaches, three classes differing
in both sensory and technological qualities were specified: low (defective), acceptable, and extra.
The expression levels (qRT-PCR) of 40 genes previously obtained on these 100 loin samples were
used as predictive variables in a generalized linear model (stepwise selection) to discriminate quality
classes. The best predictive model included 12 genes corresponding to different biological functions
associated with meat quality development: mitochondrial energy metabolism, lipid and carbohydrate
metabolism, gene expression control, cell regulation and apoptotic processes, calcium transport, protein
transport, muscle structure and contraction, and muscle hypertrophy. After cross-validation using the

101



Foods 2019, 8, 436

leave-one-out method, this model exhibits an overall correct classification rate of 76%, with 88% for
defective samples and 82% for extra samples [15].

2.2. Biomarkers of Meat Quality in Chicken

In chicken, several studies have sought to find muscle transcripts that predict the quality of the
breast meat. They took advantages of several experimental animal designs. These are groups of
individuals with extreme muscle characteristics (acid meats or DFD for “dark, firm, dry”) from a
single population of divergent lines selected for body composition or meat quality, or cross-breeds
between lines to access individuals who are extreme in term of meat quality, but have a homogeneous
genetic background for other traits such as production. The main traits studied were related to the
post-mortem (p.m.) pH drop, in particular the pH measured at 15 min p.m. (pH15) and the breast meat
pH measured at 24 h p.m. (ultimate pH, or pHu). Both influence the physicochemical and functional
properties of proteins and affect a large number of quality parameters: color, water-retention capacity,
hardness after cooking, technological yield, and susceptibility to oxidation [16–18].

The first network of genes identified as being related to the breast meat pHu was obtained by
studying lean or fat chicken lines. In chicken, selection for low carcass fattening has led to changes in
muscle properties: lean animals have lower glycogen reserves than fat animals, resulting in a higher
meat pHu and better technological yield [19]. The results highlighted the involvement of several
important pathways for glycogen control in muscle, such as the AMP dependent pathway involving
the AMP-activated protein kinase (AMPK) complex as well as the cyclic AMP-dependent signaling
pathways, and pathways involved in the control of carbohydrate availability in muscle [20]. To
overcome the demonstrated links between peripheral fattening and glycogen storage ability in chicken
muscle [19], a divergent selection based on a modern commercial broiler line was made, allowing the
creation of two divergent lines specifically for breast pHu [17]. Transcriptome analysis of the breast
muscle revealed very different metabolic statuses and energy production modes between these two
lines (pHu+ and pHu−). The pHu of the breast muscles mainly use their high reserve of carbohydrate,
while those of the pHu+ line use alternative catabolic pathways leading to significant remodeling of the
muscle tissue [21,22]. From the transcriptome, including 1436 genes identified as differential between
pHu+ and pHu− individuals, sPLS (sparse partial least squares) models were adjusted to predict
pHu. The fitted models have good explanatory and predictive ability of the pHu (R2Y = 0.77–0.87,
Q2 = 0.68–0.79). Twenty-one genes from this model supplemented by 27 other biomarker candidate
genes were selected for high-throughput qRT-PCR validation (Fluidigm technology) in a population of
280 animals from both lines (pHu range 5.41–6.50). After a step of elimination of the genes with low
explanatory abilities, a final PLS model including 20 confident genes was adjusted, which could be
used to predict the pHu of the breast meat with an explanatory power (R2) of 0.65, a predictive power
(Q2) of 0.62, and an error rate of 16% [22].

Recently, studies carried out on animals with pedigree information have made it possible to
combine positional (quantitative trait loci, QTL) and expressional (transcribed) data with two objectives:
identifying the genetic markers or mutations responsible for the variation of meat quality traits and
facilitating the identification of fine molecular phenotypes for diagnosis and selection purposes. This
strategy has already demonstrated its effectiveness in a study on the color of chicken meat. The
detection of an expression QTL (or eQTL) confirmed that the gene BCMO1 (which encodes β-carotene
15,15′-monooxygenase 1) was responsible for variations in the yellow color of chicken meat and
accelerated the identification of causal mutations within its promoter region [23]. These results led to
the development of a patented genetic test [24] currently available to breeders who wish to control
the yellow color of chicken breast meat in response to variations in the composition of feedstuffs.
Studies on the interactions with feed have demonstrated the possibility of modulating the deposition of
xanthophyll pigments and therefore the coloration of meat through this test [25,26]. Recently, a similar
approach took advantage of two broiler lines divergently selected for the ultimate pH of the pectoralis
major muscle to decipher the genetic control of this trait. By combining the detection of selection
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signatures and QTL with whole transcriptome analysis, it has identified genomic regions and a major
candidate gene for chicken breast meat ultimate pH: PPP1R3A. It codes for a muscle-specific regulatory
subunit of protein phosphatase 1 (PP1) that promotes the dephosphorylation of glycogen synthase
(GS) and glycogen phosphorylase (GP), and thus glycogen synthesis. It was differentially expressed
between the pHu+ and pHu– lines [22] and was located close to the most significant single-nucleotide
polymorphism (SNP) for pHu [27].

These promising results (listed in Table 1) make it possible to foresee the development of tools
to sort animals or carcasses based on their quality level. Indeed, while it is unlikely that diagnostic
tests based on gene expression measurement will be used commercially, the identification of these
intermediate molecular phenotypes will facilitate the future development of more accessible and/or
less invasive techniques that are useful for breeding or industrial purposes.

Table 1. Studies dedicated to the search for gene biomarkers of meat quality in pork and chicken.

Species Meat Animal Model Parameters Reference

Pork Ham Normal and defected (destructured)
groups within genotype Destructured ham [6]

Pork Loin Low and high-IMF groups
within genotype IMF [7,8]

Pork Loin Low and high-WBSF groups
within genotype WBSF [9–11]

Pork Loin
Gradual variability of meat quality using

two breeds produced in different
farming systems

pHu, color, drip loss,
IMF, WBSF, tenderness,

and juiciness
[12,13]

Pork Loin
Gradual variability in meat quality using

commercial pigs (Duroc × Landrace
× Yorkshire)

pHu, color, drip loss,
IMF, WBSF, tenderness,

and juiciness
[14]

Pork Loin
Gradual variability of meat quality using

two breeds produced in different
farming systems

Meat quality index
combining several
technological and

sensory parameters

[15]

Chicken Breast Lean and fat experimental lines pHu [19]

Chicken Breast F2 cross between the lean and fat
experimental lines pHu [20]

Chicken Breast Low and high-pHu experimental lines pHu [22]

Chicken Breast Experimental slow-growing line Color [23]

Chicken Breast Low and high-pHu experimental lines pHu [27]

IMF: intramuscular fat content. pHu: ultimate pH. WBSF: Warner–Bratzler shear force.

3. Quantification of Proteins to Predict the Tenderness of Beef

One of the main objectives of beef research has long been to control and predict meat tenderness.
Although many studies have clarified the role of muscle components such as muscle fibers, connective
tissue, lipids, proteases [28], and the well-documented effects of muscle type, animal type or breed,
and meat aging [2], meat tenderness remains poorly controlled by the beef industry. Currently, the
techniques available to evaluate this trait are mechanical measurements, sensory analysis by trained
panels, or consumer tests that are generally performed after meat aging and on cooked meat. These
methods are quite complex, time-consuming, and expensive to apply, and the meat industry is still
waiting for objective criteria and tools to evaluate and predict meat tenderness in live animals or
quickly after slaughter to improve carcass valuation and limit consumer dissatisfaction.

One strategy implemented over the past 10 years has consisted of identifying protein biomarkers
of tenderness with the objective of proposing a molecular test to evaluate beef tenderness [5,29,30].
Protein analysis provides additional information that gene or transcript analysis cannot give, because
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the expression of a gene does not always mean that the corresponding protein is proportionally
expressed in the tissue of interest. Moreover, a protein can exist in several forms (isoforms) and
can undergo post-translational modifications. This can only be observed at the protein level after
separation by two-dimensional electrophoresis, as already performed by Bouley et al. [31].

As for the transcriptome, the approach used to identify protein biomarkers of tenderness is
largely based on approaches developed by the medical community to find protein biomarkers of
pathologies. It consists of comparing different samples with extreme tenderness scores (measured by
mechanical measurements and/or sensory analysis) to highlight proteins whose abundance varies
according to the trait studied [32,33]. This strategy has been applied in several experiments and has
led to the proposal of a list of candidate biomarkers, subsequently completed by proteins revealed
by bioinformatic analysis that have functional interactions with them [34,35]. Then, the relationships
between tenderness and protein abundance were tested on a large number of cattle of various types
(age, sex, breed) using a specifically developed immunological technique [36]. Among the 20 quantified
proteins, the most confident biomarkers (four to five) were used to build equations, whose explanatory
ability and error vary according to the muscle and animal type considered. For example, the variability
of the shear force of the Semitendinosus muscle was better explained than that of the Longissimus thoracis
muscle, which was itself better explained than the variability of its tenderness score determined by
trained panelists [37]. Interestingly, the relationship between the abundance of some biomarkers and
tenderness appeared to be specific to a muscle or an animal type. For instance, proteins related to
fast glycolytic contractile activity were positively related to tenderness in the Semitendinosus muscle,
but negatively in the Longissimus thoracis muscle of the same animal. In contrast, the Hsp70-1B was
negatively related to the tenderness of these two muscles in two types of animals: young bulls from
French beef breeds and Aberdeen Angus, which is known to have a more oxidative muscle metabolism
than the French breeds [37]. Finally, structural proteins such as alpha-actin, F-actin-capping protein, or
desmin have been identified as positive biomarkers of tenderness in different breeds and muscles by
several authors [32,33].

The identification of protein biomarkers was first applied to tenderness, but is also applicable
to other beef quality criteria. For example, protein biomarkers of the fat content of meat have been
recently identified using the same methodology. Some protein biomarkers of tenderness also appear
to be good biomarkers of other meat quality traits such as pH, color, juiciness, or flavor [38,39]. In
particular, the abundance of the PRDX6 protein (peroxyredoxin), which had been identified as a
biomarker of tenderness by several authors [37,40], was found to be positively related to the initial
rate of p.m. pH drop and negatively to pHu in the Longisssimus thoracis of young Blonde d’Aquitaine
bulls [38]. It was also positively related to meat redness in this same muscle. These authors also showed
that the Hsp70-1B protein and the calcium-dependent protease μ-calpain were related to the color
parameters: lightness, redness, and yellowness. Therefore, it is possible to develop an explanatory
model based on protein abundance for most of the meat sensory qualities. Some of these proteins are
also associated with muscular hypertrophy [41], suggesting joint control of the amount of meat and
its sensory quality. The relationship between sensory and nutritional value has also been studied,
in particular by quantification of the proteins involved in oxidative stress [42], thus opening up new
opportunities for predicting the nutritional value of beef.

The first result of these studies is the considerable progress in the knowledge of the biological
processes involved in determining meat tenderness [29,30]. The next step is to develop reliable tools to
measure the abundance of proteins associated with tenderness to better predict this trait. Ongoing
research offers hope for the rapid development of such a tool, mainly because protein quantification
techniques are progressing rapidly, leading to considerable methodological simplifications [43].

4. Blood Biomarkers: First Encouraging Results

Having confident predictive blood markers would greatly facilitate the development of
phenotyping methods in live animals. The pHu+ and pHu− lines model mentioned above was
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used to identify blood and muscle metabolite predictors of the pHu of chicken breast meat. A first
step was to analyze by high-resolution nuclear magnetic resonance or NMR (proton and phosphorus
NMR for muscle, and proton NMR for serum) the muscle (breast) and serum extracts from extreme
animals belonging to both lines. These analyses revealed very specific metabolomic signatures of the
two groups in blood and muscle that enabled an almost perfect discrimination between them [21].
A total of 20 and 26 discriminant metabolites between the two lines were identified by multivariate
OPLS-DA (orthogonal projections to latent structures discriminant analysis) in serum and muscle,
respectively. Three independent models were fitted with good explanatory (R2Y) and predictive
(Q2) abilities for pHu (R2Y = 0.63–0.82, Q2 = 0.45–0.76). A multiblock model, including muscle
and blood metabolites, was subsequently developed with even better explanatory (R2Y = 0.91) and
predictive (Q2 = 0.86) power. To develop a test that could be routinely used on live animals, the
study focused specifically on the metabolites identified in the blood. Thus, a model including seven
metabolites (acetylglutamine, arginine, formate, glucose, hypoxanthine, phenylalanine, and xanthine)
always provides good discrimination (R2Y = 0.73, Q2 = 0.64, Figure 1) while limiting the number of
biological tests for diagnosis as much as possible. However, the predictive potential of this set of
serum biomarkers must be validated on other chicken populations that are representative of the pHu
variability observed in slaughterhouses and have different genetic backgrounds from the pHu+ and
pHu− lines. If this validation step is successful, these biomarkers could be used in selection to exclude
from parental stocks the individuals predisposed to produce high-pH or low-pH meat, or in research
to evaluate innovations related to animal husbandry practices.

Figure 1. (a) Projection of individuals according to major principal components based on an OPLS-DA
(orthogonal projections to latent structures discriminant analysis) model with an explanatory ability
(R2Y) of 0.73 and a predictive value (Q2) of 0.64 (the pHu− and pHu + individuals are shown in green
and blue, respectively); (b) Contribution of the seven metabolites identified by the OPLS-DA model
(pHu−/pHu +). Illustration based on results published in [21].

In cattle, the search for plasma biomarkers of the sensory qualities of meat was initiated by
proteomic analysis. In addition, bioinformatics tools have identified secreted proteins that could
be good potential candidates for quantification in plasma [44]. These blood-based approaches are
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of considerable interest for the analysis of meat quality biomarkers in live animals. For instance,
significant negative correlations were observed between blood retinol content and marbling score
(R = −0.47, p ≤ 0.01), and between blood aspartic acid transaminase content and longissimus muscle
area at the 13th rib (R = −0.67, p ≤ 0.01) in the finishing phase of Hanwoo steers [45]. Metabolomics
approaches are also powerful, not only to differentiate meat from different species (cattle, pigs, and
chickens), but also from different cattle breeds [46]. Furthermore, the evolution of key metabolites
and associated pathways has been studied during the post-mortem aging of beef [47]. Some specific
muscle metabolites have also been described to well differentiate muscles that differ in the composition
of their muscle fiber types. The content of metabolites involved in the Krebs cycle change differently in
different muscles according to the aging time [48].

5. Spectroscopic Methods: Physical Chemistry to Decipher Biology

Spectroscopy can be defined as the study of the interaction between light and matter. Among
spectroscopic techniques, near-infrared (NIR) and Raman spectroscopy are currently the most widely
used techniques for predicting meat quality. The background of near-infrared spectroscopy (NIRS)
was described in the review by Bertrand [49], while Raman spectroscopy was reviewed by Yang
and Ying [50]. Briefly, these technologies are physical methods of analysis based on the property of
light absorbed by organic molecules at specific frequencies. The relationships between the chemical
composition and the absorbance values or their derivatives are then established (Figure 2).

Figure 2. Visible/near infrared spectrum and first derivative between 400–2500 nm of a sample of
bovine muscle (Rectus abdominis) after grinding (a) and lyophilization (b).

5.1. Difficulties in Predicting Sensory Quality

The number of studies published in recent years and the number of companies recently equipped
with NIR instruments show the importance of spectroscopic technologies and in particular that of
NIRS for estimating meat sensorial quality [51,52].

The sensory characteristics of meat derive from the amount of different chemical compounds or
from biological parameters (lipid content, collagen, muscle fiber typology, pH, etc. [28]). Consequently,
it may be possible to predict sensorial determinations using spectroscopic methods [53,54]. However,
the results reported in the literature do not allow validating this hypothesis due to different reasons:
According to Liu et al. [55], in a sensory analysis, the use of a narrow scale for the intensity of
sensory characteristics could reduce the precision and accuracy of their predictions. Furthermore, the
samples scanned by NIRS are not exactly the same as those tested by the tasting panels. The high
heterogeneity of meat traits within a muscle can contribute to generating some significant bias between
the NIR-predicted values and the measured values. These observations may also explain some of
the difficulties in predicting meat-eating quality using the biomarkers described above. Contrary to
the studies cited above, Ripoll et al. [56] reported R2 values of 0.98 for models built to predict the
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tenderness of beef. These models were developed using meat obtained from different breeds and
maturity levels, thus increasing the variability of the data sets used to build the models.

The prediction of shear force by NIRS or by Raman spectroscopy gives very variable results (R2

values from 0.01 to 0.74 [57–62] (Table 2). Elsewhere, Liao et al. [63] reported R2 values in calibration of
0.72, whereas the R2 value in validation was only 0.27. Other authors have shown that NIR is able to
predict the tenderness of pork after cooking with similar variability to that shown above (R2 = 0.20 to
0.72 [63,64]).

The on-line prediction of Longissimus lumborum tenderness in slaughterhouses by NIRS was tested
by Rust et al. [65]. They observed that the proportion of muscles correctly classified as tender was 70%.
According to Leroy et al., Liu et al., and De Marchi et al. [55,59,66], these results could be explained
not only by the variability of samples and data sets, but also by the variability within replications for
the Warner–Braztler shear force method [67,68]. De Marchi et al. [68] also reported some changes in
the spectral information of the infrared segment due to the modification of the muscle structure by
the impact of grinding. Consequently, the R2 values of the models were not improved by the effect of
grinding, and the values of this statistic may even deteriorate at times.

Table 2. Statistical parameters of Warner–Braztler shear force (WBSF) and tenderness prediction in
meat by visible/near-infrared (VIS/NIR) and Raman spectroscopy.

Method Meat Parameter R2c SEc R2cv SEcv R2p SEp Reference

VIS/NIR (R) beef WBSF 0.72 0.84 [55]

VIS/NIR (R) beef Tenderness 0.98 0.37 0.98 0.35 [56]
WBSF 0.74 0.66 0.74 1.06

NIR (R) beef WBSF 0.65 2.30 0.53 2.67 [57]
NIR (R) beef WBSF 0.21 0.48 [58]

NIR (T) (intact) beef WBSF 0.31 3.07

[68]NIR (T) (ground) beef WBSF 0.12 3.48
VIS/NIR (R) (intact) beef WBSF 0.34 9.39

VIS/NIR (R) (ground) beef WBSF 0.13 10.74
Raman beef WBSF 0.94 2.00 0.79 3.90 0.23 8.80 [60]

Raman
WBSF 0.75 0.63 [61]

Tenderness 0.65 0.97
Raman lamb WBSF 0.06 13.60 [62]

VIS/NIR (R) (intact) on line pork WBSF 0.72 0.23 0.27 0.36 [63]
VIS/NIR (R) (ground) pork WBSF 0.48 4.22 0.30 4.98 0.25 5.51 [64]

NIR (R) beef WBSF 0.45 9.32 10.00 [67]
NIR (R) beef WBSF 0.17 15.69 15.89
NIR (R) beef WBSF 0.25 11.19 [66]
NIR (T) beef 0.41 9.59

NIR (R) freeze dried beef WBSF 0.20 4.65 0.12 4.99 [59]
NIR (R) fresh minced beef WBSF 0.08 5.09 0.03 5.21

VIS/NIR (R): Visible/near infrared in reflectance. VIS/NIR (T): Visible/near infrared in transmission. R2c: Coefficient of
determination of calibration. SEc: Standard error of calibration. R2cv: Coefficient of determination of cross-validation.
SEcv: Standard error of cross-validation. R2p: Coefficient of determination of prediction. SEp: Standard error
of prediction.

In conclusion, the use of spectroscopic techniques is not fully effective in predicting the sensory
quality (tenderness or shear force) of meat. The high variability of the results obtained can be partially
explained by the low repeatability of the reference method measurements, as with any predictive
method (including the search for biomarkers above). However, some promising results indicate that
further research is needed to obtain suitable models for predicting the sensory quality of meat.

5.2. Routine Uses for Nutritional Quality

Although it is still difficult to predict the sensory quality of meat using NIRS, this technology is
nonetheless recognized and used to determine the chemical composition and therefore the nutritional
value of meat.
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For instance, the lipid content of chicken or duck breast (from lean or fat ducks) can be routinely
measured by NIRS (replacing chemical methods) thanks to the development of very robust prediction
equations. In chickens, the coefficient of determination (R2) is between 0.8–1.0, and calibration standard
deviations are close to 0.2 (R2 = 0.98, [69,70], R2 = 0.83, [71]); in ducks, an R2 of 0.94 and a standard
deviation of 0.31 were published [72]. The fatty acid composition is an important trait that can influence
the nutritional, sensory, and technological quality of meat. It is possible to estimate by NIRS technology
the content of the main fatty acids and their different types (polyunsaturated, monounsaturated, and
saturated) with excellent coefficients of determination (>0.9 [70] for freeze-dried samples, although
those obtained on thawed samples are lower (approximately 0.6 [73]). The protein and dry matter
content of chicken meat can also be estimated by NIRS on freeze-dried samples using models with high
R2 values (approximate values of R2 = 0.98 and standard deviation = 0.2 [70]). In chicken, NIRS models
constructed from thigh muscles (fatter and more variable than breast muscles) to predict chemical
composition have even higher R2 values than those developed from breast meat [74].

In the case of pork, many studies have focused on predicting its chemical composition. Calibration
for predicting intramuscular fat content was of variable quality, with R2 values ranging from 0.28 to
0.88. The error was close to 1% regardless of the type of sample, i.e., intact meat, crushed or salted/dried
meat [64,75–78]. The composition of polyunsaturated, monounsaturated, and saturated fatty acids of
backfat can also be predicted by NIRS with good precision (R2 = 0.61 to 0.99) [79–82]. The accuracy
is roughly comparable regardless of the type of fatty acid, with an error of about/approximately 1%.
However, the quality of the prediction by NIRS in backfat depends on the content of the various
fatty acids in the product: the relative error is less than 5% when the saturated and monounsaturated
fatty acid content is high, while it is close to 10% when the polyunsaturated fatty acid content is
high. It is also possible to predict the fatty acid profile of the intramuscular fat in Iberian pork loin
with very good precision (R2 > 0.99 and error of about 1%) for the prediction of polyunsaturated,
monounsaturated, and saturated fatty acids [83]. Promising results in predicting the IMF content and
fatty acid composition of pork from various local breeds were also obtained by Bozzi et al. [84], using
the Fourier transformation NIRS technology (FT-NIRS). This technology improves the signal-to-noise
ratio, spectral resolution, and wavelength accuracy, and reduces scan time [85]. Partial least square
regression models were established and validated on external data using FT-NIRS. At the validation
step, high determination coefficients and low errors were obtained for IMF content (R2 ≥ 0.96, root
mean square error (RMSE) ≤ 0.66) and polyunsaturated fatty acid proportion (R2 ≥ 0.87, RMSE ≤
0.70). Performance was slightly lower, but still valuable for monounsaturated fatty acid (R2 ≥ 0.77,
RMSE ≤ 1.13), and saturated fatty acid proportions (R2 ≥ 0.77, RMSE ≤ 0.97) [84]. Thus, FT-NIRS
seems promising to estimate the principal parameters of fatty acid groups on pig muscle samples and
therefore the nutritional composition of pork.

5.3. High Expectations for the Technological Quality of Meat

The value of NIRS technology to evaluate the technological properties of meat has been mainly
studied in pork and chicken. In chicken, the best predicted criteria are color indexes (redness and
yellowness) with correlation coefficients greater than 0.8 [86,87]. However, the interest of using NIRS
to predict these parameters is limited, because it is very easy to measure them by spectrometry. The
prediction performance for pHu, drip loss during storage, and cooking losses is generally lower, with
correlation coefficients between 0.6–0.8 [70,86]. However, these levels of correlation suggest prospects
for improving these characteristics. This is not the case for other traits such as pH15 min p.m. or shear
force [86,87], for which correlation coefficients <0.5 have been obtained.

The selection of raw meat according to its technological potential is now widespread in the pork
industry. However, sorting as it is practiced today (mainly based on the pHu value) only covers certain
aspects of meat quality, and lacks precision in industrial conditions. Rapid acquisition alternatives such
as NIRS or vision/hyperspectral imaging show strong potential for predicting quality. The majority
of the studies focusing on predicting the pHu have reported calibrations with R2 values between
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0.65–0.87 [64,77,88,89]. However, the pHu prediction error remains high (0.05 to 0.18) compared to
the repeatability of the reference method (0.03). Numerous studies show that it is also possible to
establish calibrations that are sufficiently accurate to predict the water retention capacity of meat.
This is the case for drip loss, for which R2 values between 0.31–0.76 (often around 0.60) have been
reported [75,77,78,88,90–93]. However, the prediction error of drip loss remains high, between 1%
and 2%. NIRS prediction of the processing yield has also been studied in pork. The few publications
available show satisfactory accuracy for ham and loin (R2 = 0.57 to 0.78) [94,95].

Vision and hyperspectral imagery are currently considered as high-potential technologies for the
slaughter/processing sector. Vision systems are automatic alternatives to measure meat color, using a
camera (contactless) rather than a colorimeter, which requires a contact probe and an operator. The
camera has to be previously calibrated to obtain a reliable color measurement, and the RGB camera
signal is converted to L*a*b* color space using colorchecker tiles. Before obtaining the L*a*b* value of
the meat, the images must be processed to extract the color of a specific region of interest (ROI) from
the meat. Hyperspectral systems use a very similar approach, but a NIR spectrum is obtained for
each pixel, so after obtaining a mean spectrum on a specific ROI, classical chemometrics are applied
to perform prediction models, such as NIRS. Compared to NIRS, vision and hyperspectral imagery
have the advantage of a contactless measurement, and can be easily integrated into a production line
because they do not require operator intervention. The fields of application are the same as for NIRS,
although there are currently not enough publications to draw conclusions regarding the accuracy of
these techniques. Properly adjusted vision calibrations have been established to predict the ultimate
pH of pork (R2 = 0.49 to 0.72) [96,97], while the prediction of the processing yield of ham by this
same technique lacks sufficient accuracy to be operational (R2 = 0.31 to 0.43). Hyperspectral analysis,
which can be considered as the combination of vision and NIRS, may be useful for predicting drip
loss (R2 = 0.60) [97] and for classifying meat according to its technological quality. For example, 84%
of pork was correctly classified as PSE, RFN (red, firm and non-exudative), and RSE (red, soft, and
exudative) meat [98]. This still undeveloped prediction technique will require further work to assess
its relevance in predicting the quality of meat from different species.

6. Development of Phenotypic Models for Beef Evaluation

6.1. Principles

The Australian beef industry and researchers have jointly built, as part of a common and collective
strategy, the MSA (Meat Standards Australia) grading scheme, which is a mathematical model for
predicting the eating quality of beef for each “muscle × cooking method” combination. This model
was constructed from a large database of consumer tests using a standard protocol [99,100]. A dozen
parameters with a statistically significant effect on eating quality, such as traits characterizing animals
(physiological maturity, weight, genetic type, sex, etc.), pre-slaughter and slaughter conditions (carcass
hanging method, etc.), meat (pH, color, marbling, etc.), and post-mortem events (aging time, cooking
method, etc.) are considered in the model as well as the interactions between them. Some stakeholders
of the beef industry are already using this model, and it appears that its use has contributed to reducing
the decline in beef consumption in Australia.

In practice, the slaughterhouse is the backbone of the system. A specific grader who is accredited
after training, and receives recurrent trainings, grades the carcasses. Then, the MSA model predicts
an overall quality score called MQ4 (for “Meat Quality 4”) on a scale of 0 to 100, for each piece of
meat associated with a specific cooking method and aging time. This score is a linear combination of
consumer scores for tenderness, flavor liking, juiciness, and overall liking. In sensory testing, to make
the best link with the quality ranking of meat also given by consumers, four quality classes are used:
unsatisfactory, good every day (3*), better than every day (4*), and premium (5*) (Figure 3). The values
of the overall MQ4 score defining the limits between each quality class are precisely calculated for each

109



Foods 2019, 8, 436

data set and regularly refined: they are about 40 (between unsatisfactory and 3*), 60 (between 3* and
4*), and 80 (between 4* and 5*) on a scale of 0 to 100 [99,100].

Figure 3. Prediction of the overall beef eating quality score (combining tenderness, flavor liking,
juiciness, and overall liking) from different traits related to animals, carcasses, and cuts using the “Meat
Standards Australia” (MSA) grading scheme.

6.2. Applications

The principle of the MSA system has been evaluated in various countries such as South Korea,
the USA, Japan, South Africa, New Zealand, Northern Ireland, Poland, France, and the Republic
of Ireland [101–106]. The general conclusion is that the MSA methodology is relevant in all these
countries. However, the relative weighting coefficients for tenderness, flavor liking, juiciness, and
overall liking in the optimal calculation of the MQ4 score vary slightly between countries, and the
optimal limits between quality classes can be refined for each country or each group of consumers.

In the French context, experts have judged it to be rigorous, relevant, and credible. Experts have
recognized that the MSA system has helped to federate a large number of Australian professionals
and scientific stakeholders. This approach, based primarily on real consumer satisfaction, is likely to
upset the traditional attitudes and political positions of stakeholders in the beef sector. We should
not consider the MSA system as a new official quality label, but rather as a rigorous tool to better
use the existing official quality signs [107]. Two studies [106,108] experimentally tested the MSA
system in France. They concluded that the MSA system provides a fairly good prediction of the eating
quality of French beef, despite differences in animal type (cows and young bulls in France versus
steers and heifers in Australia) and the degree of cooking (55 ◦C for “rare” cooking in France versus
74 ◦C for “well-done” meat in Australia). Using the MSA system, about 70% of the French meat was
correctly ranked according to the different classes (unsatisfactory, 3*, 4*, or 5*). This rate is as good as if
not better than that observed in other countries where the MSA system has been studied, including
Australia. Prediction using the MSA system is even better than prediction methods based on muscle
biochemistry [109] or genomic data [110].

In the case of a binary use of the MSA system in Europe (i.e., unsatisfactory quality versus acceptable
quality with no distinction between classes 3*, 4*, or 5*), the probability of really disappointing the
consumer—that is to say, erroneously classifying a poor quality sample as 3* or greater, is only 7%
based on data from different European countries (Northern Ireland, Ireland, France, and Poland).
Considering that currently, according to the same data set, the sensory quality of about 25% of meat
is deemed unsatisfactory, a binary use of the MSA system would therefore constitute an important
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step forward, as it could theoretically reduce customer dissatisfaction from 25% to 7% [111]. This
is particularly important for an expensive product such as beef. A European beef quality assurance
system similar to MSA would need to be simple, effective, and sufficiently flexible to allow companies
to develop their own brands [112]. Furthermore, it was proposed to consider in the European model
both the gender (female, castrated male, or entire male) and breed type (dairy or meat breed), because
recent work has shown that their effects on the sensory quality of beef are not fully explained by animal
age or carcass characteristics (weight, fatness, etc.). It was also suggested to assess the physiological
maturity of animals that are included in the MSA system using the degree of carcass ossification
(as in Australia) for young animals and the age of animals (as in Europe) for older ones [113]. All
these improvements would certainly help to increase the accuracy of the prediction of beef eating
quality in Europe. Further research will be conducted in these directions as part of the activities of the
International Meat Research 3G Foundation (https://imr3gfoundation.org/) recently launched under
the auspices of the United Nations Economic Commission for Europe (UNECE).

6.3. Perspectives

Carcass quality criteria (i.e., conformation and fat scores based on the EUROP grid) according
to which farmers are paid do not have a clear and systematic relationship with the eating quality of
beef [114]. This partly explains why a consumer can buy very expensive beef without necessarily
being satisfied, and vice versa [115]. In general, consumers are willing to pay more if they are sure
that the product will be of higher quality. Therefore, one can expect that premium products are likely
to generate significant profits compared to “good for everyday” products, regardless of the market.
However, this difference may vary from country to country, French and Japanese consumers being
the most likely to pay more for premium quality products [111,116]. In Australia, implementation of
the MSA system has generated significant profits that were distributed to various stakeholders in the
sector: producers, slaughterers, and others. It was calculated that $12.50 of additional revenue was
generated for every dollar invested over five years (2010/2011 to 2014/2015). Therefore, there is a real
financial incentive in Australia to produce premium-eating quality meat, which is not yet the case in
many countries that continue to pay producers according to carcass characteristics, i.e., conformation
and fatness [117].

The MSA prediction model also opens up new possibilities for animal breeding. The potential of
a muscle to produce beef of a predicted quality, weighted by the relative weight of this muscle in the
carcass, makes it possible to calculate a global MSA index of sensory quality for the carcass [118]. This
MSA index can be considered as a new phenotype to evaluate the animal’s potential to produce meat
of a given eating quality. This index could potentially be introduced into genetic selection schemes to
include the sensory quality potential of animals, which has never been achieved so far.

7. Advances and Barriers to the Development of Predicting Tools

The meat sector is significant in Europe. However, it is facing a difficult economic context,
particularly due to a steady decline in per-capita meat consumption, especially red meat. The reasons
for this decline in consumption are numerous, and include the high variability of sensory quality as
mentioned in this article as well as criticism of the nutritional qualities. These qualities, particularly
tenderness in cattle, are sometimes or often considered insufficient by professionals or consumers. All
these observations fully justify the analytical or technological research carried out on the prediction of
these quality components. However, the quality of the predictions of the different quality criteria is
often modest. In addition, operators in the meat sector, from livestock to processing, have small profit
margins, and are therefore greatly concerned about the economic profitability of their activities. For
cost/benefit reasons, they are reluctant to incorporate certain advances in research and development
into their practices, which is noted and regretted by researchers [119]. Unfortunately, the economic
crisis mentioned above is likely to reinforce this phenomenon.
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In addition, it is clear that marketing channels are increasingly complex, disconnected from
the animal and carcass, and include many intermediaries between the producers and consumers.
Consumer behavior is also changing in terms of the place of purchase (less and less in the butcher’s
shop and more and more in supermarkets) and consumption (more away from home), the nature of
the products consumed (more elaborate products or individual portions), and in terms of expectations,
which have diversified over the years, now including social concerns related in particular to animal
welfare and protection of the environment [120]. Thus, consumer preferences, behavior, and their
perception of meat and meat products are heterogeneous and depend not only on the appearance and
eating qualities of the meat, but also on psychological and marketing aspects [121]. Therefore, research
and development (R & D) must broaden its scope [122]. While research activities have largely focused
on the intrinsic characteristics of meat, which are the sensory, technological, nutritional (subject of this
article), and health qualities, the extrinsic qualities associated with the product, which meet broad
societal expectations, must now be taken into account in interaction with the former [2].

In general, research directly related to consumer expectations is increasingly necessary [123],
particularly to objectively predict the intrinsic qualities of meat, as well as its extrinsic qualities [124].
However, research and development are generally carried out over a long time scale, which may not
be compatible with the short-term concerns of professionals [119]. At the same time, scientists must
be able to take into account the expectations of professionals and consumers in order to guide their
work as effectively as possible and to encourage the appropriation of technological innovations by the
stakeholders in the sector.

There is also a pressing need for innovation with regard to trading, especially for export. In
this perspective, the Australian methodology (the MSA system) is promising, and could become an
international standard under the United Nations Economic Commission for Europe (UNECE) [125].
The search for biological predictors of quality, combined with recent technological evolutions, makes it
possible to envisage practical applications in the medium term. It is undeniable that all of this research
has led to considerable advances in the knowledge of the genetic and biological mechanisms governing
the establishment of the different components of meat quality [126]. This improved knowledge may
contribute to the development of selection tools (such as the genetic test of meat coloring developed
for chicken) as well as decision support tools to propose innovative production strategies adapted to
the biological potential of animals and the production objectives of the various sectors. For example,
the development of spectral methods to authenticate the animal feed of animals or qualify meat in
terms of nutrition is also promising. In order to be routinely applicable in a professional context, the
diagnosis tool must be easy to use, give a result quickly after sampling, and have a limited cost. Some
methods developed so far do not yet meet all these criteria [126].

Finally, this review also opens up new perspectives on the possibility of combining different types
of the above-mentioned technologies. So, could we consider looking for biomarkers of phenotypes
based on spectral methods? Similarly, would there be any interest in including in the MSA model some
biological predictors resulting from high-throughput molecular approaches or spectral-based methods?
This integration work remains to be done, but should undoubtedly contribute to the improvement of
meat quality prediction tools and the subsequent application thereof.

8. Conclusions

Numerous technological innovations based on genomics or modeling approaches, or spectral
or physical methods, have been described in this article to predict the specific intrinsic qualities of
meat such as sensory (tenderness, flavor), technological (defects related to tissue integrity, ultimate pH,
processing yield), or nutritional (lipid content, fatty acid composition) traits. Most of these approaches
require additional work and methodological developments to be routinely applicable. However, their
ability to analyze a large number of samples at a reduced cost, as well as their ability to predict the
desired quality criteria, are fundamental elements for attracting the interest of the stakeholders of the
sector. The appropriation of these methodologies by researchers is a key issue, and some laboratories
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already value these tools as part of their work on the impact of production factors on the quality of
meat. Appropriation by the professionals will occur in a second phase and require more dialogue
between professionals and researchers to properly define the objectives to be achieved as well as the
conditions required for developing these tools (in terms of cost/benefit ratio in particular). In addition,
research must also focus on integrative approaches to comprehensively predict all the desired quality
criteria, which implies the combination of innovations described in this article on the one hand, but also
insertion thereof into a more global thought process that includes a sociological dimension of research
questions. The ultimate goal is to respond better to the expectations of industrials and consumers
through better appropriation of innovations by the industry.
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Abstract: The potential of visible–near-infrared (Vis–NIR) spectroscopy to predict physico-chemical
quality traits in 368 samples of bovine musculus longissimus thoracis et lumborum (LTL) was evaluated.
A fibre-optic probe was applied on the exposed surface of the bovine carcass for the collection of
spectra, including the neck and rump (1 h and 2 h post-mortem and after quartering, i.e., 24 h and 25 h
post-mortem) and the boned-out LTL muscle (48 h and 49 h post-mortem). In parallel, reference
analysis for physico-chemical parameters of beef quality including ultimate pH, colour (L, a*, b*),
cook loss and drip loss was conducted using standard laboratory methods. Partial least-squares (PLS)
regression models were used to correlate the spectral information with reference quality parameters
of beef muscle. Different mathematical pre-treatments and their combinations were applied to
improve the model accuracy, which was evaluated on the basis of the coefficient of determination of
calibration (R2C) and cross-validation (R2CV) and root-mean-square error of calibration (RMSEC)
and cross-validation (RMSECV). Reliable cross-validation models were achieved for ultimate pH
(R2CV: 0.91 (quartering, 24 h) and R2CV: 0.96 (LTL muscle, 48 h)) and drip loss (R2CV: 0.82 (quartering,
24 h) and R2CV: 0.99 (LTL muscle, 48 h)) with lower RMSECV values. The results show the potential
of Vis–NIR spectroscopy for online prediction of certain quality parameters of beef over different
time periods.

Keywords: meat; quality; near-infrared spectroscopy; on-line; monitoring

1. Introduction

A wide range of factors interactively affect the quality of meat, including sex, genotype,
rearing conditions, feeding practices, transport, slaughtering and post-mortem handling of the carcass.
Meat quality is a complex set of parameters including physico-chemical, chemical and sensory quality.
Quality parameters like aroma, flavour, mouth-feel and tenderness can be evaluated by sensory analysis.
In addition to these traits, other quality attributes such as colour, water-holding capacity, texture and pH
can be studied using instrumental techniques. These technological traits are extremely important
as they provide data on the development of ultimate meat quality and also convey information on
appreciation of the product and its value, providing specific and important evidence on overall meat
quality as it varies among individuals of a population [1]. Meat colour is important to the consumer
as a key cue in perception at the point of sale and, therefore, has a major bearing on the decision to
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purchase [2]. Drip loss is exudate lost from meat through cutting, heating and pressing [3], and losses of
~5% are common in beef [2]. Water-holding-capacity traits such as drip loss and cook loss are important,
as they represent variability in economic losses for the processor and furthermore, nutritional losses
for the consumers [4]. Variation in pH fall and ultimate pH during the conversion of muscle to
meat influence water-holding capacity, colour, and, through influencing the ultimate contractile state
and proteolytic enzyme activity post-mortem, tenderness.

In order to improve the overall population for meat quality, through incorporation of meat quality
into breeding programmes, a means of providing information on quality, routinely and for as many
animals as possible, is required. The assessment of technological meat quality traits using conventional
approaches is disadvantageous in terms of time consumption, sample destruction, sample preparation,
requirement of expert analysts, chemical utilization and lack of on-site facilities in processing plants for
detailed quality evaluation, which adds to operational costs. Subsequently, these traditional methods
lack the potential to be applied online for the prediction of meat quality attributes in the industry [5].
It is therefore required to introduce some rapid, non-invasive, non-destructive, chemical-free and more
reliable approaches for accurate and online determination of meat quality, which enables quality
assessment based on a multivariate approach.

Non-destructive methods include spectroscopic techniques, use of biosensors, electronic
noses, ultrasound methods, microscopy, microwave characterization, nuclear magnetic resonance
and dielectric methods [6]. Among these approaches, spectroscopic methods have gained significant
popularity regarding the prediction of numerous quality attributes of meat in the last decade. In the case
of spectroscopy, electromagnetic radiations in the ultraviolet, visible, near-, mid- and far-infrared regions
interact with matter, providing fingerprints of the samples under consideration, which can further be
processed to extract useful qualitative and quantitative information [7]. Globally, spectroscopic methods
have been extensively employed to assess the quality of muscle foods. For instance, Fourier-transform
infrared spectroscopy (FTIR) has been successfully employed for meat quality and fraud detection [8–10].
Similarly, Raman spectroscopy has also shown its potential to provide structural information about
muscle proteins [11,12]. Likewise, visible spectroscopy can be used as a non-invasive method for tissue
characterization [13]. Furthermore, fluorescence spectroscopy can be employed for quality evaluation
of meat and meat-based products [7,14–17]. Recently, near-infrared spectroscopy and hyperspectral
imaging have also been investigated for non-destructive prediction of quality and compositional
analysis of meat [18–22] and for the determination of adulterants in meat [23].

The application of visible–near-infrared (Vis–NIR) spectroscopy directly on the meat carcass
is advantageous because it does not require the preparation of the sample before analysis and it
is applicable to the prediction of quality online using a fibre-optic probe. Vis–NIR spectra would
allow a timely prediction of meat quality traits which could potentially assist the processors to
sort out and classify carcasses accordingly. Consequently, the objective of this study was to model
the physico-chemical parameters of beef quality including ultimate pH, colour, cook loss and drip
loss, using visible–near infrared spectroscopic profiles collected at various time points post-mortem.
Spectra were recorded by directly applying a fibre-optic probe on the exposed surface of the carcass
(neck and rump) in the abattoir (1 h and 2 h post-mortem), on the cut surface of carcass in the abattoir
immediately and one hour after quartering (24 h and 25 h post-mortem), on the cut surface of musculus
longissimus thoracis et lumborum (LTL) in the laboratory (48 h and 49 h post-mortem).

2. Materials and Methods

2.1. Animals and Meat Samples Preparation

A total of three 368 cross-bred beef animals, reared under the same environmental and feeding
conditions in the Irish Cattle Breeders Federation Tully Progeny Test Centre were used for the study
over a time span of 18 months. The animals were slaughtered in 10 batches from February 2014 until
September 2015 in a commercial EU-licensed abattoir in Ireland. All carcasses were quartered at the 8th
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rib on pistol hind 24 h post-mortem, and the loins muscles were deboned 48 h post-mortem. A total of
12 steaks (2.54 cm thickness) were sliced from the right side of the LTL muscle and vacuum-packed
at 4 ◦C for further analysis. Then, 48 h post-mortem, the loins were transported from the factory to
the Teagasc Food Research Centre, Ashtown for further analysis.

2.2. Spectra Collection

Vis–NIR spectra were collected using a portable Vis–NIR spectrophotometer (ASD Inc.,
Boulder Colorado, CO, USA) with detection waveband range from 350 to 2500 nm, using the Indico
Pro program. A high-intensity contact probe was used to transmit the light reflected from the surface
of the carcass to the internal detector. Prior to spectral acquisition, the instrument was calibrated
using a Spectralon tile as the white reference. Spectra were collected on the day of slaughtering
from neck and rump, specifically, one hour after slaughtering (1 h post-mortem) and two hours after
slaughtering (2 h post-mortem). Spectra were also collected from the quartered surface of the carcass
(5th rib) at the time of quartering (24 h and 25 h post-mortem, after 1 h blooming in the chill room).
Spectra were also collected from the LTL muscle in the laboratory (48 h and 49 h post-mortem, after 1 h
blooming in the chill room). The spectra were collected in triplicate from three representative sites of
the transverse surface of the LTL muscle (the method was described in detail [24]). For each of these
three scans, 20 spectra were automatically collected by the instrument consecutively and averaged
to reduce noise. Spectral data were exported as a JCAMP file to The Unscrambler X version 10.3
(CAMO ASA, Oslo, Norway) for further chemometric analysis.

2.3. Chemical and Physical Analyses

2.3.1. Ultimate pH (pHu)

The ultimate pH was determined in 366 beef carcasses between the 12th and the 13th rib (48 h
post-mortem). A portable pH meter was employed (Hanna Instrument HI 9126, Woonsocket, RI, USA)
to record both the pH and the temperature. Each sampling day, the pH meter was calibrated with
standardized buffers at pH 7.0 and pH 4.0.

2.3.2. Colour

The equipment employed was the UltraScan® PRO with a dual-beam xenon flash
spectrophotometer (λ: 350–1050 nm, Δλ: 5 nm, D65, 8◦). The steaks (48 h post-mortem) obtained
from LTL muscles were wrapped in oxygen-permeable transparent film and keptfor 1 h of blooming
before being measured with the uppermost side placed to the light. The spectrophotometer was
calibrated with a black and white baseline. L* (brightness) (varies from 100 for perfect white to 0
for black), a* (redness) (a negative value indicates green, while a positive value indicates red) and b*
(yellowness) (a negative value indicates blue, and a positive value indicates yellow) are the coordinates
which describe the colour of meat. EasyMach QC software (Hunter Associates Laboratory, Inc.,
Reston, VA, USA) was used, and the colour coordinates values were obtained as the average of three
measurements performed on different locations of each LTL muscle slice.

2.3.3. Cooking Loss Percentage

The samples (14-day-aged steaks) were cooked in a circulating water bath to an internal temperature
of 70 ◦C. The temperature was monitored continuously during the cooking process until a plateau was
achieved at 70 ◦C, using a temperature probe (Eirelec Ltd, Dublin, Ireland) inserted into the geometric
centre of the steak. Samples were weighted before and after cooking in order to determine the cooking
loss percentage.

Cook-loss (%) = (raw weight − cooked weight)/raw weight × 100 (1)
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2.3.4. Drip Loss

Drip loss was determined on LTL muscles, 48 h post-mortem. A meat slice of approximately 100
g weight (2.5 cm thickness, 7.5 cm length, 5.0 cm width) was cut from the LTL muscle and hung in
the chill room at 4 ◦C. The samples were weighed after 96 hours, and the drip loss percentage was
calculated [25].

Drip-loss (%) = (Initial weight − Final weight)/initial weight × 100 (2)

2.4. Data Analysis

Partial least-squares regression was performed using The UNSCRAMBLER program (version 8.5.0,
Camo, Trondheim, Norway). After visual inspection, the detection of anomalous spectra was
accomplished using the H-statistic, which indicates how different a sample spectrum is from the average
spectrum of the set [26]. A sample with an H statistic of standardized units from the mean spectrum
was defined as a global H outlier and was eliminated from the population. Baseline correction
was applied to the spectra because the NIR spectra are affected by light scatter and path-length
variation, and pre-treatments of the spectral data improve the accuracy of calibration. In these cases,
spectral data pre-treatments such as standard normal variate (SNV) were applied to the spectra to
reduce the noise and light scattering effects. Partial least-squares (PLS) regression was used for
predicting the chemico-physical properties using Vis–NIR spectra as independent variables. Internal
full cross-validation was performed to avoid overfitting the PLS equations; thus, the optimal number
of factors in each equation was determined as the number of factors after which the standard error of
cross-validation no longer decreased substantially. The accuracy of prediction was evaluated in terms
of coefficient of determination (R2C and R2CV) and root-mean-square error of calibration (RMSEC)
and cross-validation (RMSECV).

3. Results and Discussion

3.1. Spectral Profiles

Figure 1 illustrates the average Vis–NIR spectra measured for neck and rump (1 h post-mortem),
quartered LTL muscle (24 h post-mortem) and loin muscle (48 h post-mortem). A remarkable difference
was seen in the absorbance between the mean spectra of the sites. The variation in the spectra was
potentially due to differences in the time of spectral collection (1 h to 48 h post-mortem) and type of
muscle. Neck and rump showed lower absorbance as compared to the quartered surface of the LTL
muscle and loin muscle in the 1300–2500 nm range. The spectra that were collected during quartering
(24 h post-mortem) showed resemblance with the spectra that were collected from the LTL muscle
(48 h post-mortem). This is due the fact that, although the spectra were collected in 24 h intervals,
they were from the same muscle. Various spectral absorbance bands were identified from the average
Vis–NIR range of the analysed samples. These bands could be easily identified by visual inspection of
the wavebands at which the highest absorbance values were found. Spectral collection from the neck
and quartered surface showed intense peaks at 415 nm and in the 540–580 nm range. Less intense
peaks at 1445 nm and 1940 nm were observed for the neck and rump. However, spectral data collected
at the time of quartering and in loin muscles showed an inverse pattern of peaks in this region.
These wavelengths correspond to different specific functional bonds. Prominent peaks could be seen
at 415 nm, 540–580 nm, 1449 nm and 1933 nm [27]. The visual spectral features were analogous to
the findings of Andrés et al. [28].

The average spectrum of 10 samples with high ultimate pH values and that of 10 spectrum with
low ultimate pH values, compared to the average spectrum of all samples, determined using Vis–NIR
spectroscopy, are shown in Figure 2a. The graph depicts higher absorbance value for the samples
having low ultimate pH in comparison with those having high ultimate pH. Low-pH-sample spectra
showed peak intensity closer to that of the samples with average values of pH, in agreement with
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the fact that most of the samples in our study had relatively lower ultimate pH and samples with high
ultimate pH were more unusual. The absorbance bands at 415 nm and 546 nm were quite prominent
and correspond to myoglobin [29]. These results show the efficiency of Vis–NIR spectroscopy in
analysing the variation of the ultimate pH of beef.

Figure 1. Average visible–near-infrared (Vis–NIR) spectra measured from neck and rump (1 h
post-mortem), on quartering from the musculus longissimus thoracis et lumborum (LTL) muscle (24 h
post-mortem) and from the loin muscle (48 h post-mortem).

Figure 2b shows the spectral results concerning the percentage of drip loss for 10 high-drip-loss
and 10 low-drip-loss samples. Differences in the absorbance values of the mean samples can be
seen. High-drip-loss samples showed less abundant peaks in the spectral range of 1200–2400 nm that
corresponds to moisture content [18]. Low-drip-loss samples showed peak intensities closer to those of
samples with average drip loss values, especially in the 1200–2400 nm range, showing that most of
the samples in our study had relatively low drip loss.

Figure 2. Cont.
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Figure 2. Average Vis–NIR spectra recorded from the LTL muscle (48 post-mortem). (a), Spectra of
10 high-ultimate-pH and 10 low-ultimate-pH carcass samples, (b) spectra of 10 high-drip-loss and 10
low-drip-loss carcass samples compared to the average spectrum of all samples.

These figures suggest that the absorbance value may be closely proportional to the drip loss,
supporting the premise that Vis–NIR spectroscopy has relevance for online prediction of drip loss
percentage in post-mortem beef samples

3.2. Descriptive Statistics of Beef Samples

Ranges, means, standard deviations and coefficient of variances of physico-chemical traits of all
beef samples are given in Table 1. The results depicted a range of 5.16–6.91 for the ultimate pH of
the beef samples stored for 48 h. An ultimate pH falling between 5.4–5.8 would be considered normal for
beef, with higher values potentially corresponding to a dark, firm and dry phenotype, and lower values
potentially presenting issues about their water-holding capacity [30]. Overall, however, the ultimate
pH data showed a relatively low coefficient of variance (CV) of 3.23%. A relatively low variation in
ultimate pH has been reported in several studies in the past by scientists who investigated the use
of near-infrared spectroscopy in beef [28,31,32], chicken [33] and pork meat [34]. Here, it is possible
that some outliers could contribute to the range measured, and these outliers were identified during
data processing and removed from the data set. The ranges for L*, a* and b* colours were from 35.17
to 50.91, from 8.20 to 19.80 and from 6.34 to16.94, respectively. The descriptive statistical analyses of
drip loss (%) and cooking loss (%) are also summarized in Table 1. The average values of drip loss
and cook loss were 2.94% and 31.22%, respectively. Drip loss showed considerably higher variability
(CV = 51.02%) compared to cook loss (CV = 9.55%). Data obtained from traditional laboratory methods
showed that the dataset exhibited relatively low variability in certain parameters and higher variability
in others. Overall, the values of the studied parameters were in line with previous findings [30].

Table 1. Ranges, mean, standard deviations and coefficient of variance of physico-chemical traits of all
beef samples.

Parameter n Range Mean SD CV (%)

Ultimate pH 366 5.16–6.91 5.58 0.18 3.23
Drip Loss (%) 224 0.29–9.04 2.94 1.50 51.02
Cook Loss (%) 293 16.81–38.02 31.22 2.98 9.55

Colour L* 368 35.17–50.91 42.99 2.44 5.68
Colour a* 368 8.20–19.80 14.30 1.82 12.73
Colour b* 368 6.34–16.94 11.40 1.76 15.44

n: number of samples; SD: standard deviation; CV: Coefficient of variance; L*: brightness; a*: redness; b*: yellowness.
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3.3. Prediction of the pH Ultimate Values of Beef from Vis–NIR Spectra

Prediction models were developed to predict the ultimate pH (48 h post-mortem) of LTL muscles
from the spectra collected from neck and rump on the day of slaughtering (1 h and 2 h post-mortem),
at quartering time (24 h and 25 h post-mortem) and from LTL muscles (48 h and 49 h post-mortem).
The results of prediction of the ultimate pH of beef samples, including the coefficient of determination
of calibration (R2C), the root-mean-square error of calibration (RMSEC), the coefficient of determination
of cross-validation (R2CV) and the root-mean-square error of cross validation (RMSECV), are presented
in Table 2. Poor predictions were observed from the spectra collected from beef neck (1 h post-mortem:
R2CV = 0.22 and RMSECV = 0.18; 2 h post-mortem: R2CV = 0.16 and RMSECV = 0.21) and rump (1 h
post-mortem: R2CV = 0.04 and RMSECV = 0.17; 2 h post-mortem: R2CV = 0.23 and RMSECV = 0.20),
but good predictions were recorded from the spectra collected at the time of quartering (24 h
post-mortem: R2CV = 0.66 and RMSECV = 0.15). It is interesting to note that when the spectral
data collected at the time of quartering (24 h post-mortem) were subjected to baseline correction
and SNV correction, the prediction results improved significantly (R2CV = 0.91 and RMSECV = 0.17).
However, these spectral corrections did not bring any improvement when applied to the spectral data
collected from neck and rump (1 h and 2 h post-mortem). Vis–NIR spectra collected from LTL muscles
showed good prediction of the ultimate pH (48 h post-mortem: R2CV = 0.67 and RMSECV = 0.11;
49 h post-mortem: R2CV = 0.73 and RMSECV = 0.11). When baseline and SNV corrections were
applied to the spectral data collected from LTL muscle, they improved the PLS model (R2CV = 0.96
and RMSECV = 0.25). A previous study also showed that the prediction of pH is possible using
Vis–NIR spectroscopy, despite the narrow ultimate pH range of the sample. The findings of the current
investigation are in line with the work of De Marchi [27], who found similar results while developing
prediction models of beef quality traits using Vis–NIR spectroscopy. These results demonstrate that
the prediction of the ultimate pH is possible in the meat industry immediately after quartering or for
LTL muscles using Vis–NIR spectra.

Table 2. Prediction of pH ultimate of beef samples using Vis–NIR spectra.

pH Ultimate Math Treatment n F R2C RMSEC R2CV RMSECV

Neck 1 h-PM Log (1/R) 357 1 0.13 0.18 0.22 0.18
Neck2 h-PM Log (1/R) 153 4 0.22 0.20 0.16 0.21

Rump 1 h-PM Log (1/R) 358 6 0.11 0.16 0.04 0.17
Rump 2 h-PM Log (1/R) 153 4 0.30 0.19 0.23 0.20

Quartering 24 h-PM Log (1/R) 361 4 0.74 0.13 0.66 0.15
Quartering 24 h-PM BS + SNV 361 6 0.92 0.34 0.91 0.17
Quartering 25 h-PM Log (1/R) 366 9 0.36 0.14 0.22 0.16
LTL muscle 48 h-PM Log (1/R) 223 6 0.71 0.10 0.67 0.11
LTL muscle 48 h-PM SNV 223 5 0.96 0.33 0.96 0.25
LTL muscle 49 h-PM Log (1/R) 191 8 0.80 0.09 0.73 0.11

PM: Post-mortem; n: number of total samples; F: number of partial least-squares (PLS) latent variables; R2C:
coefficient of determination of calibration; RMSEC: root-mean-square error of calibration; R2CV: coefficient of
determination of cross-validation; RMSECV, root-mean-square error of cross validation; Log (1/R): raw absorbance
data; BS: baseline correction; SNV: standard normal variate.

3.4. Prediction of Drip Loss

Water represents about 75% of the total fresh weight of meat. Vis–NIR spectral data showed
the absorbance of O–H bonds at 1450 and 1940 nm. Drip loss percentage was measured for LTL muscles
48 h post-mortem. The results of the PLS model of drip loss from the spectral data collected from various
regions (neck, rump, quartered surface and LTL muscle) of beef carcass during post-slaughtering storage
are plotted in Table 3. The results revealed lower coefficients of determination of cross-validation for
neck (1 h post-mortem: R2CV = 0.20; 2 h post-mortem: R2CV = 0.10) and rump (1 h post-mortem:
R2CV= 0.17; 2 h post-mortem: R2CV= 0.09), whilst high coefficients of determination of cross-validation
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were recorded for quartered surface (24 h post-mortem: R2CV= 0.51) and LTL muscle (48 h post-mortem:
R2CV= 0.99). After applying baseline corrections and SNV, the PLS model results from the spectral data
collected during quartering were improved (24 h post-mortem: R2CV = 0.82). The values of RMSECV
in all PLS models were between 1.12 and 1.43, which shows that the model is relatively good for
the prediction of drip loss from spectral datasets. These findings have confirmed the potential of Vis–NIR
spectroscopy to predict the drip loss percentage of beef during pre-rigor storage. The corollaries of
the present study are in accordance with the findings of Prieto et al. [35], who investigated the capability
of Vis–NIR reflectance spectroscopy for the prediction of the physical, chemical and sensory quality of
beef. It was found that the best prediction model was achieved when spectral data were collected 24 h
post-mortem at the quartering stage and 48 h post-mortem from the LTL muscle. This might be due to
the fact that the actual drip loss of the samples was also analysed on LTL muscles. Therefore, our results
indicate that the actual drip loss of LTL muscles can be predicted from the spectra obtained during
quartering or from the spectra collected on the surface of LTL muscles.

Table 3. Prediction of drip loss (%) of beef samples using Vis–NIR spectra.

Drip Loss (%) Math Treatment n F R2C RMSEC R2CV RMSECV

Neck 1 h-PM Log (1/R) 213 4 0.24 1.32 0.20 1.36
Neck 2 h-PM Log (1/R) 153 4 0.17 1.10 0.10 1.15
Rump 1 h-PM Log (1/R) 212 3 0.18 1.37 0.17 1.38
Rump 2 h-PM Log (1/R) 153 4 0.17 1.10 0.09 1.16

Quartering 24 h-PM Log (1/R) 214 4 0.54 1.22 0.51 1.34
Quartering 24 h-PM BS + SNV 214 3 0.82 1.44 0.82 1.43
Quartering 25 h-PM Log (1/R) 219 4 0.22 1.32 0.17 1.37
LTL muscle 48 h-PM Log (1/R) 224 2 0.99 0.11 0.99 1.12
LTL muscle 49 h-PM Log (1/R) 192 7 0.43 1.12 0.32 1.24

n: number of total samples; F: number of PLS latent variables; R2C: coefficient of determination of calibration;
RMSEC: root mean square error of calibration; R2CV: coefficient of determination of cross-validation; RMSECV,
root mean square error of cross validation; Log (1/R): raw absorbance data; BS: baseline correction; SNV: standard
normal variate.

3.5. Cooking Loss Measurement

The results presented in Table 4 show that the Vis–NIR spectral data provided moderate prediction
accuracy for the determination of cooking loss from the PLS model. Poor coefficients of determination
of cross-validation were obtained for neck (1 h post-mortem: R2CV = 0.19, RMSECV = 2.70; 2 h
post-mortem: R2CV = 0.09, RMSECV = 3.41), rump (1 h post-mortem: R2CV = 0.14, RMSECV = 2.79;
2 h post-mortem: R2CV = 0.28, RMSECV = 2.99), quartered surface (24 h post-mortem: R2CV = 0.25,
RMSECV = 2.59; 25 h post-mortem: R2CV = 0.22, RMSECV = 2.64) and LTL muscles (48 h post-mortem:
R2CV = 0.43, RMSECV = 2.27; 49 h post-mortem: R2CV = 0.45, RMSECV = 2.23). However, it is
interesting to note that a lower value of RMSECV was obtained for the PLS models, showing
the potential of spectral data to predict cooking loss. Models were also built with baseline and SNV
corrections, but the results did not improve significantly in terms of R2CV. These spectral corrections
had little or no effect on the regression results. According to the literature available, the prediction of
cooking loss using Vis–NIR spectroscopy has not been very successful. Our findings are in accord
with those of Prieto et al. [35], but nevertheless show greater accuracy than the results presented by
De Marchi et al. [36].

3.6. Prediction of Colour Parameters

No significant variations were found in the colour of different analysed samples [37]. The results
of the PLS models for spectral data collected from neck, rump, quartered surface and LTL muscles of
beef using Vis–NIR spectroscopy and colour parameters are shown in Table 5. Higher RMSECV values
for L* colour were obtained for the neck (2.20–2.30) and rump (2.18–2.26) as compared to quartered
surface (1.95–1.99) and LTL muscle sections (1.76–1.80). A relatively good prediction was recorded for
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a* and b* colours, although with lower coefficients of determination of calibration (R2C = 0.02–0.41 for
a*; R2C = 0.00–0.46 for b*), but good values of RMSECV (0.75–1.82 for a*; 1.38–1.83 for b*). The NIR
spectra correspond to the overtones and combinations of fundamental vibrations of C–H, N–H, O–H
and S–H functional groups and provide information about the chemical composition of a sample.
These findings are in harmony with the work done by Williams and Norris [26], who suggested that
spectral measurements along with chemometric models can be used for the prediction of colour in meat.
In our research, we were able to find good prediction models based on lower RMSEC and RMSEV for
colour measurement from Vis–NIR data. However, lower values for R2C and R2CV were obtained,
which might be due to colour variation across different areas of the same slice of meat. Ideally, the sample
point location in the muscle that is used for colour measurement through traditional methods would
be the same as the sample point location that is used for spectral collections; this could be important
in developing a regression model. However, our data were averages of three spectra and three colour
measures, hence, they should be reflective of the average colour and average spectra of the piece.

Table 4. Prediction of cook loss (%) of beef samples using Vis–NIR spectra.

Cook Loss (%) Math n F R2C RMSEC R2CV RMSECV

Neck 1 h-PM Log (1/R) 286 8 0.34 2.44 0.19 2.70
Neck 2 h-PM Log (1/R) 81 2 0.18 3.20 0.09 3.41
Rump 1 h-PM Log (1/R) 285 8 0.26 2.50 0.14 2.79
Rump 2 h-PM Log (1/R) 81 8 0.58 2.28 0.28 2.99

Quartering 24 h-PM Log (1/R) 293 10 0.43 2.25 0.25 2.59
Quartering 25 h-PM Log (1/R) 293 10 0.41 2.28 0.22 2.64
LTL muscle 48 h-PM Log (1/R) 151 6 0.51 2.00 0.43 2.27
LTL muscle 49 h-PM Log (1/R) 150 6 0.53 2.06 0.45 2.23

n: number of total samples; F: number of PLS latent variables; R2C: coefficient of determination of calibration;
RMSEC: root mean square error of calibration; R2CV: coefficient of determination of cross-validation; RMSECV,
root mean square error of cross validation; Log (1/R): raw absorbance data.

Table 5. Prediction of colour parameters of beef samples using Vis–NIR spectra.

Colour L* Math n F R2C RMSEC R2CV RMSECV

Neck 1 h-PM Log (1/R) 361 6 0.24 2.11 0.18 2.20
Neck 2 h-PM Log (1/R) 155 1 0.03 2.30 0.01 2.30
Rump 1 h-PM Log (1/R) 360 7 0.29 2.05 0.20 2.18
Rump 2 h-PM Log (1/R) 155 9 0.37 1.88 0.11 2.26

Quartering 24 h-PM Log (1/R) 368 9 0.42 1.85 0.33 1.99
Quartering 2 5 h-PM Log (1/R) 368 8 0.42 1.84 0.36 1.95
LTL muscle 48 h-PM Log (1/R) 224 8 0.60 1.55 0.49 1.76
LTL muscle 49h-PM Log (1/R) 191 7 0.53 1.65 0.44 1.80

Colour a*

Neck 1h-PM Log (1/R) 361 8 0.21 1.62 0.08 1.75
Neck 2 h-PM Log (1/R) 155 5 0.18 1.67 0.11 1.75
Rump 1 h-PM Log (1/R) 360 1 0.02 1.81 0.09 1.82
Rump 2 h-PM Log (1/R) 155 1 0.06 1.78 0.06 1.81

Quartering 24 h-PM Log (1/R) 368 7 0.23 1.58 0.15 1.67
Quartering 25 h-PM Log (1/R) 368 3 0.09 1.72 0.07 0.75
LTL muscle 48 h-PM Log (1/R) 224 6 0.41 1.35 0.32 1.46
LTL muscle 49 h-PM Log (1/R) 191 4 0.31 1.37 0.28 1.41

Colour b*

Neck 1 h-PM Log (1/R) 361 1 0.00 1.76 NA 1.79
Neck 2 h-PM Log (1/R) 155 1 0.01 1.80 NA 1.83
Rump 1 h-PM Log (1/R) 360 1 0.00 1.76 NA 1.79
Rump 2 h-PM Log (1/R) 155 1 0.01 1.80 NA 1.82

Quartering 24 h-PM Log (1/R) 368 8 0.30 1.47 0.19 1.57
Quartering 25 h-PM Log (1/R) 368 9 0.34 1.43 0.20 1.57
LTL muscle 48 h-PM Log (1/R) 224 6 0.46 1.30 0.39 1.39
LTL muscle 49 h-PM Log (1/R) 191 5 0.40 1.33 0.32 1.41

n: number of total samples; F: number of PLS latent variables; R2C: coefficient of determination of calibration;
RMSEC: root mean square error of calibration; R2CV: coefficient of determination of cross-validation; RMSECV, root
mean square error of cross validation; Log (1/R): raw absorbance data.
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4. Conclusions

This research work demonstrates the potential of Vis–NIR infrared spectroscopy to predict certain
quality parameters of beef. The results are quite promising, showing the potential of this method
for online prediction of quality traits in the meat industry. In the case of spectral pre-treatments,
baseline correction (BS), SNV and their combinations served as the best pre-treatments, enhancing
model accuracy in many cases. Reliable and accurate PLS models were obtained for the ultimate pH
for spectra recorded immediately after slaughtering, at quartering time (24 h post-mortem) and from
the LTL muscle (48 h post-mortem), whereas for drip loss, the only reliable model was achieved
at quartering time (24 h post-mortem). On the other hand, the PLS models for cook loss gave moderate
results for the spectra collected on the cut face of the LTL muscle 49 h post-mortem. Similarly, the cut
face of the LTL muscle was also observed to be the best regions for colour measurements (48 h
and 49 h post-mortem), since the accuracy of the PLS models in this muscle was significantly higher
as compared to that for other regions of the carcass and time points. Taken together with findings
from our earlier work [24], it can be deduced from the study that Vis–NIR spectroscopy can be a useful
tool for the on-site prediction of certain meat quality parameters using different regions of the carcass
and different time points, and therefore, this technology has some potential for the beef sector, both for
meat management systems of processors and in livestock breeding programs.
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Abstract: For several years, studies conducted for discovering tenderness biomarkers have proposed
a list of 20 candidates. The aim of the present work was to develop an innovative methodology to
select the most predictive among this list. The relative abundance of the proteins was evaluated on five
muscles of 10 Holstein cows: gluteobiceps, semimembranosus, semitendinosus, Triceps brachii and Vastus
lateralis. To select the most predictive biomarkers, a multi-block model was used: The Data-Driven
Sparse Partial Least Square. Semimembranosus and Vastus lateralis muscles tenderness could be well
predicted (R2 = 0.95 and 0.94 respectively) with a total of 7 out of the 5 times 20 biomarkers analyzed.
An original result is that the predictive proteins were the same for these two muscles: μ-calpain,
m-calpain, h2afx and Hsp40 measured in m. gluteobiceps and μ-calpain, m-calpain and Hsp70-8
measured in m. Triceps brachii. Thus, this method is well adapted to this set of data, making it possible
to propose robust candidate biomarkers of tenderness that need to be validated on a larger population.

Keywords: predictive model; tenderness; meat; biomarker; calpain; h2afx

1. Introduction

As emphasized by many authors, tenderness is considered the most important qualitative
characteristic of meat. Tenderness is also a highly variable characteristic, and this wide variability
appears to be a significant reason for consumer dissatisfaction and reduction in beef consumption.
Therefore, tenderness inconsistency is a priority issue for the meat industry [1].

Tenderness can be evaluated by direct methods, such as instrumental or sensorial assessments,
or by indirect methods, using muscular characteristics as tenderness predictors. Sensory methods
are expensive, difficult to organize and time consuming [2]. In addition, these methods are invasive,
and cannot be performed early enough to allow carcasses to be adapted to markets according to
their level of tenderness. Thus, there is a need for method that is available early post mortem to
estimate the tenderness potential of each carcass, and among the possible methods, the abundance
of certain proteins is of particular interest for predicting tenderness [3,4]. Previous works reviewed
by Picard et al. [5] made it possible to identify candidate biomarkers of tenderness. They belong to
numerous biological pathways: heat shock proteins, oxidative and glycolytic metabolism, oxidative
stress, muscle structure and contraction and proteolysis.
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Predicting the overall tenderness of the whole carcass with a reduced number of indicators could
be of interest for the beef meat chain. Indeed, with such information, retailers would be able to guide
meat samples either to the traditional butchery circuits (if they are of good quality) or to the boning
circuit (for those with a poor level of quality), thereby meeting consumer expectations. Therefore, it is
interesting to investigate whether biomarkers of one muscle could predict the tenderness of another
muscle of the carcass, and thus to evaluate the possibility of predicting the tenderness of a whole
carcass by sampling only a reduced number of muscles.

Thus, the aim of the present work was to identify, from among a pool of 20 biomarkers of interest
measured in five different muscles, whether a combination of biomarkers could predict the tenderness
of each of the five muscles. Therefore, a specific statistical methodology adapted to a low number of
samples with a large number of observations [6,7] was tested.

To investigate this question, we looked at five muscles that have been described in the literature as
being muscles with different levels of tenderness. These were classified, according the Warner-Bratzler
measurements, as tender (3.2 <Warner-Bratzler Shear Force < 3.9 kg; Triceps brachii (TB) or intermediate
(3.9 <Warner-Bratzler Shear Force < 4.6 kg; gluteobiceps (GB), Vastus lateralis (VL), semimembranosus
(SM), semitendinosus (ST)) according to [8]. Indeed, data in the literature evaluating the correlations
between the sensory tenderness of each of these five muscles and the “carcass sensory tenderness
value” showed significant correlation coefficients (p < 0.0001) going from 0.75 for the ST muscle, to 0.81
to the VL muscle [9]. According to the literature, meat tenderness variation among muscles of the same
carcass might be explained by animal genetics, feeding, handling or slaughter process [10], but also by
muscle characteristics. Indeed, muscle background toughness is mainly determined by its organization
and amount of connective tissue. This property is also influenced by the level of intramuscular fat,
which is known to be highly variable across the muscles [11]. Then, the toughening and tenderization
phases occur during postmortem storage of meat, as a result of sarcomere shortening during rigor
development. The degree of contraction at which a muscle enters the state of rigor mortis is highly
variable among different muscles within the carcass [12]. Thus, it might be supposed that the five
muscles studied represent a diversity of physicochemical and muscular characteristics, which could be
considered to be representative of the whole carcass.

2. Material and Methods

2.1. Animals

This study was conducted on 10 Holstein cows slaughtered between 29 and 90 months of age
(56.5 ± 18.3 months on average) in a commercial slaughterhouse. The animals were slaughtered at an
average carcass weight of 319 kg (±22 kg) and their carcasses were classified as 3 for fat score (European
grade with a scale going from 1 to 5), with a conformation score going from P= to O-.

The slaughter was made in compliance with current ethical guidelines for animal welfare.

2.2. Muscle Sampling

In this experiment, we selected five muscles, which were excised for each animal and sampled for
further analysis. A standardization of the sampling procedures was adopted for each muscle with a
clearly identified sample location. The location of each muscle on the carcass can be seen in Figure 1.

Samples for biochemical (biomarkers and myosin heavy chains proportions) analysis were
collected 15 min after slaughter, cut into small fragments, frozen in liquid nitrogen and packaged
at −80 ◦C before grinding. Samples intended for sensory analysis were collected 24 h post mortem,
and then they were vacuum-packaged and chilled for 7 days at +4 ◦C for ageing.
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Figure 1. Location of the 5 muscles studied, the names of which are framed in red.

2.3. Biomarker Analysis

Total protein extractions were performed according to Bouley et al. [13]. The protein concentration
was determined by spectrophotometry with the Bradford assay [14]. The evaluation of the relative
abundance of protein biomarkers was realized by dot blot using antibodies previously validated as
described in Guillemin et al. [15] by western-blotting (Table 1; [16]).

Table 1. Gene names and protein names.

Biological Functions Protein Names Gene Names

Heat Shock proteins

αB-crystalin CRYAB
Hsp20 HspB6
Hsp27 HspB1
Hsp40 DNAJA1

Hsp70-8 HspA8
Hsp70-1b HspA1B

GRP75 HAPS9

Oxidative resistance
Dj1 PARK7

Cis-Peroxiredoxin PRDX6
Super-oxide dismutase Cu/Z SOD1

Structure

Myosin binding protein H MyBPH
Myosin light chain 1F

(Mylc-1f) MYL1

Myosin heavy chain IIx MyH1
α-actin ACT1

Metabolism
β-Enolase ENO3

Phosphoglucomutase 1 PGM1

Apoptosis and signaling Tumor protein p53 TP53
H2A Histone Family

Member X H2AFX

Proteolysis m-calpain CAPN2
μ-calpain CAPN1

For dot-blot analysis, 15 μg of protein samples were spotted on a nitrocellulose membrane using
Minifold I Dot-Blot apparatus. Dot-Blot membrane was air-dried during 5 min, and saturated with
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a 10% milk blocking buffer at 37 ◦C for 20 min. Then a primary antibody specific to the protein
studied was incubated at 37 ◦C for 90 min. The anti-mouse fluorochrome-conjugated LICOR-antibody
IRDye 800CW (1 mg/mL) diluted at 1/20,000 in 1% milk blocking buffer was hybridized for 30 min at
37 ◦C. Membranes were scanned by the Odyssey scanner (LI-COR Biosciences, Lincoln, NE, USA) and
analyzed with GenePix (Axon Laboratory, Union City, CA, USA).

2.4. Myosin Heavy Chain Isoforms Proportions

The different types of myosin heavy chain (MyHC) isoforms were determined on the basis
of previously determined migration patterns [17] using sodium Dodecyl Sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). This protocol was adapted from that of Talmadge and Roy [18].
Myofibrillar proteins were extracted from 200 mg of muscles with a buffer containing 0.5 M NaCl,
20 mM NaPPi, 50 mM Tris, 1 mM EDTA and 1mM DTT according to the protocol described in [19].
Then 5 μg of proteins were loaded in each well on a Mini-Protein II Dual Slab Cell electrophoretic
system (Bio-Rad, Hercules, CA, USA). The separating gel consisted of 35% (w/v) glycerol, 9% (w/v)
acrylamide-N,N′-methylenebisacrylamide (Bis) (50:1), 230 mM Tris (pH 8.8), 115 mM glycine, and 0.4%
w/v SDS and the stacking gel of 47% (w/v) glycerol, 6% (w/v) acrylamide-Bis (50:1), 110mM Tris (pH 6.8),
6 mM EDTA, and 0.4% (w/v) SDS. The electrophoresis was performed at a constant voltage of 70 V
for 30 h at 4 ◦C. At the end of migration, the gels were stained with Coomassie Blue [19] (Figure 2),
and relative amounts of the different MyHC isoforms were quantified using ImageQuant TL v2003
software (Amersham Biosciences Corp., Piscataway, NJ, USA).

Figure 2. Illustration of the separation of the different myosin heavy chains isoforms depending on
their molecular weight in different cattle skeletal muscles according to the protocol of Picard et al. [17].

2.5. Tenderness Evaluation

After ageing, the 5 muscles were trimmed and cut into 1.5 cm thick homogeneous steaks, then
vacuum-packaged a second time and frozen at −20 ◦C until the sensory analysis. Meat in the form
of 15 mm steaks was thawed and then cooked for 1 min 45 s in an Infra grill Duo Sofraca set at a
temperature of 300 ◦C. After cooking, the steaks were cut into 20 mm cubes that were served on a
plastic plate at an internal temperature of 55 ◦C.

Sensory assessment was conducted by a 12-member panel selected, trained and controlled
according to the XP V09-503 standard. The products were evaluated according to the conventional
profile method (QDA) based on NF ISO 13300 [20]. Samples were presented in a monadic mode to
the panelists.

The panelists evaluated the cooked samples for tenderness. Each attribute was rated on a 100-point
non-graduated scale with a score of zero, on an ascending scale of quality for each attribute, being
equivalent to tough, and a score of 100 being equivalent to tender. The sessions were carried out in a
sensory analysis room equipped with individual boxes, under artificial non-colored lighting (Institut
de l’Elevage, Villers-Bocage, France).

Warner-Bratzler shear force on cooked samples (internal temperature of 55 ◦C) was measured
according to the method of Schakelford et al. [21] with an INSTRON 3343 material testing machine.
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For each sample (each muscle of each animal), 10 measurements of shear force were made at different
thicknesses of meat cores between 0.8 and 1.2 cm (Institut de l’Elevage, Villers-Bocage, France).

2.6. Statistical Analysis

Firstly, basic statistics, such as variance analysis and mean multiple comparisons with one factor
and Pearson correlations were carried out using R-software [22].

Then, a specific statistical methodology adapted to a low number of samples with a large number
of observations was tested. This method is a purely geometrical dimension reduction approach, which
is suitable for managing a limited sample size with numerous variables stored in blocks. This makes
it possible to provide interpretable information from the available data. However, it is important to
mention that one should be wary of generalizing the results too quickly. Indeed, the generalization of
the results would require a validation on a larger sample. Nevertheless, the proposed method will
make it possible to clearly highlight some links that exist between the biomarkers and the force/or the
tenderness on the available dataset.

2.6.1. Methodology for Biomarkers Selection

Among the different methodologies that can deal with multi-block structured data sets,
the Data-Driven Sparse Partial Least Square (ddsPLS) shows interest for supervised problems whether
in the case of regression (i.e., when the response variables are numerical) or classification (i.e., when
the response variables are categorical). The ddsPLS approach allows variable selection in the covariate
and in the output parts using two parameters, which are: R, the number of components in the model,
and L0, the maximum number of variables to be selected in the final model in the covariate part.
These two parameters are fixed by cross-validation according to general supervised learning problem
optimization solutions. The block structure can be designed according to many known factors, which
are the time or the type of variable chosen for example.

Please note that, even if there are no missing values in the data set analyzed in the present work,
the ddsPLS approach was initially developed to deal with missing samples, such as entire rows of
missing values in given blocks.

2.6.2. Partial Least Square (PLS)

Let X ∈ Rn×p and Y ∈ Rn×p be, respectively, the covariate matrix and the response matrix, describing
n individuals through p resp. q variables. The PLS problem has been introduced by [18]. Its objective
is to maximize the norm of the projected variance-covariance matrix YTX ∈ Rq×p along the principal
direction defined through (u, v) ∈ Rp ×Rq with (Yv)TXu ∈ R being the chosen projection of individuals
that must be maximized, under the unity constraints uTu = vTv = 1. Finally, the optimization problem
can be written as (u, v) = argmaxuTu=vTv=1(Yv)TXu.

This makes it possible to define u and v as the weights of the first component of the model for the
X part and for the Y part respectively. The nipals algorithm [18] makes it possible to find u and v in the
same time.

Those two weights make it possible to define t = Xu ∈ Rn and s = Yv ∈ Rn, with the respective X
and Y parts being first component scores of the model. In other words, they represent the individual
positions in the dimension found.

Once that first component is defined, other dimensions are successively obtained thanks to the
same kind of optimization. The deflation step makes it possible to remove the information from the
current dimension to the residual data set. This step ensures that each component is orthogonal to
the others.

The ddsPLS algorithm does not use the deflation step, since it has raised many questions
for years [19]. It performs directly the R-dimensional Singular Value Decomposition (SVD) of the
soft-thresholded variance covariance matrix. This solution does not permit the creation of more
components than the rank of the soft-thresholded variance covariance matrix, which is itself majorized
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by the rank of the variance covariance matrix. In the high-dimensional context, this represents the
number of variables in the Y part for multivariate regression, or the number of classes minus one in the
classification cases.

2.6.3. Data-Driven Sparse Partial Square (ddsPLS)

In the multi-block framework, the covariate part is now described by T blocks (different covariates
matrices) Xt ∈ Rn×pt , t = 1, . . . , T describing the same n individuals. The ddsPLS algorithm, for a couple
(R, L0) chosen by the user, begins with the T SVD of each of the variance-covariance soft-thresholded

matrices Sλ
(

YTXt
n−1

)
+

. Sλ : x→ sign(x)(|x| − λ)+ , where sign denotes the sign of a real, |.| denotes the

absolute value, and (.)+ the max between its argument and 0. The parameter λ > 0 is chosen such as the

cumulative number of non-null columns in the matrices Sλ
(

YTXt
n−1

)
, t ∈ {1, . . . , T} is exactly equal to L0

and ∀∂λ ∈ R∗+ the cumulative number of non-null columns in the matrices Sλ−∂λ
(

YTXt
n−1

)
+

, t ∈ {1, . . . , T}
is strictly higher than L0 + 1. Let Ut ∈ Rpt×R, t ∈ {1, . . . , T}, denote the respective R-dimensional weights
obtained through the corresponding R-dimensional SVD.

The next step makes it possible to gather that information through the super-weights, which are
symbolized by βt ∈ RR×R. The scaled super-weights Utβt ∈ Rn×R show the effect of one variable of
block t on each of the super-components.

Finally, a third step makes it possible to build a regression model based on T regression matrices
Bt, such as

Y ≈
T∑

t=1

XtBt ∈ Rn×q

Using the Moore-Penrose pseudo-inverse, which does not imply matrix inversion, is particularly
tricky in high dimensions or when pt > n in the context of regression. Let us mention that a linear
discriminant analysis model is built using the super-components to predict new individual classes in the
context of classification.

2.6.4. Model Selection

As previously mentioned, the ddsPLS approach requires two parameters to be determined by the
user: L0, the maximum number of covariates (in the X part described by the T blocks) to be included
in the model, and R, the number of components (calculated in the T underlying SVD), which is the
analogous of the number of components in Principal Component Analysis.

Those parameters are determined according to the minimization of a chosen error risk. For the
regression framework considered in this paper, the Mean Square Error in Prediction (MSEP) is naturally
minimized over the response variables, i.e., the five tenderness variables. The error is computed on the
Leave-One-Out (LOO) cross-validation predictions, denoted ŷm,i, for muscle m ∈ {VL, ST, TB, SM, GB}
and for carcass i ∈ [1, 10]:

∀m ∈ {VL, ST, TB, SM, GB}, MSEP(m) =
1
n

10∑
i=1

(ym,i − ŷm,i)
2

Since it has been chosen to standardize the Y matrix (zero-mean and unit-variance), when MSEP
values are lower than 1, this reveals that the cross-validated models are better (on average) than just
predicting the average of the selected sample at each iteration of the LOO cross-validation process,
and thus the ddsPLS approach succeeds in retrieving links between the blocks of covariates and
the corresponding response variables. On the other hand, when MSEP values are larger than 1,
this indicates that predicting to the average of the selected sample at each iteration of the LOO
cross-validation process provides more accurate predictions than the underlying cross-validated
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models, and thus the ddsPLS approach fails to retrieve information from the blocks of covariates and
the corresponding response variables.

3. Results

3.1. Data Description

The five muscles were characterized by various slow oxidative MyHC I (p = 0.007) and fast
oxido-glycolytic MyHC IIA (p < 0.001) proportions, whereas MyHC IIX (fast glycolytic) proportions
were not significantly different among muscles (p = 0.129; Table 2).

The m. semimembranosus (SM) appeared to be the least slow oxidative muscle, with 10.5% of
MyHC I, whereas the m. gluteobiceps (GB) and m. Triceps Brachii (TB), with proportions of MyHC I
twice as large (20.4 and 22.5%, respectively), were the slowest oxidative muscles. The m. semitendinosus
(ST) might be considered to be the most glycolytic muscle; even if the proportions of MyHC IIX were
not significantly different among the five muscles, this muscle had low proportions of both MyHC I
and MyHC IIA.

Table 2. Muscular characteristics of the 5 muscles.

Variables GB SM ST TB VL SEM p

MyHC I (%) 20.4 b 10.5 a 16.8 ab 22.5 b 15.2 ab 1.15 p = 0.007
MyHC IIA (%) 36.4 bc 42.9 c 25.8 a 28.8 ab 38.2 bc 1.50 p < 0.001
MyHC IIX (%) 43.2 46.6 57.4 48.7 46.6 1.80 p = 0.129

Tenderness (on 100) 33.7 a 42.3 a 43.3 a 57.9 b 41.9 a 1.85 p < 0.001
Shear force (daN) 11.0 b 6.4 a 7.4 a 5.2 a 6.8 a 0.39 p < 0.001

Different letters indicate a significant difference (p≤ 0.05) between the muscles. GB, gluteobiceps; SM, semimembranosus;
ST, semitendinosus; TB, Triceps Brachii; VL, Vastus lateralis; SEM, standard error of the mean.

The TB muscle was the tenderest muscle, according the panelists. In accordance with this result,
this muscle also had the lowest Warner-Bratzler shear force (Table 2). At the same time, the GB, which
was the toughest muscle according to the mechanical analysis, had the lowest scores for sensory
tenderness. These data are related to the significant correlation between tenderness scores and shear
force values observed in this study (correlation: −0.53 when considering the five muscles together;
p < 0.001). However, the correlation between tenderness and shear force is very muscle-dependent: for
VL and ST muscles, the correlation is negative and significant (respectively −0.68 and 0.79), whereas
for muscles GB, SM and TB, the correlation is non-significant.

Among the 20 analyzed biomarkers, three did not show a difference in relative abundances
between the five muscles: αB-crystalin (p = 0.179), prdx6 (p = 0.293) and α-actin (p = 0.323) (Table 3).

The m. Vastus lateralis (VL) showed relative abundances significantly different from other muscles
for many biomarkers. Indeed, it contained significantly less eno3, mylc1f, and Hsp40, and more
m-calpain, pgm1, h2afx, and MyhcIIX than the other four muscles.

However, the VL muscle was close to the ST muscle for many biomarkers, especially Hsp70-1a,
grp75 and mybph.

The SM muscle might be distinguished by a relatively high abundance of Hsp27, Hsp40, Hsp70-8,
Dj1, sod1, mylc1f and μ-calpain.

The relative abundance of GB and TB muscle biomarkers was close, except for the Hsp20, which
was lower in the TB muscle than in the GB muscle.
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Table 3. Relative abundance of each biomarker in the five muscles.

Biomarkers ST SM GB TB VL SEM p

Hsp20 95 a 150 b 152 b 99 a 68 a 7.7 <0.001
Hsp27 101 ab 129 c 118 bc 111 bc 86 a 3.5 <0.001
Hsp40 118 b 162 c 112 ab 117 b 99 a 4.0 <0.001

Hsp70-8 105 a 141 bc 123 ab 129 abc 156 c 4.9 =0.012
Hsp70-1b 85 a 188 c 155 bc 146 b 81 a 8.5 <0.001

GRP75 119 a 153 b 147 b 155 b 122 a 4.0 =0.002
αB-crystalin 147 a 195 a 211 a 153 a 156 a 10.3 =0.179

Dj1 95 a 125 c 110 abc 114 bc 101 ab 2.8 =0.004
PRDX6 97 a 110 a 110 a 110 a 115 a 2.7 =0.293
SOD1 79 ab 95 a 68 b 62 b 58 b 3.7 =0.008

MyBP-H 102 a 128 b 140 b 144 b 101 a 3.8 <0.001
Mylc-1f 78 ab 109 c 74 a 89 b 47 d 3.6 <0.001

MyHCIIx 27 a 33 a 28 a 29 a 45 b 1.3 <0.001
ENO3 103 a 134 b 121 b 133 b 83 c 3.5 <0.001
h2afx 137 a 173 b 127 a 139 a 226 c 6.4 <0.001
PGM1 121 a 165 b 132 a 132 a 306 c 10.8 <0.001
TP53 106 a 142 b 94 a 104 a 153 b 4.2 <0.001
α-actin 82 a 89 a 92 a 96 a 99 a 2.7 =0.323

m-calpain 106 a 139 b 120 ab 126 ab 214 c 6.8 =0.003
μ-calpain 123 a 175 b 136 a 118 a 134 a 5.3 <0.001

3.2. Links between Biomarkers and Tenderness Intra Muscles

When considering the tenderness of 1 muscle with associated biomarkers in the same muscle,
Pearson correlations make it possible to highlight the following significant correlations (Figure 3):

• in the ST muscle, sensorial tenderness was negatively linked to Hsp40, Hsp27, pgm1
• in the SM muscle, sensorial tenderness was negatively linked only to mylc1f
• in the VL, GB and TB muscles, the sensorial tenderness was not significantly correlated with the

abundance of any biomarkers (Figure 3).

Figure 3. Significant correlations between tenderness/shear force of each muscle (represented by the blue
disks) and the abundance of muscular biomarkers of the concerned muscle (represented by the orange
rectangles). Red values correspond to negative correlations and green ones to negative correlations.

When considering the correlations between shear force and protein biomarkers in the same muscle,
Pearson correlations make it possible to highlight the following significant correlations:
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• in the GB muscle, shear force was positively linked to prdx6
• in the TB muscle, shear force was negatively linked to prdx6 and mylc1f, and positively to Hsp27;
• in the other three muscles, the shear force was not significantly correlated with the abundance of

an analyzed biomarker.

3.3. Links between Biomarkers and Tenderness among Muscles

When considering the correlation that appeared between the tenderness of one muscle and the
biomarker abundance of the 4 other muscles, the highest number of significant correlations were
observed for VL and SM tenderness with biomarkers measured in GB and TB muscles (Figure 4).

For biomarkers measured in GB muscle, the coefficient of correlation with VL tenderness were
high particularly for h2afx (+0.85), m-calpain (+0.83), μ-calpain (+0.80), Hsp40 (+0.76), Hsp70-8 (+0.65)
and for m-calpain (+0.77) and μ-calpain (+0.86), Hsp70-8 (+0.71) with SM tenderness.

For the biomarkers measured in TB muscle, high correlations were observed with VL tenderness
for Hsp70-8 (+0.91), m-and μ- calpains (+0.77), as observed with biomarkers measured in GB muscle.
For tenderness of SM muscle, high correlations were found with m- and μ-calpains (+0.89 and +0.71,
respectively), Hsp70-8 (+0.63) as observed with VL tenderness, and with α-B crystalin (+0.63).

The tenderness of these two muscles VL and SM was especially correlated with biomarkers of GB
and TB muscles.

Among these correlations, it might be noted that among biomarkers, μ-calpain, m-calpain,
Hsp70-1a, Hsp70-8, tp53, pgm1 and mybph are always positively linked with tenderness, as opposed
to MyhcIIx and Hsp40, which can be either positively or negatively linked to meat tenderness.
Some biomarkers appeared to be more frequently correlated with tenderness: m-calpain, μ-calpain
and Hsp70-8. These three biomarkers, evaluated in the TB and GB muscles, might be considered
interesting biomarkers to predict meat tenderness.

Some coefficients of correlations were observed between biomarkers from TB muscle and
tenderness of ST, SM and VL muscles (positively). However, biomarkers from TB muscles are mostly
correlated with ST and TB shear force (negatively). It should be noted that many correlations can be
observed with the tenderness of ST: dj1 (the highest; +0.76), MyhcIIx (in accordance with previous
results in this muscle; +0.64), pgm1 (+0.58) and a-actin (+0.59) (Figure 4).

Many correlations were noted between the proteins measured in SM muscle and GB tenderness,
whereas for the other muscles, only a few correlations were significant. The highest number of
correlations measured in ST muscle was observed for the tenderness of GB muscle (Figure 4).

With regard to shear force, the muscle that is the most correlated with biomarkers is the ST muscle,
the shear force of this muscle being especially correlated with biomarkers from VL, TB and GB muscles
(Figure 5). The biomarkers that are significantly correlated with shear force are quite different from
those found for muscle tenderness even if shear force and tenderness are significantly correlated in ST
and VL muscles.

The details of the correlations obtained between the either tenderness of shear force of each of the
five muscles and the 20 biomarkers of each muscle have been annexed in Figure 5.
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3.4. Selection of Biomarkers the Most Predictive of Tenderness

To predict tenderness, the ddsPLS multi-block approach was used for five blocks of covariates
Xt , t = 1, . . . , 5 (each one corresponding to the pool of 20 biomarkers for each of the 5 muscles) and
for one block of response variables Y (corresponding to the five tenderness scores, one score for each
muscle). Note that in the model, we entered a 6th block, X6, consisting of performance variables
(age/weight). The covariates of X6 were never selected in tenderness prediction, indicating that the
protocol is well balanced, and that the variability of the tenderness is explained neither by weight or
by age, nor by the combination of those factors.

Among all the proposed models, we selected the one that minimizes the MSEP (see Figure 6).
Thus, the model with L0 = 8 and R = 2 was selected.

Figure 6. Evolution of the mean square error in prediction for each tenderness muscle and for the
average tenderness depending on the maximum number of biomarkers selected in the model. In the
present figure, the maximum is fixed at 30 biomarkers out of 100, i.e., 5 time 20 biomarkers.

For the three muscles GB, ST and TB, the model indicated that the best way to predict tenderness
is to predict the average value of the corresponding tenderness (i.e., the predicted values are equal
to a constant, since there is no link with biomarkers). Hence, for these three muscles, we observe a
horizontal alignment of the predicted values of tenderness, as shown in Figure 7.

Figure 7. Evolution of predicted tenderness according to observed tenderness in each muscle.

For VL and SM muscles, the seven biomarkers that were selected by the model to predict global
tenderness were derived from two different muscles: GB and TB. However, none of the selected
biomarkers came from the muscle for which tenderness was predicted (Table 4). Among these seven
biomarkers, two are derived from both GB muscle and TB muscle, leading to the number of distinct
biomarkers solicited in the model being five.
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Table 4. Biomarkers selected of tenderness prediction.

Muscle in Which Biomarkers
Were Measured

Biomarkers Selected for the Prediction of Tenderness

SM VL

GB

μ-calpain (+)
m-calpain (+)

h2afx (−)
Hsp40 (−)

μ-calpain (+)
m-calpain (+)

h2afx (+)
Hsp40 (+)

SM - -

ST - -

TB
μ-calpain (−)
m-calpain (+)
Hsp70-8 (−)

μ-calpain (+)
m-calpain (+)
Hsp70-8 (+)

VL - -

R2 0.95 0.94

The seven selected biomarkers measured in GB or TB muscles were the same for VL tenderness
prediction and for SM tenderness prediction. These proteins belong to the heat shock protein family
(Hsp40 and Hsp70-8) or were associated with the proteolysis (m-calpain and μ-calpain) and to the
cellular response to DNA damage during oxidative stress (h2afx). Among the biomarkers selected in
the model, two were selected in both the GB and the TB muscles: μ-calpain and m-calpain. The three
other biomarkers are not the same; the model selected the h2afx and Hsp40 from the GB muscle and
the Hsp70-8 from the TB muscle.

It is interesting to note that three biomarkers (see Figure 8) enter with a positive impact on SM and
VL tenderness prediction: μ-calpain and m-calpain of the GB muscle and m-calpain of the TB muscle.
Whereas the other biomarkers are associated with tenderness prediction either positively (in the VL
muscle) or negatively (in the SM muscle), depending on the muscle in which it was measured: h2afx
and Hsp40 of the GB muscle, Hsp70-8 of the TB muscle.

Figure 8. Coefficients associated with each biomarker in tenderness prediction models (representing
the relative importance of each selected biomarker).
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Thus, the contribution of biomarkers in the prediction of tenderness seems to be modulated
according to the muscle.

The same analysis was performed by replacing the tenderness score with the shear force value.
It appears that none of the shear force values were correctly predicted by the muscular biomarkers,
regardless of the origin of the biomarkers. The model explained no more than 20% of the shear force,
except for the TB muscle, where 75% of the shear force could be explained by 2 proteins: the eno3
coming from the GB muscle, and the mylc1f coming from the TB muscle. However, due to the poor
quality of the model, it was difficult to draw conclusions on the relevance of these two biomarkers in a
definitive way.

4. Discussion

To complete the approach presented here, several models were evaluated for various values of
the parameters L0 and R; the corresponding results are not provided here. One can observe that these
models show good stability. More precisely, if we focused in the present paper on the case L0 = 8
and R = 2, which makes it possible to minimize the mean of MSEP, we also studied cases where
L0 ∈ {4, 5, 6, 7, 8, 9} (corresponding to the flat area of the MSEP curves in Figure 6). It appears that the
biomarkers selected for L0 = 4 are successively supplemented with 1, 2, 3 (and so on) biomarkers when
selecting a maximum of 5, 6, 7 (and so on) biomarkers. Moreover, we also tried to explore the models
based on a multi-block model with a block of response variables Y built only with the VL and SM
tenderness, instead of the tenderness scores of the five muscles. The corresponding models selected
the same biomarkers as previously indicated, and returned R2 values close to the values indicated
in Figure 7. These different elements confirm the interest and relevance of the method, accurately
predicting meat tenderness. The use of a multi-block model here (based on a linear relationship) allows
us to highlight significant links between the tenderness and the abundance of certain biomarkers,
even if they were not significantly correlated with tenderness. It is not inconsistent that the combination
of several markers (individually little correlated with tenderness) can provide a relevant prediction
of tenderness. It can also be noted that several biomarkers, significantly correlated with muscle
tenderness, were not selected in the predictive models; this was certainly due to there being redundant
information among different biomarkers. The two approaches, correlations and predictions, are thus
fully complementary for resulting in relevant conclusions.

The highest number of significant correlations was observed for tenderness of VL and SM
muscles with biomarkers measured in GB and TB muscles, mainly for VL tenderness with 12 proteins
significantly correlated with tenderness, and 13 in SM muscle. Some coefficients of correlation were
high both with SM and VL tenderness: for Hsp70-8, m-calpain and μ-calpain measured in GB and TB
muscles. High correlations were found with VL tenderness for h2afx, and Hsp40 measured in GB and
TB muscles. These proteins are the same that retained in the equations of prediction of the tenderness
of these two muscles with the protein measured in GB muscle. Globally, the highest coefficients were
found for VL and SM tenderness for most of the correlations: Hsp20, Hsp40, Hsp70-8, prdx6, dj1,
MyBP-H, MyhcIIX, eno3, h2afx, pgm1, m- and μ-calpain. This suggests an important contribution of
these proteins in the tenderness of these muscles.

Two models made it possible to predict the tenderness of a muscle (SM and VL) by the biomarkers
of two other muscles of the carcasses (GB and TB). The selected proteins are the same in both predicted
muscles, which testifies to the importance of these proteins in tenderness construction. Nevertheless,
the coefficients associated with certain biomarkers highlight a different hierarchy in the selected
biomarkers. Moreover, it might be noted that some coefficients might be reversed from one muscle to
another. The fact that tenderness can be predicted only in the two muscles VL and SM can be explained
by the fact that these two muscles are very different from the other three in terms of abundances of the
analyzed proteins. The two muscles VL and SM are opposite for some proteins such as mylc1f and
Hsp40, with the highest abundances being found in SM and the lowest in VL muscle. The abundances
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of m-calpain and μ-calpain are particular to these two muscles, in comparison to the three others, as
m-calpain abundance was the highest in VL and μ-calpain abundance was the highest in SM muscle.

Both correlation and prediction analysis highlighted five proteins among the 20 putatively
analyzed as interesting candidate biomarkers of tenderness: m-calpain, μ-calpain, Hsp40, Hsp70-8
and h2afx.

Among the selected biomarkers, the abundance of the m-calpain measured in GB and TB muscles
enters the model with a positive coefficient in the prediction of the tenderness of the two muscles
(VL and SM) and with a high effect. That highlights a major role of this protein in tenderness independent
of the type of muscle. Meanwhile, the role of μ-calpain seems to be more muscle type-dependent.

Calpains (CAPN) are a large family of intracellular Ca2+-dependent cysteine-neutral proteases.
The CAPN system is one of the endogenous proteolysis systems, and it plays a major role in meat
tenderization [23]. Calpain’s actions are mainly due to having two major isoforms: μ-calpain and
m-calpain. These two isoforms require different amounts of calcium in vitro, and their names suggest
that they help promote the microscopic and milli-molar concentrations of intracellular Ca2+ [24]. Among
CAPN enzymes responsible for meat tenderization, μ-calpain, which is encoded by the CAPN1 gene,
plays a predominant role [25]. As far as we know, calpains can cleave limited myofibrillar proteins such
as titin, desmin and vinculin, and contribute to the improvement of tenderness, whereas, high levels of
calpastatin are related to decreased proteolysis and increased meat toughness [26,27]. Furthermore, both
proteases were found to interact with several proteins belonging to different pathways: homeostasis,
structure, glucose metabolism, heat stress, mitochondria, apoptosis. The different implication of
calpains in meat tenderness observed in the present study could be explained by a different role of each
calpain in tenderization. In accordance with this hypothesis, it was shown in lamb m. Biceps femoris
that the autolysis of μ-calpain and loss of most of the activity occur within 7 days post-mortem whereas
m-calpain activity did not decrease up to 56 days post-mortem. Moreover, very little post-mortem
proteolysis is observed in the muscles of μ-calpain knockout mice suggesting its predominant effect on
catalysis of proteins during postmortem aging.

Thus, we confirm that these proteases might be considered good biomarkers of beef tenderness,
as already shown in the literature [16,28,29]. Moreover, we also confirmed, as previously shown by
Guillemin et al. [16], that the contribution of proteolysis to tenderness might be different from one
muscle to another. Indeed, these authors indicated that, in the LT muscle, m-calpain and μ-calpain are
positively correlated with tenderness, whereas, in the ST muscle, tenderness appears to be positively
correlated with μ-calpain, but negatively with m-calpain. These authors indicated that the inverse
relation between tenderness and μ-calpain from one muscle to another is coherent with the inverse
correlation between contractile and metabolic proteins and tenderness in ST and LT, and thus that
muscular particularities might determine calpain contribution to tenderness. Thus, our results seem
to confirm this hypothesis to the extent that the contribution of μ-calpain of TB in the construction
of tenderness is positive in the VL and negative in the SM. Some studies analyzing a suppression of
μ-calpain expression showed an increase in cell death through an activation of apoptotic caspases and
an increase in Hsp27, Hsp70, and Hsp90 expressions. These data illustrate a link between the different
biomarkers involved in tenderness prediction.

Heat Shock Proteins preserve cellular proteins against denaturation and possible loss of
function [30]. A large set of Hsp have been associated with meat tenderness. For example,
Guillemin et al. [28] proposed the ratio of Hsp70/small Hsps as a good predictor of muscle tenderness
in charolais young bulls. The results of Bernard et al. [31], on the same cattle, found Hsp40 (DNAJA1
gene) to be a positive marker of beef toughness in ST muscle. Hsp40s represent a large protein family
that functions as a co-chaperone protein of Hsp70. These two families, Hsp70 and Hsp40, are often
co-localized in the same subcellular compartment. Hsp40s function as ATP-independent chaperones
that bind non-native polypeptides and protect cells from stress by preventing protein aggregation.
The major function of Hsp40 proteins is to regulate ATP-dependent polypeptide binding by Hsp70
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protein. Among the Hsp70 family, the Hsp70-8 is known to slow down the process of cellular death
and to protect tissues against oxidative stress.

According to Picard et al. [29], there is an inverse relationship between tenderness and proteins
from the small Hsp family according to muscle type and breed. It is thus not astonishing that the
influence of these proteins on tenderness might be reversed when considering two different muscles
such as SM and VL. In accordance with these authors, the results of Guillemin et al. [32] showed
different relationships between proteins of the interactome of tenderness and tenderness in two different
muscles such as ST and LT. The results of the present study confirm these observations.

The last protein involved in the prediction of VL and SM tenderness in the present study was
h2afx. H2afx belongs to the histone h2a family involved in the cellular response to DNA damage,
notably during oxidative stress [33]. It has recently been shown that h2ax specifically controls the
recruitment of DNA repair proteins to the sites of DNA damage [34]. In eukaryotic cells, one of the first
cellular response is the phosphorylation of h2afx within 1 to 3 min after damage. The number of H2AX
phosphorylated molecules, γ-h2ax, increases linearly with the severity of the damage and is necessary
for the recruitment of other factors to the sites of DNA damage [35]. During stresses, h2afx recruits
metabolism enzymes to activate energy generation, enhance protein synthesis, and recruit anti-stress
proteins as hspa1a to protect cells from degradation. H2afx was proposed as a potential biomarker of
beef tenderness by Guillemin et al. [16], who showed that three proteins, h2afx, sumo4 and tp53, were
situated at the crossroads between groups of proteins involved in tenderness, as metabolism, structure,
cellular stress, oxidative stress, apoptosis, and calcium signaling proteins. As h2afx modulates different
pathways and ensure genome integrity [36], it could have a crucial role in meat tenderness, which is
confirmed by the results of the present study. However, why its abundance only as measured in GB
muscle is explicative of tenderness of SM and VL muscles, and why the relationships with tenderness
are inverted in these two muscles, remain to be understood.

In conclusion, this study made it possible to propose an original statistical methodology well
adapted to this type of multi-block data set with several covariates (biomarkers) larger than the number
n of individuals (carcasses). Moreover, seven proteins could be proposed as candidate biomarkers of
tenderness, but the understanding of the biological mechanisms involved according to the muscle
considered, remain to be deeply analyzed.
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Abstract: This trial aimed to integrate metadata that spread over farm-to-fork continuum of 110
Protected Designation of Origin (PDO)Maine-Anjou cows and combine two statistical approaches
that are chemometrics and supervised learning; to identify the potential predictors of beef tenderness
analyzed using the instrumental Warner-Bratzler Shear force (WBSF). Accordingly, 60 variables
including WBSF and belonging to 4 levels of the continuum that are farm-slaughterhouse-muscle-meat
were analyzed by Partial Least Squares (PLS) and three decision tree methods (C&RT: classification
and regression tree; QUEST: quick, unbiased, efficient regression tree and CHAID: Chi-squared
Automatic Interaction Detection) to select the driving factors of beef tenderness and propose predictive
decision tools. The former method retained 24 variables from 59 to explain 75% of WBSF. Among the
24 variables, six were from farm level, four from slaughterhouse level, 11 were from muscle level
which are mostly protein biomarkers, and three were from meat level. The decision trees applied on
the variables retained by the PLS model, allowed identifying three WBSF classes (Tender (WBSF ≤
40 N/cm2), Medium (40 N/cm2 <WBSF < 45 N/cm2), and Tough (WBSF ≥ 45 N/cm2)) using CHAID
as the best decision tree method. The resultant model yielded an overall predictive accuracy of 69.4%
by five splitting variables (total collagen, μ-calpain, fiber area, age of weaning and ultimate pH).
Therefore, two decision model rules allow achieving tender meat on PDO Maine-Anjou cows: (i) IF
(total collagen < 3.6 μg OH-proline/mg) AND (μ-calpain ≥ 169 arbitrary units (AU)) AND (ultimate
pH < 5.55) THEN meat was very tender (mean WBSF values = 36.2 N/cm2, n = 12); or (ii) IF (total
collagen < 3.6 μg OH-proline/mg) AND (μ-calpain < 169 AU) AND (age of weaning < 7.75 months)
AND (fiber area < 3100 μm2) THEN meat was tender (mean WBSF values = 39.4 N/cm2, n = 30).

Keywords: beef tenderness; machine learning; farm-to-fork; carcass; rearing practices; decision
trees; cows

1. Introduction

Among the eating qualities of meat, tenderness is often reported as one of the main drivers of beef
palatability that dictates the overall liking of cooked meat or to make (re)purchasing decision [1–3].
However, it has been reviewed that for consumer confidence, there is need to guarantee consistent and
high eating quality of meat [4]. From the large literature, there is a consensus that this is a challenging
task to achieve consistent eating quality as meat is biochemically dynamic and susceptible to variation.
Indeed, variations in beef tenderness stems from a wide range of factors which are intrinsic and
extrinsic and measurable from the farm-to-fork continuum levels [5–8]. The modern beef industry
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seeks new strategies using the whole or part of these factors to develop management and predictive
tools. These tools would provide products of consistent quality that meet consumer expectations,
paying specific attention to sensory traits. Accordingly, we recently proposed a holistic approach that
considers 4 levels of the farm-to-fork live period of the animals (farm level: rearing factors and animal
characteristics, slaughterhouse level: carcass characteristics, muscle level: muscle characteristics and
protein biomarkers, meat level: meat quality traits) to sufficiently characterize the driving factors in
relation to different desirable qualities of meat, namely tenderness [8,9].

Therefore, we intend to use metadata that spread over this continuum, to identify how carcass
and beef qualities can be jointly managed using rearing practices applied during the whole life of
the animals or by a combination of proxies that belong to the other levels of the continuum [8]. To
achieve this challenging objective, we proposed to implement various statistical strategies to analyze
this metadata by defining three main purposes: (i) apply/develop appropriate statistical tools to relate
accurately the different elements of the continuum; (ii) determine the most appropriate methods of
rearing practices to meet the expectations of the slaughterers; and (iii) provide breeders/slaughterers
with decision tools (predictive) for joint management of carcass and meat quality potential [10]. Hence,
partial least squares regression (PLS) and decision trees were applied in this work to achieve the fixed
objectives on PDO Maine-Anjou cull cows. Overall, the combined statistical techniques used in this
trial showed the possibility to propose recommendations that would help make decisions about how
joint management of the qualities of carcasses and their produced beef will help reach the targeted
market specifications.

2. Materials and Methods

2.1. Experimental Design and Animal Characteristics and Rearing Factors

In this trial, we used the data of the same 110 PDO Maine-Anjou cows from previous experimental
designs that are described in details by Gagaoua et al. [11] and Couvreur et al. [12]. The investigated
cows are from a cooperative of livestock farmers located in the department of Maine-et-Loire, France.
All the animals were collected and slaughtered following the same protocol and in the same commercial
slaughterhouse (Elivia, Lion d’Angers, France). This collaboration allowed us collecting information
on animals such the feeding regimen during the whole life of the animal as well as the day before
slaughter, conditions of transport to the slaughterhouse and duration, conditions of resting period
after arrival at the abattoir, conditions of resting with free access to water but food deprived, stunning
procedure, as well the conditions of chilling and storing of the carcasses.

The rearing practices of each animal were obtained by a survey carried out by directly interviewing
farmers and described in detail by Couvreur et al. [12]. The survey included 16 quantitative and
qualitative questions (Table 1) subdivided into two categories:

(i) Questions related to 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)

(ii) Questions related to animal characteristics: animals with beef or dairy-ability; birth month/season;
birth weight (kg); age at weaning (month); duration of the period between the last weaning and
the beginning of the finishing period (days); age of first calving; number of calving; suckling
value (0–10) and age at slaughter.
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Table 1. Average values and variations of the data from the farm level describing the 16 variables of
animal characteristics and finishing period 1.

Variables n Mean SD Min Max

Birth weight (kg) 100 49.9 4.91 38 66
Month of birth (1–12) 110 - - 1 12

Genetic type (0: Beef or 1: Dairy) 110 - - 0 1
Age of weaning (month) 107 7.2 1.07 5 11

Weaning duration 2 110 8.7 9.41 0 36
Age at first calving (month) 110 32.4 4.09 18 43

Number of calving 110 3 2.05 1 9
Suckling score (0–10) 103 5.9 1.36 3 9

Fattening duration (day) 110 98.6 29.96 37 203
Haylage diet (%) 110 27.8 36.98 0 100

Hay diet (%) 110 48.2 37.39 0 100
Grass diet (%) 110 24 32.1 0 100

Daily concentrate diet (kg) 110 7.7 2.13 2 13
Global concentrate diet (kg) 110 738 244 178 1330

Activity (%) 110 54 46.21 0 100
Age at slaughter (month) 110 67.5 24.79 34 120

1 These data were obtained for each individual cow following the survey described in the questionnaire conducted
by Couvreur et al. [12] including information about the finishing period and animal characteristics. 2 Represent the
period between the last weaning and the beginning of the fattening period (days).

2.2. Slaughtering, Carcass Characteristics and Muscle Sampling

All the cows were slaughtered using captive bolt pistol prior to exsanguination. They were dressed
following the standard commercial practices in compliance with the French welfare and EU regulations
(Council Regulation (EC) No. 1099/2009). The carcasses were not electrically stimulated. We chilled the
carcasses during 24 h p-m (post mortem) at 2–3 ◦C. After slaughter, the carcasses were characterized
and graded using the European beef grading system (CE 1249/2008). A total of 8 carcass characteristics
(Table 2) were recorded: the carcass weight (kg), conformation score (1–15 scale), weight of the 5th
ribeye, muscle carcass weight (g) of the 5th rib, fat carcass weight (g) of the 5th rib, fat-to-muscle ratio in
the 5th rib (% w/w), color score of the carcass (1–5 scale) and tenderness score of the carcass (1–5 scale).

Table 2. Average values and variations of the data from the slaughterhouse level describing the eight
carcass characteristics.

Variables n Mean SD Min Max

Carcass weight (kg) 110 438.2 36.09 380 553
Conformation score (1–15 scale) 1 107 7.8 0.82 6 10

5th rib weight (g) 110 3079 638 1793 5640
Muscle carcass weight (g) 2 110 1882 403 1145 3478

Fat carcass weight (g) 2 110 582 190 216 1338
Fat-to-muscle ratio in the 5th rib (% w/w) 110 31.3 10.17 16 85

Color score of the carcass (1–5) 3 105 2.9 0.38 2 4
Tenderness score of the carcass (1–5) 4 105 3.4 0.65 2 5

1 EUROP classification grid for carcass conformation scores from P− = 1 to E+ = 15. 2 Muscle and fat carcass weights
were estimated after dissection of the 5th rib as Gagaoua et al. [7]. The equations used are described in detail in
the study by Couvreur et al. [12]. 3 Visual score assessing meat color from 1–5 was evaluated by the same experts
familiar with the EUROP grid according to the PDO Maine-Anjou agreement. 4 Palpation of the 5th rib allowed
determining on 1–5 scale the tenderness potential of the steaks.

The Longissimus thoracis (LT, mixed fast oxido-glycolytic) muscle samples were removed from the
right-hand side of each animal carcass 24 h p-m from as detailed in Gagaoua et al. [11]. Briefly, from
the four parts that were taken, one was frozen in liquid nitrogen and kept at −80 ◦C until analyzed
for muscle biochemistry by the quantification of fiber area, the percentages of myosin heavy chains
isoforms (MyHC), the activities of metabolic enzymes describing both the glycolytic and oxidative
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pathways, biomarkers of beef tenderness quantified by the immunobased Dot-Blot technique. The
second part was cut into pieces of 1–2 cm cross-section, vacuum packed and stored at −20 ◦C until
analyzed for intramuscular fat content and intramuscular connective tissue. The third part was used
to evaluate meat color coordinates and ultimate pH. The fourth part was cut into 20 mm thick steaks
and vacuum packed in sealed plastic bags for 14 days ageing at 4 ◦C. For these aged meat samples, the
steaks were frozen and stored at −20 ◦C until shear force measurements of tenderness.

2.3. Muscle Characteristics Determination

There were 30 muscle characteristics quantified from the muscle level (Table 3). The parameters
corresponded to myosin fibers describing the contractile properties, oxidative and glycolytic metabolic
enzyme activities to define the metabolic properties of the muscles; intramuscular connective tissue
properties by collagen contents and beef tenderness protein biomarkers by their abundance [6,11].

Table 3. Average values and variations of the data from the muscle level describing the 30 quantified
characteristics in Longissimus thoracis muscle including protein biomarkers for the 110 cows.

Variables Mean SD Min Max

a. Contractile properties by myosin fibers characterization

Fiber area. μm2 2906 646 1762 5203
MyHC-I, % 31.2 7.37 15.22 69

MyHC-IIa, % 56.6 12.78 23.76 84.78
MyHC-IIx/b, % 12.2 14.03 0 53.91

b. Metabolic properties by metabolic enzyme activities

LDH (μmol·min−1·g−1) 1.05 0.33 0.31 2.26
ICDH (μmol·min−1·g−1) 703 109 491 939

c. Intramuscular connective tissue properties

Total collagen μg OH-prol·mg−1 DM 3.1 0.42 2.08 4.06
Insoluble collagen μg OH-prol·mg−1 DM 2.4 0.33 1.61 3.26

Soluble collagen % 20.8 2.94 14.85 26.58

d. Protein biomarkers quantified by Dot-Blot (in arbitrary units)

Heat shock proteins
CRYAB 226.4 83.96 59.04 576.89
Hsp20 164.8 45.45 59.84 306.74
Hsp27 79.7 19.83 36.88 134.56
Hsp40 130.5 20.97 96.09 280.56

Hsp70-1A 111.4 24.81 61.29 180.36
Hsp70-1B 120.1 26.16 70.38 187.36
Hsp70-8 184.5 49.43 50.12 432.19

Hsp70-Grp75 144.5 30.5 87.12 213.24
Metabolism

Enolase 3 (ENO3) 144.3 36.22 78.74 258.12
Phosphoglucomutase 1 (PGM1) 101 27.26 46.88 254.36

Structure
α-Actin 122.7 40.37 56.99 266.14

Myosin binding protein H (MyBP-H) 90.2 27.49 42.05 184.32
Myosin light chain 1F (MyLC-1F) 63.8 12.91 33.23 91.06

Mysoin heavy chain IIx (MyHC-IIx) 124.9 18.55 80.91 182.28
Oxidative stress

Superoxide dismutase [Cu-Zn] (SOD1) 101.5 37.92 23.95 167.44
Peroxiredoxin 6 (PRDX6) 106.2 17.41 73.78 163.74
Protein deglycase (DJ1) 90.6 13.9 58.12 146.92

Proteolysis
μ-calpain 151.7 38.24 75.28 281.08
m-calpain 96.1 12.62 64.69 124.75

Apoptosis and signaling
Tumor protein p53 (TP53) 118.3 22.31 78.36 175.78

H2A Histone Family Member X (H2AFX) 98.7 19.01 58.72 153.83
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For metabolic muscle type, we measured the activities of isocitrate dehydrogenase (ICDH; EC
1.1.1.42) and lactate dehydrogenase (LDH; EC 1.1.1.27) [13]. Both enzymes are representative of main
steps of the oxidative and glycolytic pathways, respectively and are routinely used to determine the
metabolic types of beef muscles [14].

The contractile properties were determined by the determination of the percentages of myosin
heavy chains (MyHC) isoforms using an adequate mini-gel electrophoresis protocol [15]. Controls of
bovine muscle containing 3 (MyHC-I, IIa and IIx) or 4 (MyHC-I, IIa, IIx and IIb) muscle fibers were
run at the extremities of each gel [16]. Thus, 3 isoforms of MyHC isoforms were quantified. The
quantification of the bands revealed no existence of MyHC-IIb isoform in PDO Maine-Anjou breed,
therefore only MyHC-I, IIa and IIx isoforms are reported.

The muscle mean cross sectional fiber area for all the animals was determined on 10-μm thick
sections cut perpendicular to the muscle fibers with a cryotome [13]. Between 100 and 200 fibers in
each of the two different locations in the muscle were used to determine the mean fiber area (in μm2)
by computerized image-analysis.

For total, insoluble collagen and percentage of soluble collagen, we used the frozen muscle. First,
it was homogenized in a household cutter, freeze-dried for a period of 48 h before pulverization in a
horizontal blade mill. Afterward, it was stored at +4◦C in stopper plastic flasks until analyses. For
total collagen and following our previously described protocol, about 250 mg of muscle powder were
weighed and acid hydrolysed with 10 mL of 6 N HCl overnight at 110 ◦C in a screw-capped glass
tube. The acid hydrolysate was diluted 5 times in 6 N HCl and the subsequent procedure used was
as Dubost et al. [17]. For soluble/insoluble collagen, muscle powder was solubilised and hydrolysed
according to the same method as for total collagen. For total and insoluble collagen, each sample was
weighed and measured in duplicate and data were expressed in mg of hydroxyproline per g of dry
matter (mg OH-Pro·g−1 DM). From the average values of these parameters and for each sample, the
solubility of collagen was calculated as their ratio as following:

Soluble collagen =
Total collagen− Insoluble collagen

Total collagen
× 100%

The relative abundances of the 21 beef tenderness biomarkers were determined as cited above using
Dot-Blot [16,18]. The quantified biomarkers belong to 6 different but interacting biological pathways:

1. heat shock proteins (αB-crystallin, Hsp20, Hsp27, Hsp40, Hsp70-1A, Hsp70-1B, Hsp70-8 and
Hsp70-Grp75);

2. metabolism (Enolase 3 (ENO3) and Phosphoglucomutase 1 (PGM1));
3. structure (α-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 (μ-calpain and m-calpain);
6. apoptosis and signaling (Tumor protein p53 (TP53) and H2A Histone (H2AFX)).
7. The conditions retained and suppliers for all primary antibodies dilutions and details of the

protocol are exactly the same of our previous work using the same data [11]. The relative protein
abundances of the biomarkers were based on the normalized volume and expressed in arbitrary
units (A.U).

2.4. Meat Quality Traits

At the meat level, 6 eating quality were evaluated (Table 4).
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Table 4. Descriptive statistics of the 6 variables from the meat level corresponding to meat quality traits
measured in Longissimus thoracis muscle.

Variables n Mean SD Min Max

Warner-Bratzler shear force (N/cm2) 110 44.6 11.21 23.55 81.49
Intramuscular fat (IMF) content (% w/w) 110 16.3 6.18 6.15 40.34

Ultimate pH (pHu) 107 5.6 0.1 5.34 6.22
Lightness (L*) 110 39.7 2.3 34.36 46.84
Redness (a*) 110 8.8 1.24 4.17 11.77

Yellowness (b*) 110 7.4 1.43 4.02 11.42

Ultimate pH (pHu) was evaluated at 24 h p-m in each muscle sample using a Hanna pH
meter (HI9025, Hanna Instruments Inc., Woonsocket, RI, USA) suitable for meat penetration. The
measurements were done by inserting a glass electrode between the 6th and 7th rib. The pH meter was
calibrated at chilling temperature using standard pH 4 and pH 7 buffers.

For surface fresh meat color determination, a portable colorimeter (Minolta CR400, Konica Minolta,
Japan) was used to measure L*, a* and b* coordinates as described by Gagaoua et al. [7].

For intramuscular fat (IMF) content, a Dionex ASE 200 Accelerated Solvent Extractor (Dionex
Corporation, Sunnyvale, CA, USA) was used. Briefly, muscle dry matter was assayed gravimetrically
after drying at 80 ◦C for 48 h. Then, total lipids were extracted by mixing 6 g of muscle powder with
chloroform-methanol according to the method of Folch et al. [19]. Each sample was measured in
triplicate and data were expressed in g per 100 g of dry matter (g/100 g DM).

For objective tenderness, Warner-Bratzler shear force (WBSF) was measured according to Lepetit
and Culioli [20] using a Warner-Bratzler shear device (Synergie200 texturometer, MTS, Eden Prairie,
MN, USA). After thawing 48 h at 4 ◦C, the steaks were placed for 4 h in a thermostated bath at 18 ◦C [12].
Then, they were cooked using an Infra Grills E (Sofraca, Athis-Mons, France) set at 300 ◦C until the
temperature at the heart of the steak reached 55 ◦C, a usual temperature in France [21]. From 3–5
test pieces (1 × 1 × 4 cm) were taken from the heart of the steak in the direction of the fibers and 3–4
repetitions per test tube were carried out. A 1 kN load cell and a 60 mm/min crosshead speed were
used (universal testing machine, MTS, Synergie 200H). The peak load (N) and energy to rupture (J) of
the muscle sample were determined.

2.5. Statistical Analyses

The data analyses were carried out following 4 main steps as described in Figure 1 using the
following statistical software: XLSTAT 2018.2 (AddinSoft, Paris, France) and SAS 9.3 (SAS Institute
INC, Cary, NC, USA). A total of 60 variables (q) at 4 levels of the continuum: (i) farm (qX = 16),
(ii) slaughterhouse (qX = 8), (iii) muscle (qX = 30) and iv) meat (qX = 5/ qY = 1) were integrated in this
trial (Tables 1–4). Smirnov-Grubb’s outlier test at a significance level of 5% was first applied for the
whole data to check any entry errors or outliers. Subsequently, Shapiro-Wilk tests were applied to
determine the normality of data distribution. Descriptive analyses for all the variables were computed
(Tables 1–4). For modeling and before Partial Least Squares (PLS) analyses on qX = 59 variables to
explain WBSF (qY = 1), the data were standardized by computing Z-scores. Z-scores are deviation of
each observation relative to the mean of each individual (cow) and amongst each rearing practice [11,22].
PROC STANDARD of SAS was used to standardize the whole data to a mean of 0 and standard
deviation of 1. This step allowed removing the effects of rearing practices and variability in the units
as well as in the scales among the different variables. It is worthwhile to note that our previous work
using the same data showed that rearing practices had no effect on tenderness assessed by trained
panelist or instrumental measure by WBSF [11,12].

156



Foods 2019, 8, 274

Figure 1. Summary of the statistical approach highlighting the four main statistical steps followed in
this study for the selection of best variables from the 59-continuum data from farm-to-meat and then
Warner-Bratzler Shear force (WBSF) prediction/categorization into different classes using 3 decision
tree algorithms to select the best method.

PLS was then used to identify how the set of explanatory variables (qX = 59) was associated to
WBSF (instrumental beef tenderness, qY = 1) and to select the main driving factors (variables) from each
level of the continuum. Briefly, this method consists of relating two data matrices X and Y to each other.
In our case, X consists of continuum data except WBSF (X-matrix, 59 variables) and Y is instrumental
tenderness measured by WBSF (Y-matrix, 1 variable). The filter method with the variable importance in
the projection (VIP) was subsequently used to select the most important variables in the model [23,24].
Thus, the variables with a VIP < 0.8 were all eliminated and the retained variables were used to
build decision trees based on the frequently used decision tree algorithms [25]: C&RT (classification
and regression tree); QUEST (quick, unbiased, efficient regression tree) and CHAID (Chi-squared
Automatic Interaction Detection). This step intends to validate the main variables allowing splitting
into three tenderness categories (Tender, Medium and Tough) the beef cuts according to their WBSF
values using the whole retained variables in the PLS model. The same criteria of accuracy, sensitivity
and specificity used by Gagaoua et al. [25] were applied in this data to choose the best decision tree
method. Therefore, the best decision tree was obtained by CHAID method. The identified tenderness
groups were further separated by variance analysis using the PROC GLM of SAS on each splitter
retained in the decision tree. Variables were considered significantly different among the tenderness
classes at the significance level of p < 0.05 using Tukey’s test.

3. Results and Discussion

The descriptive analyses of the data (mean, SD, and minimum and maximum ranges) at each level
of the continuum are given in Tables 1–4. Warner-Bratzler shear force (WBSF) is a routine instrumental
measure used as a proxy for sensory testing for meat tenderness. The WBSF values ranged from
23.55–81.49 N/cm2, with an average of 44.6 N/cm2 (SD 11.21 N/cm2). The coefficient of variation was,
therefore, 25.1%. This indicates a high variability in tenderness of the population of PDO Maine-Anjou
(Figure 2). This was reported by previous studies [26–30] and is a common result in the field of
meat texture quality. However, there is scarcity in the studies available on meat tenderness of PDO
Maine-Anjou breed rather than this database to perform any comparisons.
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Figure 2. Histogram highlighting the relative frequency for meat tenderness assessed by WBSF on the
110 PDO Maine-Anjou cows.

The best WBSF PLS model retained 24 variables to explain tenderness variability (Table 5).
From the whole 59 explanatory (independent) variables included in the PLS model, 35 had variable
importance in the projection (VIP < 0.80) and were removed based on the filter method (Figure 1). This
step improved the variation explained in the second model (R2X: from 0.17–0.31) and the powerful of
the link (R2Y: from 0.37–0.64) with the dependent variable that is WBSF. The final model explained 75%
of the variability of WBSF (Table 5). Among the 24 variables, six were from farm level (age of weaning;
grass diet, %; haylage diet, %; birth month; type of animal (meat or dairy) and physical activity at farm,
%), four from slaughterhouse level (color and tenderness scores of the carcasses; ribeye weight and
EUROP conformation score), 11 were from the muscle level and mostly they were tenderness protein
biomarkers (fiber area, μ-calpain, m-calpain, SOD1, ICDH, DJ-1, PGM1, HSP70-8, LDH, and total and
insoluble collagen) and three were from meat level (pHu, redness (a*) and yellowness (b*)). The ranks
of each of the 24 variables in the model based on their VIP are further given in Table 5.

The objective with respect to implementing decision tools is to propose a model that accurately
explains beef tenderness by learning simple decision rules inferred from the individual values of WBSF
using the retained potential predictors from Table 5. Accordingly, the best decision tree built using
the retained variables in the PLS model was that of CHAID method (Figure 3). CHAID is a recursive
partitioning based on the χ2-test, which is used to select the best split at each step [31]. Briefly, a
CHAID tree is a decision tree that is built by repeatedly splitting subsets of the space into two or
more child nodes, beginning with the first whole dataset [32]. To define the best split at any node
of decision tree, any allowable pair of categories of the independent variables is merged until there
is no statistically significant difference within the pair with respect to the target variable. CHAID
has also the peculiarity to proceed stepwise, thus being more adept at handling interactions between
explanatory variables, which are available from an examination of the tree. Then, the final nodes of the
tree identify subcategories determined by different sets of explanatory variables. The WBSF CHAID
decision tree in this trial (Figure 3A) has 4 levels and 11 nodes out of which 6 are considered as terminal
(they do not split further). From the 6 terminal nodes, the tree allowed identifying 3 different classes of
WBSF (differing in their tenderness: Tender (2 nodes), Medium (1 node) and Tough (3 nodes)) using 5
splitting variables only. The resultant model yielded an overall predictive accuracy of 69.4% compared
to the raw data of each individual observation of WBSF.
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Table 5. Best Partial Least Squares (PLS) model of Warner-Bratzler Shear force (WBSF) showing the
ranking of the 24 retained variables from the continuum data from farm-to-meat and their variable
importance in the projection (VIP) values.

Variables of the Continuum from Farm-To-Meat Data Rank VIP

Farm level: rearing factors and animal characteristics

Age of weaning, month 3 1.99
Grass diet, % 10 1.31

Haylage diet, % 14 1.12
Birth month 15 1.11

Type of animal (meat or dairy) 16 0.97
Physical activity at farm, % 24 0.84

Slaughterhouse level: carcass characteristics

Color score, 1–5 scale 5 1.8
Carcass tenderness score, 1–5 scale 21 0.9

Ribeye weight, g 20 0.94
EUROP Conformation score, 1–15 scale 23 0.87

Muscle level: protein biomarkers

Fiber area, μm2 2 2.01
SOD1, AU 4 1.94

m-calpain, AU 6 1.64
ICDH, μmol·min−1·g−1 7 1.57

Protein deglycase (DJ-1), AU 9 1.51
PGM1, AU 11 1.27

Insoluble collagen, μg OH-proline/mg DM 13 1.18
HSP70-8, AU 17 0.97
μ-calpain, AU 18 0.96

Total collagen, μg OH-proline/mg DM 19 0.96
LDH, μmol·min−1·g−1 22 0.89

Meat level: meat quality traits

pHu 1 3.29
Redness (a*) 8 1.53

Yellowness (b*) 12 1.27

From the five splitters, three were the first drivers of the PLS model (highlighted in bold character
in Table 5). The first splitter was total collagen and generated two groups. As expected, the 15 steaks
of the first node (right of decision tree) with total collagen ≥ 3.6 μg OH-proline/mg had the highest
WBSF values (mean value = 50.3 N/cm2) and considered as Tough meat [27,33]. After that, the second
group (n = 95) was clustered by μ-calpain at a threshold of 169 AU. The group on the right (n = 26)
was then separated by ultimate pH at a threshold of 5.55 into 14 medium steaks (WBSF mean value =
43.4 N/cm2) and 12 very tender steaks (WBSF mean value = 36.2 N/cm2). The group on the left (n = 69)
was separated by the age of weaning of the animals into a final tough group (WBSF ≥ 45, n = 18) and a
medium group of 51 steaks, which were then categorized by fiber area at a threshold of 3100 μm2 into
30 tender (WBSF mean value = 39.4 N/cm2) and 21 tough steaks (WBSF mean value = 48.1 N/cm2). The
mean values of WBSF among the three tenderness categories are 38.9 ± 8.1 N/cm2, 43.4 ± 6.6 N/cm2 and
49.4 ± 12.0 N/cm2 for tender, medium and tough steaks, respectively. Therefore, the CHAID decision
tree could simply and easily apply the discrimination rule based on five splitters to identify these three
tenderness categories.

159



Foods 2019, 8, 274

Figure 3. Categorization of the 110 steaks into different tenderness categories based on the decision
tree. (A) Best decision tree obtained by the Chi-squared Automatic Interaction Detection (CHAID)
method built using the list of variables retained in Table 5 to predict correctly 69.4% of WBSF values
into three tenderness categories (Red: Tough meat; Orange: Medium meat; Green: Tender meat). The
distribution of the animals in each WBSF cluster was used for accuracy measurement. At the beginning
of the decision tree, all of the data (n = 110) are concentrated at a root node located at the top of the tree.
This was then divided into two child nodes on the basis of an independent variable (1st splitter = total
collagen), that creates the best homogeneity. The cut-off value of each dividing splitter was calculated
from the data of all the subjects. Therefore, the data in each child node are more homogenous than
those in the upper parent node. This process is continued repeatedly for each child node until all of the
data in each node have the greatest possible homogeneity. This node is called a terminal node and no
more branches are possible. (B) Variance analysis on the variables retained by the CHAID decision
tree among the three WBSF (tenderness) categories that were all significant at p < 0.05 (Tukey’s test).
The mean values of WBSF among the three tenderness categories were further given at the bottom
right of the graph B. Least-square means in the same graph with different superscript letters (a–c) are
significantly different (p < 0.05).

It seems from the whole data of the continuum based on the PLS model and CHAID decision
tree that muscle characteristics (from the muscle level) namely total collagen content, μ-calpain
and fiber area, are the main potential discriminators/predictors of tenderness of PDO Maine-Anjou
(Figure 3B). Collagen is well known to be associated with the background of meat toughness [34,35]. In a
meta-analysis on the main parameters affecting collagen amount and its heat-solubility, Blanco et al. [36]
hypothesized that total collagen content is different among muscles but with high amounts at birth,
thereafter decreasing from birth to puberty as a function of muscle growth [35]. They further linked
their model to proteolysis, in line to the involvement of μ-calpain, cross-sectional area of the fibers
and age of weaning of the animal. In a recent metadata of 308 young bulls that were categorized into
three tenderness classes, total collagen was a discriminator of the built tenderness classes with a mean
value for the tough class of 3.51 μg OH-prol·mg−1 DM. These findings agree with the negative link
of collagen with tenderness evaluated by trained panelist or instrumental, as reported in numerous
studies [13,14,17,37] and reviewed by Lepetit [38,39].
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The two other variables are related to farm level (rearing practices) by age of weaning or at the
meat level by ultimate pH. Accordingly, the decision tree (Figure 3A) allowed to identify that a steak of
the PDO Maine-Anjou was considered tender (lowest WBSF: < 40N/cm2) if it matched the following
two rules:

(i) IF (total collagen < 3.6 μg OH-proline/mg) AND (μ-calpain ≥ 169 AU) AND (ultimate pH < 5.55)
THEN meat was very tender (mean WBSF values = 36.2 N/cm2, n = 12); or

(ii) IF (total collagen < 3.6 μg OH-proline/mg) AND (μ-calpain < 169 AU) AND (age of weaning
< 7.75 months) AND (fiber area < 3100 μm2) THEN meat was tender (mean WBSF values =
39.4 N/cm2, n = 30).

In addition to the predictive rules allowed by the statistical approach applied in this study, possible
biological mechanisms behind meat tenderness determinism of PDO Maine-Anjou breed are further
revealed. It seems that the final tenderness of this breed is mainly related to the extent breakdown
of structural properties in the muscle and to the background toughness related to connective tissue.
This is in agreement with the recent findings of a proteomic study based on a sub dataset of eight
PDO Maine-Anjou cows categorized into four tender (WBSF < 31 N/cm2) and 4 tough (N > 60 N/cm2)
samples [40]. In this study, the authors identified eight potential biomarkers explaining differences
in tenderness, of which six are structural proteins. The interesting links allowed by the decision tree
within pH drop presented by ultimate pH and proteolysis by the abundance of μ-calpain support these
findings. Furthermore, these are consistent with several studies from the large literature [41–44]. For
example, an earlier work by Dransfield et al. [45] reported strong relationship between glycolysis and
μ-calpain activity with a strong effect on final tenderness of meat.

The involvement of age at weaning and the cross-sectional area of the fibers in the prediction
of tenderness may be explained by two reasons. First, it is known that animal growth affect muscle
development and consequently its composition including connective tissue [46], evaluated in this
study by collagen content and solubility. Second, animal growth had important consequences on
protein turnover know to influence the final qualities of meat [47]. Indeed, previous studies have
reported significant relationships between the speed of development of the animal and therefore its
carcass composition with tenderness of cows according to age at weaning [48]. Overall, these results
allow us to propose the PLS—CHAID decision trees as an interesting tool for validation on other types
of animals and other qualities of meat for use by the farmers as well as the slaughterers in order to
classify (or predict) the potential quality of carcasses soon after slaughter.

4. Conclusions

The purpose of this trial was to investigate the usefulness of combining chemometrics and machine
learning tools to predict tenderness of PDO Maine-Anjou cows. First, we analyzed the potential of
Partial Least Squares to select the main variables (or variables of interest) from the continuum to explain
WBSF of ribeye steaks. The filter method allowed retaining 24 variables from 59 to explain WBSF
variability. Second, using the CHAID decision tree as the best algorithm method among others, the 110
steaks were categorized into three tenderness classes using five splitters: total collagen, μ-calpain, fiber
area, age of weaning and ultimate pH. Three of these potential predictors belong mainly to the muscle
level and the two last other predictors to the farm and meat levels. The original statistical approach
applied in this trial allowed us to properly group steaks for their tenderness potential using variables
of the farm-to-meat continuum data. In the future, this proposed approach would be combined
with sensory scores of tenderness (using trained panelists or consumers) to improve the prediction
power and accuracy as well the validation of the retained splitters as predictors of PDO Maine-Anjou
tenderness. Finally, the proposed tool would be further adopted for validation on other animal types
and will be proposed for use by the beef sector to accurately categorize carcasses according to their
tenderness potential. This would be beneficial at both the economic and consumer levels.
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Abstract: The beef cattle industry is facing multiple problems, from the unequal distribution of added
value to the poor matching of its product with fast-changing demand. Therefore, the aim of this
study was to examine the interactions between the main variables, evaluating the nutritional and
organoleptic properties of meat and cattle performances, including carcass properties, to assess a
new method of managing the trade-off between these four performance goals. For this purpose,
each variable evaluating the parameters of interest has been statistically modeled and based on data
collected on 30 Blonde d’Aquitaine heifers. The variables were obtained after a statistical pre-treatment
(clustering of variables) to reduce the redundancy of the 62 initial variables. The sensitivity analysis
evaluated the importance of each independent variable in the models, and a graphical approach
completed the analysis of the relationships between the variables. Then, the models were used
to generate virtual animals and study the relationships between the nutritional and organoleptic
quality. No apparent link between the nutritional and organoleptic properties of meat (r = −0.17)
was established, indicating that no important trade-off between these two qualities was needed. The
30 best and worst profiles were selected based on nutritional and organoleptic expectations set by a
group of experts from the INRA (French National Institute for Agricultural Research) and Institut de
l’Elevage (French Livestock Institute). The comparison between the two extreme profiles showed that
heavier and fatter carcasses led to low nutritional and organoleptic quality.

Keywords: trade-off; meat quality; beef performances; modeling

1. Introduction

The meat sector is facing various challenges in France, due to a current context of high quality
demand and competiveness. Indeed, consumers expect homogeneous organoleptic quality, and
more recently, consumers’ expectations in terms of healthiness and the nutritional quality of food
are increasing. The beef sector is obviously concerned, due to the lower meat consumption in the
past few years [1]. In addition, farmers and retailers are facing low margins in a competitive sector.
Therefore, to preserve the beef cattle industry in the territory, the sustainability of these main actors
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has to be enhanced by rearing more efficient animals to decrease the cost of production and provide
standardized carcasses of high quality. Despite the stakes, few studies have been carried out to tackle
the problem as a whole, describing the relation between these four parameters of interest: animal
performances, carcass properties, nutritional qualities, and organoleptic qualities. Among these studies,
a creative approach proceeding to a double dimension reduction (via a clustering of variables followed
by a principal component analysis) on a dataset made of multiple variables measuring carcass value,
fatty acid profile, and sensory tasting descriptors concluded that there is no relationship between the
nutritional and sensory quality of the meat produced by young bulls [2]. Furthermore, other studies
have highlighted some correlations (positive and negative) between these two qualities. For instance,
it has been reported that a high amount of intramuscular fat enhances the flavor, the juiciness, and the
tenderness of the meat [3,4], but reduces the proportion of polyunsaturated fatty acid (PUFA), whereas
saturated (SFA) and monounsaturated fatty acids (MUFA) proportions increase [5]. The first objective
of the present work was to integrate these four parameters of interest to analyze the relationships
between them. A second aim was to set up a method of managing the trade-off to help the beef
cattle industry design specifications that take the possible interaction between the nutritional and
organoleptic qualities of the meat into account.

2. Materials and Methods

The whole method is based on a dataset of 30 animals, which will be described further. First,
62 variables measured on those animals were pre-treated to reduce the redundancy between them
and keep the best indicators to evaluate the parameters of interest. From the output variables of
this pre-treatment, as many models as variables were created to explain each variable by the other
ones. Then, those models were evaluated with statistical tools, and the relationships that were
observed with these models were compared to the two-by-two relationships described in the literature.
After evaluating the modeling part, models were used to create a virtual population of animals to
study the relationships between the modeled variables with more accuracy. To compare the nutritional
and sensory quality of the meat, a set of importance weights was proposed to aggregate the variables
evaluating those qualities and create a synthetic index for each parameter. The correlation between both
of those indexes was calculated to study their relation. Finally, the 30 best and worst profiles (based on
an objective of balance between nutritional and organoleptic quality) were studied to compare their
main trait differences.

2.1. Data

2.1.1. Animals

Data were collected in a research project named “Lipivimus” (ANR-06-PNRA-018) investigating
the effects of several lipids sources in the animal feeding on the nutritional and organoleptic qualities
of the meat. Experimental procedures and animal-holding facilities respected French animal protection
legislation, including the licensing of experimenters. They were controlled and approved by the French
Veterinary Services (the abattoir and cattle experimental facilities license numbers were #63 345 01
and #63 345 17, respectively). A total of 30 Blonde d’Aquitaine heifers, which were homogeneous in
terms of initial age (28 ± 1.3 months), live weight (540 ± 13 kg), and body condition score (2.2 ± 0.05)
were raised during a finishing period of 100 days. Animals were assigned at random to one of the
four rations that were i) isoenergetic on a net energy basis at a level of 1.71 Mcal of net energy/kg dry
matter (DM) and ii) isonitrogenous on a metabolizable protein basis expressed in Protein Digestible
in the small Intestine (PDI) units (defined by the French National Institute for Agricultural Research,
or INRA, tables [6]). A lipid treatment (40 g/kg DM) was added to the basal diet made of molasses
straw (30%) and concentrate (70%). The control group (n = 8) received the basal diet without any lipid
source supplements, the flaxseed group (n = 8) received the basal diet added with extruded flaxseed,
the rapeseed group (n = 6) received a mixture composed of extruded flaxseed (1/3) and rapeseed (2/3),
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and the palmitostearate group (n = 8) received palmitostearate. Two of the eight initial heifers of the
rapeseed diet group are missing in the database: one for health problems was removed from the group,
and the other one had not been tasted by the panel of degustation; thus, numerous data were missing
for this animal. Average daily gain (ADG) was calculated based on the difference between the end and
the beginning weights of the fattening period. The dry matter intake was measured daily for each pen
to calculate the feed conversion ration per pen (FCR), based on a mean ADG of the animals of each pen.

2.1.2. Animal Slaughtering Process

Animals were slaughtered at the slaughterhouse of the Société Vitréenne d’Abattage (SVA) in
Vitré, France, at the mean live weight of 693 kg (± 10 kg), with a body fat score of three (± 0.1) on a scale
varying from one (very lean) to five (very fat). Overall, average daily gain was 1528 g/day (± 53 g/day) for
the 100 day-finishing period with no significant variations between diets. Slaughtering was performed
in compliance with French welfare regulations. The carcasses were not electrically stimulated, and
they were chilled and stored at 4 ◦C until 24 h post mortem. Ultimate pH was recorded between
the sixth and seventh rib using a pH meter equipped with a glass electrode at 24 h post mortem.
Cold carcass weight, fat score, and conformation were measured at slaughter based on the EUROP
grading system [7]. The fat, muscle, and bone proportions were estimated from the regression equations
base on the dissection of the sixth rib [8]. Various fat tissues (kidney fat, pelvic fat, trimming fat)
were also weighed. Professional experts from the Institut de l’Elevage scored each carcass for the
intermuscular and intramuscular fat developments of the Longissimus thoracis muscle (LT) on two
scales varying either from zero (absence of intermuscular fat) to five (strong intermuscular fat) based
on an Institut de l’Elevage grading system, or from three (no intramuscular fat visible) to 12 (high
intramuscular fat) [9], respectively. Meat color was monitored at the slaughterhouse on the LT muscle,
at the sixth rib level twice, with a visual evaluation based on an Institut de l’Elevage grade varying
from 1 (meat very light) to 4 (meat very dark) and using a portable colorimeter (CR400 MINOLTA)
and D65 as the illuminant, because it closely approximates daylight [10]. Color coordinates were
calculated in the CIELAB system [11]: L* (lightness), a* (redness) and b* (yellowness). The chroma (as
C* = (a*2 + b*2)1/2) and hue angle (h* = arctan(b*/a*)) were also calculated. Measurements were taken at
three locations on each steak and averaged.

2.1.3. Nutritional Quality Measurement

Samples of LT muscles (100−120 g) were collected one day post mortem at the level of the 9th
and 10th ribs, cut into small pieces, frozen in liquid N2, and stored at −80 ◦C. Just before analysis,
the frozen samples were mixed in liquid N2 in an analytical mill (modelM-20, IKA-Werke, Stouten,
Germany) to obtain fine powder. Muscle lipids and fatty acids were extracted and quantified as
previously described by Habeanu et al. [12]. Briefly, total lipids were extracted according to the method
of Folch et al. [13] by mixing the LT muscle powder with a 2/1 chloroform/methanol mixture (v/v) and
quantified by gravimetry. Fatty acid extraction and transmethylation into fatty acid methyl esters
(FAME) were subsequently performed according the methods of Bauchart et al. [14]. Fatty acid methyl
ester analysis was performed with gas liquid chromatography using a Peri 2100-chromatography
system (Perichrom Society, Saulx-les-Chartreux, France) fitted with a CP-Sil 88 glass capillary column
(Varian, Palo Alto, CA, USA; length = 100 m; diameter = 0.25 mm). The carrier gas was H2, and the oven
and flame ionization detector temperatures described by Scislowski et al. [15] were used. Total fatty
acid (FA) was quantified using C19:0 as an internal standard. The identification of each individual
FAME and the calculation of the response coefficients for each individual FAME were performed using
the quantitative mix C4–C24 Fame (Supelco, Bellafonte, PA, USA).

2.1.4. Organoleptic Quality Measurement

At 48 h post mortem, the Longissimus thoracis muscle samples that were used for organoleptic
evaluation were removed from carcasses (7e and 8e rib), placed in sealed plastic bags under vacuum,
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and kept at 4 ◦C without light for aging for 10 days. Then, each sample was frozen and stored at
−20 ◦C awaiting organoleptic evaluation. Samples were thawed, without stacking or overlapping, for
24 h before cooking and organoleptic assessment. Then, they were cut into mini-roasts (50-g cubes,
4 cm thick). Each mini-roast was baked (thermolyne muffle furnace, Model 6000, Bioblock Scientific,
Illkirch Graffenstaden, France) without dressing. There were heated to 310 ◦C for seven minutes, and
cut into four bites that were immediately served in another porcelain plate to 12 trained panelists.
The panelists rated the sample on a 10-cm unstructured line scale (from 0 to 100) measured in mm
for the following texture attributes: global tenderness defined as the ease of chewing the sample
between teeth: from extremely tough (0) to extremely tender (100), juiciness defined as the amount of
moisture released in the mouth: from extremely dry (0) to extremely juicy (100), and global intensity of
flavor from low intensity (0) to very high intensity (100). Height descriptors of flavor were also used,
from low intensity (0) to very high intensity (100): sweet flavor, acid flavor, bitter flavor, fatty flavor,
metallic flavor, rancid flavor, fish flavor, and blood flavor. The sessions were carried out in a 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 a maximum of 12 samples was done, with
each sample being selected in random order.

2.2. Modelization

2.2.1. Pre-Treatment of the Variables

This experiment resulted in the collection of 62 variables (described in Appendix A), which were
centered and reduced by the standard deviation. The variables were classified into one of the
four parameters of interest (i.e., animal performances, carcass properties, nutritional quality, and
organoleptic quality of meat). Then, a clustering of the variables was performed with the variables
evaluating each parameter to reduce the redundancy among the variables and only keep a small set
of indicators to evaluate those parameters. Clusters of correlated variables were formed with this
statistical tool [16], and a criteria was calculated to evaluate the cohesiveness of those clusters (the
closer the criteria was to 100%, the more correlated the variables that were gathered into each clusters
were to each other). Then, the authors decided to resume the clusters by either a linear combination
of the variables of the cluster (first component of the principal component analysis (PCA) on the
variables of the cluster) or by one of the variables from the cluster. These choices are assumed to be
subjective, but were based on the literature and the main indicators that were used to describe the
carcass traits [17], the nutritional quality [18–20], and the organoleptic quality [21].

2.2.2. Variable Relations Modeling

To study the relations between the four parameters of interest, each variable was modeled with
the set of all the variables that were evaluating another parameter of interest other than the one that
the variable was to model. To clear the notation, let’s define Mvar to denote the model built to explain
the dependent variable var.

To determine the most relevant model as possible, several types of regression models (linear model
(lm), random forest (rf), sliced inverse regression (sir), ridge regression, and partial least square
regression (plsr)) were compared using modvarsel R package [22]. The underlying methodology
used in this package is entirely computational, generating a training sample several times (n = 50),
to build models that were then evaluated with a mean square error (MSE) criteria calculated on the
corresponding test dataset sample. This package also provides a tool to measure the importance of
each independent variable in the corresponding regression model, and then select the best ones to
build the most accurate model. The quality of the model was evaluated with the adjusted coefficient
of determination (adjusted coefficient of determination (adjR2) is a R2 penalized by the number
of independent variables into the model) calculated twice: first on the training data, which were
used to build the model, and then a second time with a method developed by Harrell et al. [23]
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based on bootstrap resampling (B = 100) to evaluate without overfitting the accuracy of the model.
The combination of both methods enables estimating model overfitting.

2.2.3. Study of the Relationships Modeled

Two strategies were set up to analyze the relationships between the dependent variable and the
independent variables. As mixed parametric and non-parametric models complicate the quantification
of the importance of each independent variable in the prediction models, a common method was
used to evaluate this importance, mobilizing the decomposition of the variance [24] in the sensitivity
R package [25] by calculating a sensitivity index (Si ∈ [0, 1]). A sensitivity index was assigned to
each indicator into the model: the most influential ones were associated with a value close to one
and the less influential was assigned a value close to zero. The second strategy to analyze the model
behavior was to visualize the variations of the model predictions where all the (centered and reduced)
independent variables were set to their mean zero, except for one that was taking a range of values in
0 ± 2σ (i.e., [−2, 2] as σ = 1). This procedure was repeated as many times as the number of independent
variables of the model.

2.3. Trade-Offs Methodology

2.3.1. Aggregation of the Variable Evaluating the Parameters of Interest

Several variables were used to evaluate each parameter of interest. Therefore, to compare the
nutritional and organoleptic quality, a synthetic index was created for both. Those indexes were
calculated by a linear combination of the variables evaluating the parameters of interest weighted
by their importance. The importance weights (Table 1) were proposed by a set of experts from the
INRA (French National Institute for Agricultural Research) and Institut de l’Elevage (French Livestock
Institute) based on their knowledge and the literature. For organoleptic quality, the weights were
mainly based on the Meat Quality 4 (MQ4) [21] but for the nutritional quality, even if there are some
considerations about the studied indicators in the literature, no objective equation has been created so
far [18–20].

Table 1. Importance weights related to each variable evaluating the nutritional and organoleptic qualities.

Parameter of Interest NQ Weights Parameter of Interest OQ Weights

lipid content −0.15 tenderness +0.425
long FA +0.05 juiciness +0.150

C16:0/C18:0 ratio −0.15 flavor intensity +0.175
n-6/n-3 ratio −0.25 bitter flavor −0.025

PUFA/MUFA ratio +0.25 rancid and fish flavors −0.125
CLA 0.1 fatty vs. metal −0.050

trans FA −0.05 blood and acid flavors −0.050
Total (in absolute value) 1 Total (in absolute value) 1

CLA: conjugated linoleic acids, FA: fatty acid, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty
acid, NQ: nutritional quality, OQ: organoleptic quality.

2.3.2. Generation of Virtual Animals

Facing a low number of animals, the models of prediction were used to create virtual animals
(n = 500). The aim of this approach was to study the interactions between the parameters of interest
based on the models and not the real animals (which have only been used to create the models).
However, it was assumed that the virtual animals were built to be realistic (i.e., those animals could be
real), even if the bias of the models has to be taken into account.

The (simplified) algorithm to generate virtual animals is given in Appendix B. First, one of the
parameters of interest was chosen to set the value of its variables. Each variable could vary from −2 to
2 (0 ± 2σ) with a step of 0.1. To prevent unrealistic combinations of the variables from that chosen
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parameter of interest, simple linear regressions were computed between these variables. A confidence
interval at 95% based on those regression were decided if the combination were realistic or not. Then,
all the variables that were not in the chosen parameter of interest were estimated through the prediction
models. Since the models were dependent all together and the estimation of the variables made
successively, all the estimation were initially set to 0. The estimations of all the variables were made
several times (n = 10), with an order of the estimation randomly assigned, to converge to a stable state.

2.3.3. Statistical Analysis

After their generation, the virtual animals were aggregated following the procedure described in
Section 2.3.1. The correlation between the two synthetic indexes was computed to evaluate the link
between the nutritional and the organoleptic qualities.

The trade-offmethod consisted of picking the best animal based on its performances regarding
both of the qualities studied. To determine the best animals, a targeted point was set, and the 30 closest
animals to this point were selected. The targeted point was set at the coordinate (NQ = 2, OQ = 2)
corresponding to two standard deviations of the synthetic indexes (which means that only a few
animals would reach such performances). The same procedure was applied to select the 30 worst
animals close to the opposite targeted point (NQ = −2, OQ = −2).

Then, the best and worst selected virtual animals were analyzed. The distribution of their traits
was compared by using the Wilcoxon test (robust non-parametric test which does not need to verify
the normality assumption) on each variable.

3. Results

3.1. Pre-Treatment of the Variables

The selection of the relevant variables evaluating the parameters of interest are explained in
this section. The cluster affectation of each variable’s information and the correlation with the linear
combination of all the variables of the cluster are given in Appendix A. A clustering of variables was
performed for each parameter of interest, except for Animal Performances (APs) since the (only) three
variables evaluating this parameter were uncorrelated.

For Carcass Properties (CP), six clusters were created, which had good cohesiveness (63.7%).
Intermuscular fat score and carcass fat development were associated in the same cluster, whereas
the amount of the different fats (such as abdominal, fifth quarter, etc.) were all associated in another
cluster. Thus, intermuscular fat appears to be only weakly linked to removed fat. This distribution
of fat variables is consistent with results of Yang et al. [26], who indicated that intermuscular fat is
independent from the other fat deposits. Therefore, two linear combinations were chosen to represent
these two clusters (Table 2). Logically, the color variables of a*, b*, and C* were positively linked,
confirming the correlations already established by Mancini and Hunt [27]. The clustering of h* and L*
color variables with fat proportion might be explained by the impact of fat on muscle color perception.
Two linear combinations were also computed to represent both of these color aspects. Let us also
mention that cluster CP1 was gathering carcass weight and bone proportion (logically negatively
correlated) and pH. Since pH is an important indicator for the meat quality, it was proposed to separate
the pH from the two other variables, which were informing more on the carcass weight. Finally,
to summarize this cluster, pH and the carcass weight variables were kept as output variables of the
pre-treatment operation.

The Nutritional Quality (NQ) of the meat was evaluated by 28 variables: the lipid content and
27 fatty acid measures or the ratio/sum of them. Therefore, the decision was made to withdraw the
lipid content from the analysis (because the information of this indicator is also important to compare
with intramuscular fat, for example), and perform the clustering of variables only on the fatty acid
variables. The cohesiveness of the six clusters was higher than that for CP (around 72%). Two clusters
were not explicitly clear. The NQ3 cluster regrouped variables describing the opposition between n-3
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and n-6 fatty acids. The presence of SFA and C16:0 in this cluster could be explained by a link between
the low amount of n-3 in proportion when SFA (mainly C16:0) is high. For this cluster, it was proposed
to take the n-6/n-3 ratio, which is a strong nutritional indicator, into the ANSES recommendations [28].
The NQ4 cluster was also not clear, but on the whole, it appeared to be describing the opposition
between MUFA and PUFA. For this cluster, the linear combination of the variable was taken and
renamed as the ratio PUFA/MUFA.

Organoleptic Quality (OQ) is usually described in the literature with three main indicators:
tenderness, juiciness, and flavor. The sensory variables available in this experiment gave a larger
analysis of the flavor aspect. Therefore, the clustering of variables was performed only with these
variables. Five clusters were formed with a cohesiveness equal to 63.6%. The synthetic index that was
chosen was strongly correlated with the input variables, meaning that a small amount of information
was lost in the dimension reduction step.

Table 2. Output variables of the pre-treatment operation describing the four parameters of interest (PI).

PI Cluster Codification
Output Variables

Name/Abbreviation
Output Variables Description

Animal Performances
(AP)

- Slaughter weight Slaughter weight
- ADG Average daily gain during the finishing period
- FCR Feed conversion ratio (ADG/feed intake (DM))

Carcass properties (CP)

CP1
Carcass weight Carcass weight

pH Ultimate pH at 24 h post mortem
CP2 Conformation Carcass conformation

CP3 h*L* Aggregation of hue (h*), luminosity (L*) of carcass lean, and
expert evaluation of carcass muscle color

CP4 Fat development Aggregation of several fat tissues (in the fifth quarter, carcass
fat, etc.)

CP5 Fat proportion
Fat percentage relative to the other components of the carcass

(bone and muscle), aggregate with intermuscular and
intramuscular fat score

CP6 a*b*C* a*, b*, and chroma (C*) of carcass lean

Nutritional Quality of
meat (NQ)

- Lipid content Lipid content
NQ1 Long FA Long-chain fatty acid amount and proportion
NQ2 C16:0/C18:0 C16:0/C18:0 ratio
NQ3 n-6/n-3 n-6/n-3 ratio
NQ4 PUFA/MUFA Polyunsaturated fatty acids/Monounsaturated fatty acids ratio
NQ5 CLA Conjugated linoleic acids
NQ6 Trans FA Trans fatty acids

Organoleptic Quality
(OQ)

- Tenderness Tenderness
- Juiciness Juiciness

OQ1 Flavor intensity Flavor intensity
OQ2 Bitter flavor Bitter flavor
OQ3 Rancid fish Flavors rancid and fish flavors
OQ4 Fatty vs metal Fatty versus metallic flavors
OQ5 Blood acid flavors Blood acid flavors

ADG: average daily gain, FCR: feed conversion ration per pen.

3.2. Choice and Quality of the Prediction Models

A synthesis of the 24 models’ quality is represented in Figure 1. Random forest was chosen most
of the time (18 green intervals) before ridge regression (five red intervals) and the linear regression
(one blue interval). Regarding the accuracy of the models, the adjusted R2 (adjR2) values were higher
than 0.8 in most of the prediction models. However, some models were characterized by low or very
low adjR2 values, especially MADG, MpH, MCLA, and Mjuiciness, which denote unreliable models.

The correction of the adjusted R2 (cor_adjR2) enabled taking the overfitting of the models into
account, and thus estimating the true accuracy of the model on unknown data. For example, the
cor_adjR2 of the MFCR model was only around 0.33 when the adjR2 was higher than 0.9. Similarly,
the Ma*b*C* and Mlong FA appeared to be less accurate when considering their cor_adjR2 (0.35 and 0.38,
respectively) compared to their adjR2 (0.95 and 0.90, respectively). It is interesting to notice that the
models with high overfitting were all random forest models.
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Figure 1. Quality of the 24 prediction models based on the adjusted coefficient of determination
calculated twice, represented by vertical segments. The upper (respectively lower) limit of the interval
corresponds to the adjusted R2 (calculated on the training data) (respectively corrected adjusted
R2 estimate with a bootstrap approach [23]). The color indicates the model selected from the five
competing regression models (lm = linear model, rf = random forest, ridge, sir = slice inverse regression,
plsr = partial least square regression).

3.3. Examination of Models Behavior

Some of the 24 multivariate regression models that were built were analyzed in this section.
The aim of this analysis was to show the main relations between the variables to compare and discuss
them further with the current knowledge (Section 4.2.). All the relations are summarized in Figure 2 by
the sensitivity index (Si) of every dependent variable into each model. Only the selected variables with
the modvarsel method were used to build the model and thus have a corresponding square on the row
of the model. It would be too long to describe all the results in Figure 2 one by one, but to take an
example, the MFCR is mainly influenced by the pH (Si = 0.20), the conformation (Si = 0.20), and the CLA
(Si = 0.22). The rest of the independent variables seem to be not strongly linked to the feed efficiency.

The second method that was used to describe the models’ behavior gave complementary
information to the sensitivity indexes. The Mfat proportion seemed to be mainly influenced by the lipid
content (Si = 0.90), but the graphical approach also showed that the ADG significantly influenced the
model predictions (Figure 2a), even though the sensitivity index was low (Si = 0.05). As observed
in Figure 2a, a low growth rate was associated with a high portion of fat and a high amount of
intramuscular and intermuscular fat deposits. This example highlighted a contradiction between the
two methods, which will be discussed further (Section 4.1.).
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Figure 2. Heat map of the sensitivity index for each variable used (column) in each model (row). Green
indicates values that are higher in the sensitivity index. If there is no square, the variable was not used
in the corresponding model.

The graphical approach was also a tool to describe the shape of the variations of the prediction.
MPUFA/MUFA was quite exclusively influenced by fat proportion (Si = 0.86), even if nine other variables
were selected as predictors in model construction. However, it was only thanks to the graphical
approach that the relation appeared to be clearly negative. Combining the previous information, it was
possible to conclude that a thin carcass was characterized by a higher portion of PUFA (relatively
to MUFA) than fatter carcasses. Nevertheless, this relation seemed to not be linear in the model
(Figure 2b).

Curious variations were sometimes observed. The Mn-6/n-3 was built with seven independent
variables, including the FCR (Si = 0.20) and the fat proportion (Si = 0.42), which were the most
influential. The n-6/n-3 prediction was low for the intermediate values of FCR and fat proportions, and
higher when the variables were getting close to the edges of the values tested (Figure 2c).

MTenderness appeared to be mainly linked to the amount of fat (Si = 0.55) and the weight of the
animal (Si = 0.15) or of its carcass (Si = 0.19). The sum of all the independent variables was not exactly
equal to one. This observation was almost always true for all the model analyses, and will therefore
be discussed further (Section 4.1.). The influence of fat development was not very clear in Figure 2d.
The highest tenderness seems to be reached for intermediate fat development. The tenderness seemed
to be also very low when the animals were very fat.

Although some of the models were difficult to interpret with biological certitude, there were
models where the conclusions were simpler. For instance, the Mrancid and fish flavors value was mostly
affected by the PUFA/MUFA (Si = 0.81). In Figure 2e, it is clearly shown that after reaching a certain
proportion of PUFA (relatively to MUFA), the level of unwanted flavors dramatically increased.

Likewise, the Mflavor intensity was highly impacted by fat proportion (Si = 0.48) with a high intensity
when the measure was high (Figure 2f). Therefore, the flavor intensity was easily linked to the
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intermuscular and the intramuscular fat, which partly composed the cluster and thus the linear
combination calculated from it.

3.4. Global Relation between Nutritional and Organoleptic Quality

The Organoleptic Quality (OQ) and the Nutritional Quality (NQ) indexes of the virtual animals
(points) are displayed in Figure 3, and overlapped by the 30 real animals (triangles) used to build
the models. A slight negative correlation was observed between NQ and OQ (r = −0.17) for the
indexes calculated with the virtual animals. The same correlation with the real animals was a little
bit higher (r = −0.25), but stayed very low, indicating that these two parameters are only weakly
linked. The correlation test indicates that the correlation between the synthetic indexes calculated with
the virtual animals was significantly different from zero. This test does not show the strength of the
correlation and is highly influenced by the number of observations, as it can be observed with a higher
p value for the real animal, even though the correlation seemed to be stronger.

Figure 3. Cont.
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Figure 3. (a) Prediction of the fat proportion and the lipid content versus the ADG (average daily
gain) variations; (b) Prediction of the PUFA/MUFA (polyunsaturated fatty acid/monounsaturated
fatty acid)ratio versus the fat proportion variations; (c) Prediction of the n-6/n-3 ratio versus the FCR
(feed conversion ratio) and fat proportion variations; (d) Prediction of the tenderness versus the fat
development variation; (e) Prediction of the unwanted rancid-fish flavor versus the PUFA/MUFA ratio
variations; (f) Prediction of the flavor intensity versus the ADG and the fat proportion variations.

3.5. Comparison between the Best and the Worst Profile

Among the virtual animals (Figure 4), the traits of the 30 best (blue points) and worst (red points)
animals were compared in Figure 5. Overlapped on the boxplots, three real animals for each category
(best and worst) were also selected (black triangles) in Figure 4 and compared with virtual ones in
Figure 5 (blue and red triangles). Since they were selected for their nutritional and organoleptic quality,
the best animals naturally have better traits regarding these qualities.

Figure 4. Nutritional and organoleptic indexes of the virtual (points) and real (triangles) animals.
The correlation of the virtual (respectively real) animals is given in grey (respectively in black) in the
top left corner. Regression (NQ~OQ) line for both virtual and real animals is added to visualize the
correlation. Two targeted green crosses T were set to select the closest best (blue) and worst (red) virtual
animals (and real animals filled in black for both categories).
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(a) (b) 

  
(c) (d) 

Figure 5. Comparison (boxplots) of the virtual animals traits between the worst (red) and the
best (blue) profiles selected. The three best and worst real animals are added on the boxplots with
triangles. For each variable, the result of a Wilcoxon test is provided (ns: no significant, **: p value < 0.01,
***: p value < 0.001, ****: p value< 0.0001). (a) animal performances; (b) carcass properties; (c) nutritional
quality; (d) organoleptic quality.

Regarding the organoleptic quality (Figure 4d), the best animals had a better tenderness and flavor
intensity than the worst animals. Even though the models were useless for the juiciness (predicting
only the mean juiciness, because the model does not fit the variation of the juiciness at all), the best
real animals (triangles) seemed to have a better juiciness than the worst real animals selected. On the
abnormal flavor side, the best animals seemed to be more bitter than the worst animals, but the
fatty/metal taste was stronger for the worst animals. No significant difference was reported for the
rancid/fish and blood/acid flavor between the two extremes.

Regarding nutritional quality, the best animals had lower lipid content (Figure 5c). Logically,
the C16:0 proportion was lower, meaning probably that the SFA content was also lower. In addition,
PUFA/MUFA was higher, which also seems logical when the SFA is low. Among the higher proportion
of PUFA, the n-3 fatty acid seemed to have a higher proportion in comparison to the n-6. Associated
with higher PUFA proportions, trans fatty acids were also higher. No significant difference between
CLA proportions was observed, but the proportion of long fatty acids was higher for the best animals.
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Although not selected for this parameter of interest, the worst animals seemed to have fatter
carcasses that were heavier and had conformations (Figure 5b). Those fatter carcasses seemed to have
an impact on the luminescence (L*) of the meat, but not on the a*b*C* indicator, where no difference
was observed. The pH of the virtual animals seemed higher for the best virtual animals, even though
this result was in contradiction with the six real animals selected.

Related to these observations on the carcass traits, the slaughter weight of the best animals was
lighter. To produce fatter carcasses, it seems that the worst animals also had a lower feed efficiency
(Figure 5a). No difference between the average daily gain was observed even if best real animals
tended to be better.

4. Discussion

4.1. Modeling and Analytic Choices

All the approaches were based on a reliable modeling of the relations between the variables
evaluating the parameters of interest. Some of the models were clearly not reliable. The worst case was
that of the juiciness, which had very low adjusted R2 values, and seemed not able to predict anything
other than the juiciness mean (as can be seen in Figure 5d).

The results coming out the modvarsel package will also be discussed, especially regarding the
type of model selection. Among the five considered regression models in the modvarsel R package,
two model types have never been selected: plsr and sir (see Figure 1). This could be explained by a lack
of (linear) structure regarding the variables and the relatively low number of observations (animals)
compared to the relatively high number of independent variable candidates. Thus, the dimension
reduction techniques were affected and not better than the other competitive fully parametric or
non-parametric regression models. Linear regression was selected only once. In contrast, random forest
(a purely non-parametric approach) gave a good accuracy in this kind of situation, which explained
the high rate of random forest model selected by modvarsel.

Linear regression was selected to predict the carcass weight, which was strongly correlated with
the animal’s body weight before slaughter. Curiously, the slaughter weight was not fitted by a linear
regression model, in which carcass weight would be the main independent variable in return. Indeed,
it appears that a higher number of variables was selected by modvarsel to fit the slaughter weight
(carcass weight, fat development, C16:0/C18:0 ratio, and PUFA/MUFA ratio) than to fit the carcass
weight (slaughter weight and ADG). Some slight correlations between the four variables were observed,
such as between carcass weight and fat development (r = 0.67, p value < 0.001) for instance, which
might explain the use of penalized regression to build a more stable model, as aimed by the modvarsel
algorithm. The low number of observations (n = 30) with influential points could also be the source of
instability (high variance of the parameters’ estimation) in the linear model fitting slaughter weight.

As it was noticed in the results (Section 3.2.), all 18 random forest models had high overfitting.
This is related to the non-parametric nature of the algorithm, which is known to produce high overfitting
when the number of observations is low compared to the number of independent variable [29].
For instance, it was interesting to notice that the Mn-6/n-3 variations were characterized by a kind of
“wave”, where the ratio was favorable for intermediate values of FCR and fat proportion. These relations
did not have a clear biological explanation. Nevertheless, increasing the size of the training dataset
might prevent the overfitting problem, with the robustness of the non-parametric models being based
on the law of large numbers.

As noticed in Section 3.3, when analyzing the models, contradictions appeared between the
two methods (i.e., the sensitivity indexes (Si) and the graphical approach). For instance, regarding
the Mfat proportion value, the ADG had a low sensitivity index, but was responsible for a significant
part of the variations with the graphical method. In general, those contradictions appeared when
the number of independent variables into the model was important, and the accuracy of the model
was low. When both of these conditions were met, it could lead to difficulties regarding obtaining a
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reliable sensitivity index. Furthermore, the graphical approach was based on the variation of only
one independent variable, and the other one was set to the mean (i.e., 0). Therefore, interaction
phenomena were factored out of the analysis, which could also explain the opposition between both of
the methods’ results.

4.2. Outcome from the Holistic Approach

First, this original approach has shown that there is not a strong antagonism (r = −0.17) between
nutritional and organoleptic quality. Moreover, the best profiles selected had very satisfying meat
quality regarding the quality based on the initial population of 30 animals. This observation consolidated
a previous work [2], where Ellies-Oury et al. indicated that these two parameters were orthogonal to
each other and thus linearly independent. These results were obtained in a population of heterogeneous
animals, which came from three different breeds (Angus, Limousine, Blonde d’Aquitaine), whereas
in the present work, the results were obtained on a homogenous population of Blonde d’Aquitaine
females. The lack of a strong linkage between the two parameters of interest (NQ and OQ) means that
a trade-off is not fully necessary to maximize NQ and OQ simultaneously.

Going deeper in the best profiles analysis, the thin carcasses with a low proportion of fat seemed
to drive to high PUFA and w3 proportions in the meat, as well as a higher intensity of flavor and tender
meat. In contrast, the fattest carcasses seemed to produce meat with high lipids content that lacked
PUFA and had an imbalanced n-6/n-3 ratio. The models explain these results. In Section 3.2, a negative
relation was shown between the fat proportion and the PUFA/MUFA ratio. This result support those
from Warren et al. [30] indicating that muscles with higher lipid content have a lower proportion of
PUFA compared to MUFA and SFA. These could be explained by a higher de novo synthesis of fatty acid,
which was mostly saturated and monounsaturated. In leaner meat, the triglycerides/phospholipids
ratio was higher, and it is well known that PUFA mainly esterified on phospholipids [31].

In the literature, studies have shown a positive relation between fat and tenderness [32]. However,
the model built in this study was different. As noticed in Figure 2d, the tenderness optimum is reached
when the fat development is between −1 and 0 (which means that the animal is close to the mean or
lower by one standard deviation), and the worst tenderness predicted was obtained with an upper fat
development that was one standard deviation over the mean. This result was also observed in the
best and worst profiles. The contradiction between this model and the literature cannot be explained
by a low model quality, because the accuracy of the Mtenderness is quite satisfying (adjR2 = 0.85 and
cor_adjR2 = 0.60). However, the model was fit on a specific population of 30 Blonde d’Aquitaine heifers.
This breed is well known to produce very lean meat in comparison to the other suckling breeds [33],
which could explain the different relationship between this fat indicator and the tenderness of the meat.

As previously shown, the best animals had higher PUFA/MUFA in the meat. However, high
PUFA content can also lead to the risk of unwanted flavor (e.g., the fish flavor indicated in Figure 2e).
This effect seems to be related to PUFA oxidation [5]. Nevertheless, the higher level of PUFA in the
best profile meat did not cause this kind of abnormal flavor.

Finally, these results confirmed that meat with higher intramuscular and intermuscular fat
increases the flavor intensity [4], indicating that intramuscular fat is a precursor of many aromatic
compounds formed, notably, during cooking processes.

4.3. Limits and Perspectives of the Trade-OffMethod

Generating virtual observations is unusual in the animal research field, and might raise
interrogations and doubts regarding the results for the reader. However, there are no statistical
aberrations, because this study did not try to show the impact of one factor (the diet effect for instance)
on the beef performances or meat qualities or the strength of relation between two variables. All the
probabilistic tests that were performed in this paper (the Wilcoxon test of comparison between the
best and worst profiles traits) should not be interpreted literally; they only demonstrate that with the
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relation modeled in this study, the best profiles are significantly different than the worst ones regarding
various traits.

Aside from this innovative approach, the trade-offmethod seemed to be highly sensitive to the
weighting granted for each variable by the experts. For instance, tenderness (whose weighting is
significant) was the highest among the best profiles (and lowest among the worst profiles). Then,
the result of optimizing was clearly dependent on the expertise provided for the relative importance of
each variable evaluating the parameters of interest. Therefore, the choice of variable weights has to be
carried out carefully and wisely to manage the trade-offs as efficiently as possible.

The weighting dependence can also be related to the method used to aggregate the variables,
considering its numerous disadvantages. The linear combination calculated here to aggregate the
variables led to compensation between them. For instance, a high proportion of PUFA would compensate
for a high trans fatty acid proportion. No threshold was taken into account as a way to prefer a more
balanced animal compared to an animal performing well on only a few indicators. More complex
methods exist to resolve these problems such as outranking methods, but suffer from less clarity and
are difficult to assess [34]. In addition, the weight-related techniques need variables varying in the
same scale and the same direction. In the case of some of them, such as the carcass weight, the optimum
value is not a maximum or a minimum weight, but rather a homogeneous weight distributed around a
target value.

5. Conclusions

The present paper has exposed a very innovative approach to assess the trade-off between
parameters of interest in the beef cattle industry. It showed that there is no antagonism between
organoleptic quality and nutritional quality. The modeling approach has also been very interesting to
highlight the relation between the variables and show that they are interconnected, and not only by
two-by-two relations. This knowledge should be taken into account when designing new product
brand or label expectations.

However, the very strong influence of the weight setting and the aggregation method on the
results of the trade-off was observed. This should encourage the meat beef industry to clarify their
own expectations regarding these two parameters of interest in order to set consensual indicators with
associated hierarchy to measure the organoleptic and nutritional quality.

Moreover, the significance of these results is only relevant in the particular context of the data in
terms of the animals’ breed, age, diets, fattening duration, muscle, etc. Thus, the extrapolation of the
present results has to be done with caution.

Author Contributions: Methodology, A.C.; formal analysis, C.A., M.-P.E.-O., B.P., J.S., M.C.; data curation, J.N.,
C.D.; writing—original draft preparation, A.C.; writing—review and editing, C.A., M.-P.E.-O., G.C.-H., B.P., D.D.,
D.G.; visualization, A.C.; supervision, M.-P.E.-O., B.P., J.S., M.C., D.D., D.G., J.N.

Funding: This research used data which were funded by National agency of research (Agence Nationale de
la Recherche, ANR) under the “National program for research in human alimentation and nutrition”, project
“ANR-06-PNRA-018-03”.

Acknowledgments: We would like to thank the technician and administrative staff of the experimental farm of
Mauron, the French Livestsock Institute, and of the National Institute of Agricultural Research, which contributed
to this work with material and time support. We thank all of the people involved in this project for their assistance
in data collection, the management and slaughtering of animals, and muscle sampling. We especially thank Daniel
Le Pichon (Brittany Regional Chamber of Agriculture), Didier Bastien, Jérôme Normand, Aude Bertout (French
Livestock Institute), Dominique Bauchart, Denys Durand and Mylène Delosière (INRA UMRH, Theix) for the
collection and provision of data.

Conflicts of Interest: The authors declare no conflict of interest.

179



Foods 2019, 8, 197

Appendix A

Table A1. Variables in the initial dataset with the clustering assignment and the associated coefficient
of correlation between the variables and the synthetic index (calculated as the first component of the
principal analysis component (PCA) with all the variables in the cluster).

Variable Precision and Units Cluster Codification
Correlation with the

Cluster Synthetic Index

Slaughter weight Slaughter day weight - -
ADG Average daily gain (kg/day) during the fattening period (100 days) - -
FCR Feed conversion ratio (DM intake/ADG) - -

Carcass weight Carcass weight (kg) CP1 −0.96
Conformation EUROP conformation (from 1 (P−) to 15 (E+)) CP2 1
Body fat score Body fat score at slaughter (from 1 to 5) CP3 −0.74

Pelvis fat (kg) CP4 0.79
Kidney fat (kg) CP4 0.92

Trimming fat (kg) CP4 0.84
Total fat (kg) CP4 0.99

Eliminated fat (kg) CP4 0.98
Intramuscular fat score Score from 3 (no trace of fat) to 12 (extremely fat) CP5 −0.75
Intermuscular fat score Score from 0 (without intermuscular fat) to 5 (high intermuscular fat) CP5 −0.87

pH pH CP1 0.81
Meat color score Score from 1 (very light) to 4 (very red) CP3 0.74

L* from black (0) to white (100) of the CIE L*a*b* coordinates system CP3 −0.81
a* from green (−) to red (+) of the CIE L*a*b* coordinates system CP6 0.99
b* from blue (−) to yellow (+) of the CIE L*a*b* coordinates system CP6 0.98
C* The chroma of the CIE L*C*h* coordinates system CP6 1
h* The hue angle of the CIE L*C*h* coordinates system CP3 −0.85

Muscle proportion Muscle proportion into the carcass CP5 0.91
Fat proportion Fat proportion into the carcass CP5 −0.95

Bone proportion Bone proportion into the carcass CP1 0.97
Lipid content Lipid content into LT muscle - -

C16:0 (%/total FA) NQ3 −0.88
C18:0 (%/total FA) NQ2 0.95
SFA (%/total FA) NQ3 -0.86

C18:1 cis9 (%/total FA) NQ4 −0.94
MUFA cis Sum of all MUFAcis (%/total FA) NQ4 −0.93
C18:1 tr9 (%/total FA) NQ5 0.61

C18:1 tr10 (%/total FA) NQ6 0.98
C18:1 tr11 (%/total FA) NQ5 0.92

MUFA trans Sum of all MUFA trans (%/total FA) NQ6 0.98
Total MUFA Sum of all MUFA (%/total FA) NQ4 −0.92

LA Linoleic acid C18:2 n-6 en (%/total FA) NQ4 0.95
C20:4 n-6 C20:4 n-6 (%/total FA) NQ4 0.80
Total n-6 Sum of all PUFA n-6 (%/total FA) NQ4 0.97

ALA Linolenic acid C18:3 n-3 (%/total FA) NQ3 0.92
EPA C14:0 (%/total FA) NQ4 0.93
DPA C14:0 (%/total FA) NQ4 0.89

Total n-3 LC Sum of all long-chain FA n-3 (%/total FA) NQ4 0.91
Total n-3 Sum of all FA n-3 (%/total FA) NQ3 0.90

LC FA content Content of all the long-chain FA NQ1 0.98
LC FA prop Sum of all the long chain FA (%/total FA) NQ1 0.98

CLA Conjugated linoleic acid C18:2 9cis 11trans (%/total FA) NQ5 0.97
total CLA Sum of all the conjugated FA (%/total FA) NQ5 0.96

Total PUFA Sum of PUFA (%/total FA) NQ4 0.94
n-6/n-3 n-6 PUFA/n-3 PUFA ratio (%/total FA) NQ3 −0.89

LA/ALA C18:2 n-6/C18:3 n-3 ratio (%/total FA) NQ3 −0.87
PUFA /SFA PUFA/SFA ratio (%/total FA) NQ4 0.93
C16:0/C18:0 C16:0/C18:0 ratio (%/total FA) NQ2 −0.95

Tenderness intensity Score from 1 (very hard) to 100 (very tender) - -
Juiciness intensity Score from 1 (very dry) to 100 (very juicy) - -

Flavor intensity Score from 1 (low intensity) to 100 (high intensity) OQ1 −0.82
Sweet Score from 1 (not sweet) to 100 (very sweet) OQ1 −0.82
Acid Score from 1 (not acid) to 100 (very acid) OQ5 −0.85
Bitter Score from 1 (no bitter) to 100 (very bitter) OQ2 1

Metallic taste Score from 1 (low metallic taste) to 100 (strong metallic taste) OQ4 0.80
Rancid taste Score from 1 (low rancid taste) to 100 (strong rancid taste) OQ3 0.88

Fat taste Score from 1 (low metallic fat) to 100 (strong fat taste) OQ4 −0.80
Fish taste Score from 1 (low fish taste) to 100 (strong fish taste) OQ3 0.88

Blood taste Score from 1 (low blood taste) to 100 (strong blood taste) OQ5 −0.85

CPi: carcass property cluster i; NQi: nutritional quality cluster i; OQi: organoleptic quality cluster i.
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Appendix B

Figure A1. Algorithm to generate a virtual animal. The pseudo code was inspired from the R code.
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Abstract: RNAlater® is regarded as a potential preservation method for proteins, while its effect on
bovine muscle proteins has rarely been evaluated. Bovine muscle protein samples (n = 12) collected
from three tender (Warner–Bratzler shear force: 30.02–31.74 N) and three tough (Warner–Bratzler
shear force: 54.12–66.25 N) Longissimus thoracis et lumborum (LTL) samples, preserved using two
different sampling preservation methods (RNAlater® and dry ice), at two post mortem time points
(day 0 and day 14), were characterized using one-dimensional electrophoresis. Fourteen bands with
molecular weights ranging from 15 to 250 kDa were verified, both in the dry ice and RNAlater®

storage groups, at each time point, using image analysis. A shift from high to low molecular weight
fragments, between day 0 and day 14, indicated proteolysis of the muscle proteins during post
mortem storage. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses and
database searching resulted in the identification of 10 proteins in four bands. Protein profiles of
muscle preserved in RNAlater® were similar to those of muscle frozen on dry ice storage, both at
day 0 and day 14. The results demonstrate that RNAlater® could be a simple and efficient way to
preserve bovine muscle proteins for bovine muscle proteomic studies.

Keywords: muscle proteins; one-dimensional electrophoresis; bovine proteomics; LC-MS/MS;
sample preparation

1. Introduction

Meat proteomics research critically depends on the reliability of tissue samples. It is essential
to avoid proteolysis and enzymatic activity in sample preservation, so as to conserve the structural
integrity of muscle proteins. Snap freezing of samples in liquid nitrogen, at −196 ◦C, or on dry ice,
at −79 ◦C, is an efficient method to stabilize samples. Nonetheless, they can be difficult to carry out
in-factory. RNAlater®, an aqueous solution, is extensively used to preserve RNA in fresh tissue and
cell samples for clinical genomic and transcriptomic studies [1]. The main compounds in RNAlater®

are quaternary ammonium sulphates and cesium sulphate, which denature proteins, including RNases,
DNases and proteases, thereby stabilizing RNA, DNA and protein content [2].

RNAlater® has been investigated as an effective potential preservation method for proteins
originating from bacteria, plants, blood vessels and human colon mucosal biopsies [2–4]. However,
comparative proteomic studies between frozen and RNAlater® preserved tissues have shown some
differences across tissues, for example, more proteins were detected in mouse leukocytes preserved
using RNAlater® [5], compared to frozen tissue, and three of 20 analysed proteins were more abundant
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in snap-frozen mouse liver [6], whereas one was more abundant in RNAlater® preserved tissue.
Furthermore, it was observed that 84 soluble proteins and 120 membrane-bound proteins were
expressed differently in RNAlater® fixed samples compared with liquid nitrogen [7].

To date, little attention has been paid to the impact of RNAlater® on proteomic profiles from
muscle tissue. In a study on gulf killifish preserved in liquid nitrogen and RNAlater®, it was
demonstrated that, in contrast to their findings in other tissues, for skeletal muscle and brain, snap
freezing and preservation in RNAlater® showed similar protein abundances [8]. Large biobanks of
samples stored in RNAlater® exist for muscle transcriptomics, which could serve as an important
resource for meat proteomics if muscle protein abundance profiles post mortem were similar to those in
snap frozen muscle. However, no studies are available which assess the potential differential effect of
storage in RNAlater® versus freezing on dry ice on post mortem proteolytic patterns in bovine muscle.

The objective of this study was to compare proteome patterns of post mortem bovine muscle
stored in RNAlater® or dry ice by using one-dimensional sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (1D SDS-PAGE). To the best of our knowledge, this is the first systematic study
of the effect of RNAlater® on bovine muscle proteins, with a view to investigate its potential as a
specimen-stabilization solvent for beef proteomics.

2. Materials and Methods

2.1. Tissue Sampling

Twenty-eight Limousin bulls were slaughtered in an EU-licensed abattoir under standard
conditions. Longissimus thoracis et lumborum (LTL) samples (2 g) were collected approximately 1 h
post-slaughter (day 0), from the region of the 10th rib of each carcass on the right side, in the chill room.
Muscle (LTL) tissue samples (1 g) were finely macerated and stored at 4 ◦C in 5 mL RNAlater® for
24 h and, then, RNAlater® was removed by plastic pipette and the sample was transferred to −80 ◦C.
In parallel, 1 g tissue was frozen on dry ice, and transferred to a freezer at −80 ◦C for downstream
analysis. Two steaks (2.54 cm thick) from each LTL was excised on day 2 post mortem, vacuum
packaged and stored at 4 ◦C, and one was frozen at day 14 for shear force analysis. The other was
sampled for proteomics, applying the same preservation methods as on day 0.

2.2. Warner–Bratzler Shear Force Measurement

Steaks from each of the 28 animals were subjected to Warner–Bratzler shear force in accordance
with American Meat Science Association (AMSA) guidelines [9]. Steaks (2.5 cm) were thawed in a
circulating water bath at 20 ◦C, cooked in a circulating water bath (Grant Instruments Ltd., Cambridge,
UK) at 72 ◦C, until an internal temperature of 69 ◦C was achieved. After cooking, the samples were
stored at 4 ◦C overnight.

Eight cores (1.25 cm diameter) were taken from each steak parallel to fibre direction. Cores were
sheared at the central point on a Warner–Bratzler device, attached to an Instron Universal testing
machine with a 50 mm/min crosshead speed. Highest and lowest shear values were excluded for each
sample and the mean values for 6 cores were reported.

2.3. Extraction of Muscle Proteins

The three most tender and three toughest animals, based on the shear force values (Section 2.2),
were selected for proteomic analysis. All tissue samples (100 mg), RNAlater®-preserved and
dry ice-preserved, at day 0 and day 14, from each of these six animals (n = 24 samples in total),
were homogenized in 1 mL of 8.3 M urea, 2 M thiourea, 1% Dithiothreitol, 2% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate and 2% Immobilized pH gradient (IPG) buffer pH 3–10
(GE Healthcare). Homogenates were incubated with shaking for 30 min on ice, followed by a 30 min
centrifugation at 10,000× g in order to remove unextracted cellular components, high molecular weight
protein complexes and insoluble proteins. Protein concentrations of the supernatant were analysed at
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595 nm using a microplate reader (BGM LABTECH, Ortenberg, Germany) based on the method of
Bradford [10]. Bovine serum albumin (BSA) was used as the standard and the concentration of protein
was shown to be between 3 to 6 mg/mL.

2.4. Proteomic Analysis

Protein extracts were separated by 1D SDS-PAGE [11] on commercial Mini-PROTEAN® TGX™
precast gradient gels of 8.6 × 6.7 × 0.1 cm and 4%–20% polyacrylamide (Bio-Rad Laboratories,
Deeside, UK). The tissue sample protein lysis liquid was mixed 1:1 with Laemmli sample buffer
(Bio-Rad Laboratories, Deeside, UK). Twenty μL (5 μg protein) was loaded in each gel lane. Each of
the 24 samples was loaded in duplicate in contiguous lanes over 6 gels. Ten μL of Precision Plus
Protein™ (Bio-Rad Laboratories, Deeside, UK) was included as a standard in one lane per gel. All gels
were further replicated giving a total of four lanes per sample (96 lanes) with each sample run on
two separate gels. Gels were run under constant voltage at 90 V for 45 min, then at 120 V for 50 min.
Subsequently, gels were stained with 50 mL Coomassie stain (Bio-Rad Laboratories, Deeside, UK) with
gentle shaking for 1 h and then destained with distilled water.

2.5. Image Analysis

Gel images were acquired using a GS-800 densitometer (Bio-Rad Laboratories, Deeside, UK) and
analysed by Quantity One software (Bio-Rad). Bands were detected by optical density and quantified
by integrating the area under the curve of pixel intensity and band width (trace quantity × mm).
For each sample, each of the four replicate lanes were scanned and averaged to give the sample
mean abundance for each animal × treatment × time point. Statistical analysis of the sample mean
abundance was undertaken using Genstat (Release 14.1, VSN international, London, UK). The analysis
was a 2 × 2 × 2 factorial with terms for Quality (Tender, Tough), Treatment (Dry Ice, RNAlater®) and
Time point (Day 0/14). Tukey’s test was used to compare means. A value of p < 0.05 was considered
statistically significant.

2.6. Mass Spectrometry Analysis

Gels were transferred on to a glass plate and the protein bands of interest were excised with a
sterile scalpel. Then, the gel pieces were spun down on a bench-top vortex. Bands were subjected to
liquid chromatography-mass spectrometry at a core facility (King’s College, Aberdeen, UK) according
to the method of Wilm [12].

3. Results and Discussion

As shown in Figure 1, 14 bovine muscle protein bands with molecular weights ranging from
250 kDa to 15 kDa (B1-B14) were detected using quantitative image analysis. Fourteen bands were
detected in each lane for both RNAlater®-preserved and dry ice-preserved samples.

No significant difference in optical density was detected for any band between the protein profiles
of muscle preserved in RNAlater® and those of muscle samples frozen on dry ice, both at day 0
and day 14 (Table 1). These results are consistent with findings of Abbaraju [7], which showed that
RNAlater® had no impact on protein patterns in skeletal muscle of gulf killifish compared with the
snap-freezing method, and suggests we can extend this finding to the mammalian muscle context.

In relation to tenderness, no significant differences in protein optical density were identified
between tender and tough samples, either on day 0 or at day 14 post mortem (Table 1). However, highly
significant differences were observed for band 7 (p = 0.01) and band 9 (p < 0.001), between day 0 and
day 14 (marked bold in Table 1). As shown in Table 2, there was a decrease in intensity of band 7 and
an increase in intensity in band 9, from day 0 to day 14 post mortem.

As bands 7 and 9 showed significant differences during post mortem aging, they were further
analysed by Liquid chromatography-tandem mass spectrometry. Bands 11 (p = 0.08) and 5 (p = 0.08)
tended towards a treatment effect and an interaction effect of quality × treatment, respectively, so were
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also analysed by LC-MS/MS. A total of 10 proteins were identified in the four selected bands. Many
were enzymes of carbohydrate metabolism, while some were structural proteins (Table S1). Troponin
and glyceraldehyde-3-phosphate dehydrogenase were both found in both band 7 and 9 (Table S1).

The increase in density of band 9 (~30 kDa), from day 0 to day 14, could be explained partly by
the appearance of polypeptides migrating at approximately 30 kDa during meat aging, which is in
accordance with previous studies of meat tenderization [13,14]. MS of band 9 identified troponin-T,
suggesting that this protein may be a proteolyzed breakdown product from band 7. Therefore,
we compared the sequence of the observed troponin peptides between band 7 and band 9, results
suggested that the KPLN IDHLSEDKLR sequence was not present in band 9 (Figure S1). These findings
point to the increased degradation of troponin-T with increasing post mortem aging time, which is
consistent with reports in the literature [15].

The ability to observe proteolytic abundance changes between these two bands has important
implications for deducing the relationship between proteolysis of troponin-T and the emergence of
a 30 kDa protein post-mortem. It has previously been shown that purified bovine troponin-T can
be degraded by μ-calpain in vitro to produce polypeptides in the 30 kDa region [16]. In addition,
30 kDa products of troponin-T have been previously identified by Western blotting [15]. Interestingly,
a noteworthy observation to emerge from the data comparison was that samples stored in RNAlater®

retained a similar protein profile to samples preserved in dry ice in band 7 and band 9 during the
aging time. Taken together, these results show that bovine muscle proteins preserved in RNAlater®

present a consistent pattern with those frozen on dry ice and stored at −80 ◦C, when studied using
proteomic approaches.

Figure 1. Four replicate lanes were run for each sample across 12 gels. Typical Coomassie-stained
one-dimensional sodium dodecyl sulphate-polyacrylamide gel electrophoresis (1D SDS-PAGE) gels
from the study, illustrating treatment, time point and quality samples run in duplicate, here data from
tender sample 1 (Tr1) and tough sample 1 (Th1) are shown. The images above show proteins from
Longissimus thoracis et lumborum (LTL) tender sample 1 in dry ice (Tr1 D) and RNAlater® (Tr1 R) and
tough sample 1 in dry ice (Th1 D) and RNAlater® (Th1 R), at time point day 0 (a) and day 14 (b).
Protein Plus protein standards (Bio-Rad Laboratories) comprising a wide range of molecular weights
(10–250 kDa) were included in every gel for molecular weight determination (STD). The bands,
as defined for quantitative image analysis are indicated with arrows (e.g., B1–B14).
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Table 1. The p-values for effects of quality (tender/tough), treatment (dry ice/RNAlater®) and time
point (day 0/14) on protein band abundance, and their two-way interactions.

Bands No. Quality Treatment Time Point
Quality ×
Treatment

Quality ×
Time Point

Treat ×
Time Point

1 0.93 0.90 0.17 0.52 0.50 0.94
2 0.58 0.25 0.42 0.57 0.67 0.60
3 0.51 0.51 0.52 0.22 0.61 0.24
4 0.91 0.78 0.93 0.69 0.77 0.71
5 0.34 0.86 0.15 0.08 0.81 0.91
6 0.51 0.83 0.87 0.13 0.74 0.87
7 0.74 0.23 0.01 0.43 0.31 0.39
8 0.98 0.12 0.20 0.94 0.72 0.63
9 0.30 0.33 <001 0.46 0.38 0.88

10 0.87 0.81 0.61 0.84 0.21 0.79
11 0.67 0.08 0.69 0.87 0.71 0.77
12 0.83 0.61 0.86 0.91 0.62 0.54
13 0.64 0.60 0.45 0.45 0.68 0.68
14 0.63 0.21 0.66 0.78 0.96 0.88

p-values in bold are significant at the 0.05 level; denotes a tendency with p < 0.1.

Table 2. Mean protein abundance value of band 7 and band 9.

Dry Ice RNAlater®

Day 0 Day 14 e.s.e. Tender Tough e.s.e. Day 0 Day 14 e.s.e. Tender Tough e.s.e.
Band 7 0.076 ab 0.052 a 0.008 0.066 0.061 0.008 0.101 b 0.056 ab 0.014 0.072 0.085 0.014
Band 9 0.005 a 0.021 b 0.002 0.012 0.015 0.002 0.003 a 0.020 b 0.002 0.011 0.012 0.002

Values within a row that do not share a common superscript differ significantly from each other at the 0.05 level;
e.s.e—standard errors of means.

4. Conclusions

This study demonstrates that, based on SDS-PAGE and MS, RNAlater® is a reliable storage agent
for bovine muscle tissue that preserves proteins for proteomic analysis in a similar way to freezing
in dry ice. It is concluded that use of RNAlater® is suitable for meat proteomic experiments where
snap-freezing may not be a viable option for sample stabilization. Further research could focus on
different tissue types or other red meat species to establish the wider relevance of our results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/2/60/s1,
Table S1: Protein identifications from band 5, 7, 9, 11 of SDS-PAGE Gel by LC-MS, Figure S1: Amino acid sequences
of peptides of Troponin T in band 7 and 9 identified by mass spectrometry are underlined. The peptide sequence
KPLNIDHLSEDKLR (196-210) was detected only in band 7.
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Abstract: The sensory properties of beef are known to depend on muscle fiber and intramuscular
connective tissue composition (IMCT). IMCT is composed of collagens, proteoglycans and
glycoproteins. The differentiation of muscle fibers has been extensively studied but there is
scarcity in the data concerning IMCT differentiation. In order to be able to control muscle
differentiation to improve beef quality, it is essential to understand the ontogenesis of IMCT molecules.
Therefore, in this study, we investigated the chronology of appearance of 10 IMCT molecules in
bovine Semitendinosus muscle using immunohistology technique at five key stages of myogenesis.
Since 60 days post-conception (dpc), the whole molecules were present, but did not have their final
location. It seems that they reach it at around 210 dpc. Then, the findings emphasized that since
210 dpc, the stage at which the differentiation of muscle fibers is almost complete, the differentiation
of IMCT is almost completed. These data suggested that for the best controlling of the muscular
differentiation to improve beef sensory quality, it would be necessary to intervene very early (before
the IMCT constituents have acquired their definitive localization and the muscle fibers have finished
differentiating), i.e., at the beginning of the first third of gestation.

Keywords: skeletal muscle; fetus; bovine; extracellular matrix; immunohistology

1. Introduction

Beef tenderness is one of the most important quality attributes for the consumer. It is often
inconsistent and affects consumer satisfaction. The variability in final meat quality is due to several
factors such as the differences in muscle characteristics [1], namely to the proportion of different types
of muscle fibers [2–4] and the characteristics of intramuscular connective tissue (IMCT) [5,6]. Among
the characteristics of IMCT, the total collagen and its solubility are studied more. IMCT is a composite
network that can both withstand and transmit forces generated by muscle contraction. This complex
network not only ensures the structural integrity of muscle, but also mediates the development and
physiological behavior of muscle cells. IMCT maintains the structural integrity of muscle fibers by
two layers, the endomysium that surrounds individual skeletal muscle fibers and the perimysium
that bundles groups of muscle fiber. IMCT consists of cells and an ExtraCellular Matrix (ECM) that
primarily consists of a composite network of fibrillar collagens wrapped in a matrix of proteoglycans
(PGs). These later form large complexes by binding to other PGs and to fibrous proteins such as
collagens. The PGs consist of a core protein linked by covalent bonds to several glycosaminoglycan
chains (GAGs). The chemical structure of these GAGs varies between the different PGs. The PGs of the
skeletal muscle are mainly chondroitin sulfate (CS). Among them, decorin, a small PG and versican, a
large PG, have been associated with myogenesis [7].
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The fibrillary collagens, more commonly known as total collagen (particularly type I that is
the most abundant fibrillar collagen of the skeletal muscle) interact with tenascin-X, a glycoprotein,
and type XII and XIV collagens, two non-fibrillar minor collagen types [8,9]. Collagen XII and XIV
interact with decorin [10–12]). In vitro, the supposed role of tenascin-X and of collagen XII and XIV is
to modulate the flexibility of the ECM and consequently, its mechanical properties [13,14]. From these
properties and according to Bailey and Light [15], it has been suggested that these molecules could
contribute to the meat texture. However, there is a scarcity in studies that addressed this question
unless one work from our groups that studied the relation between decorin, tenascin-X, collagen XII
and XIV and beef sensory properties [16]. According to our previous study, it seems important to study
all these components together, in combination with total and insoluble collagen, as they would have
complementary information and an additive role that would play on the final texture quality of meat.

It is worthwhile to note that the differentiation of muscle fiber during fetal life has been extensively
studied [17–20]. In the bovine skeletal muscle, myotube-multi-nucleated syncytium formed by
the fusion of several myoblasts during myogenesis-formation occurs in three temporally distinct
phases. The first generation of embryonic myoblasts proliferates and differentiates in myotubes to
the surroundings of 30 days post-conception (dpc). They are completely differentiated around 180 dpc
(end of the second trimester of gestation). A second and third generation of fetal myoblasts proliferate
and differentiate in secondary myotubes between 60 and 90 dpc. At 180 dpc, almost all the myotubes
have the appearance of muscle fibers. At this stage, the total number of myofibers is set. Contractile
and metabolic maturation occurs during the last trimester. At the end of the gestation (280 dpc), the
differentiation of muscle fiber types is nearly complete.

However, there are few datums on the IMCT differentiation of the bovine fetus in vivo [21–24].
So, we hypothesized that the knowledge of the chronology of the differentiation of the different muscle
tissues would allow the development of strategies (for example through maternal feeding) to enhance
muscle growth and modify both IMCT and muscle fibers characteristics, and consequently their impact
on final meat quality. Accordingly, we investigated the expression of ten ECM molecules thought
to play an important role in the myogenesis in adults and its potential link to the quality of beef, at
key stages of muscle fiber differentiation previously described by our groups [17]. The results of this
study emphasized that the molecules studied are present since the beginning of fetal life in bovine
and that they acquired the localization they will have in adults in the first two-thirds of fetal life
(between 180 and 210 dpc). Furthermore, it appears that the main step of myogenesis occurs during
the same period.

2. Materials and Methods

This study was carried out in compliance with the French recommendations and those of the
Animal Care and Use Committee of the National Institute for Agricultural Research (INRA, Institut
National de la Recherche Agronomique) of Auvergne-Rhône-Alpes, France (under the slaughterhouse
and experimental facilities license numbers #63 345 01 and #63 345.17, respectively), for the use of
experimental animals including animal welfare, in accordance with the Use of Vertebrates for Scientific
Purposes Act 1985.

2.1. Muscle Samples

Fifteen fetuses of 60 (n = 3), 110 (n = 3), 180 (n = 3), 210 (n = 3) and 260 (n = 3) days old were
obtained by the artificial insemination of Charolais heifers using pure Charolais sperm. These stages
have been chosen according to the key stages of muscle fiber differentiation previously highlighted in
our laboratory in several studies cited in the review by Picard, et al. [17]. After the slaughter of pregnant
heifers, Semitendinosus (ST) muscles were carefully dissected out of the two hind limbs from each
animal. An approximate of 10 mm slices were taken at the mid-belly of one muscle, at right angles to
the direction of the muscle fibers for histology and immunohistology and frozen in isopentane, cooled
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in liquid nitrogen. For electrophoresis, 3 fetuses per stage were used for 110, 180, 210 and 260 dpc.
They were directly frozen in liquid nitrogen. Then all samples were stored at −80 ◦C until analyses.

2.2. Transverse Sections Preparation

All transverse sections (10 μm thick) of ST muscle were realized with a cryotome MICROM HM
500 M at −25 ◦C.

2.3. Azorubine Staining

The muscle cells were stained with azorubine dye that stained the myofibrillar proteins in red.
Sections (3 per animal) were fixed for 5 min with a solution of 5.7% formaldehyde and 18 mM CaCl2,
washed in water and then dyed with 3% azorubine solution (Azorubine (CI 14410; Serva, Heidelberg,
Germany) and 5% acetic acid for 45 min. Sections were washed in water and dehydrated twice for 1 min
in acetone (Prolabo, Sion, Switzerland) and then twice for 1 min in Ottix (Microm, Brignais, France).
Finally, the sections were mounted with cover-glass with Canada balsam (Prolabo, Sion, Switzerland).

2.4. Antibodies

Primary antibodies (polyclonal rabbit anti-bovine type I collagen (Col I) (catalog number, 20121),
monoclonal mouse anti-human type IV collagen (Col IV) (catalog number, 20421), polyclonal rabbit
anti-human type VI collagen (Col VI) (catalog number, 20611) (Novotec, Bron, France), monoclonal
mouse anti bovine decorin (DCN) (catalog number, DS1) (DSHB, Iowa City, IA, USA), tenascin-X
(Tn-X) and collagen XII and XIV (Col XII and Col XIV) (a generous gift from C. Lethias, IBCP, Lyon,
France previously described by Berthod, et al. [25] and Elefteriou, et al. [26], chondroitin-4 and -6
sulfate (C4S and C6S) and versican (VCN) (a generous gift from B. Caterson, Cardiff University, Cardiff,
UK, previously described by Hayes, et al. [27]) were diluted with 1% bovine serum albumin (BSA) in
1× phosphate buffer saline (PBS) (pH 7.2) to 1:40. Secondary antibody conjugated to Alexa Fluor 488
(Interchim, Montluçon, France) were diluted in 1% BSA in 1× PBS (pH 7.2) to 1:400.

2.5. Immunohistochemistry

The localization of ten ECM molecules (Col I, IV, VI, XII, XIV, DCN, Tn-X, C4S, C6S and VCN)
was evidenced by the indirect immunofluorescence on four serial sections per animal according to
the procedure of Listrat, Picard and Geay [22]. Natural collagen fluorescence on muscle sections was
blocked with 50 mM ammonium chloride in 1× PBS for 10 min for all the used antibodies. For C4S
and C6S antibodies, sections were enzymatically pre-treated with 0.5 U/mL chondroitinase ABC
(Sigma-Aldrich, France) and 0.5 U/mL keratanase (Sigma-Aldrich, France) in 100 mM Tris acetate
buffer (pH 7.4) for 1 hour at 37 ◦C to unmask the epitope then rinsed in a solution containing 0.1%
Tween20 (Sigma-Aldrich, France) in 1× PBS. For versican, the sections were only incubated in 0.1%
Tween20 (Sigma-Aldrich, France) in 1× PBS (without enzymatic pre-treatment) at room temperature.
Then all sections were incubated in 1% BSA in 1× PBS for 10 min and they were reacted with the
primary antibodies for 1 h at room temperature, washed in 1× PBS three times 5 min, incubated for
40 min at room temperature in the dark with the secondary antibody and washed in 1× PBS three
times for 5 min. The sections were rinsed with 0.3% eriochrome-black T in 1× PBS to completely
block natural collagen fluorescence and they were then mounted with cover-glass with Fluoromount
(Sigma-Aldrich, Saint-Louis, MO, USA). Negative controls were performed by omitting primary
antibodies in the same conditions that were previously described.

2.6. Western Blot Analyses of Type XII and XIV Collagens

Total protein extraction was performed with RIPA (Radio-Immunoprecipitation Assay) lysis buffer
(150 mM NaCl, 10 mM Tris-HCl, 1 mM EGTA, 1 mM EDTA, adjusted at pH = 7.4 and completed with
100 mM sodium fluoride, 4 mM sodium pyrophosphate and 2 mM orthovanadate, 1% Triton 100×,
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0.5% Igepal CA-630 and protease inhibitor cocktail (Complete, Roche Diagnostics GmbH, ref. 11 836
145 001)). After extraction, the protein concentration was determined by spectrophotometry (UVIKON
860) following the Bradford assay [28].

Proteins were separated in denaturing conditions (10% sodium dodecyl sulfate-polyacrylamide
and β-mercaptoethanol). Samples were loaded on the gel (stacking gels of 4% and separation gels of
6%) at the rate of 50 μg of protein. Gels were run at 80 V for 20 min and then 120 V for 1 h at +4 ◦C.

Bands were transferred to a polyvinylidene difluoride (PVDF) membrane (ref. IPVH00010,
Millipore, Burlington, MA, USA) at 120 mA for 5 h at +4 ◦C. The unspecific binding of antibodies to
the membranes was blocked with 10% skimmed milk (Régilait) in 1× T-TBS (20 mM Tris base; 137 mM
NaCl; 0.05 % Tween 20, pH 8) at 37 ◦C for 20 min. Membranes were washed 3 × 5 min in 1× T-TBS and
then they were incubated overnight at +4 ◦C with the primary antibodies (anti-type XII or anti-type
XIV collagen (the same than for immunohistochemistry) diluted to 1/50 in 1% skimmed milk (Régilait)
in 1× T-TBS). Membranes were washed 2 × 10 min in 1× T-TBS and hybridized with the secondary
antibody (diluted to 1/5000 in 1% skimmed milk (Régilait) in 1× T-TBS) associated with horseradish
peroxidase for chemiluminescence detection (IgG sheep anti-mouse, NA931, GE Healthcare Life
Sciences, Grenoble, France).

Each collagen type presented three specific bands that were considered and quantified as a single
band under Image Quant software (GE Health Care life Science, Grenoble, France). One volume of total
protein extract of each of 15 fetuses was mixed and 50 μg of this mixed were deposited on all the gels
for normalization. Each collagen type presented two or three specific bands which were considered
and quantified as a single band under Image Quant software. The value obtained for the three bands
of each sample was divided by the value obtained for the three bands of the mix of samples loaded
on each gel. Each sample was measured in triplicate and results were expressed in arbitrary units.
The other molecules were not analyzed by Western blot for technical reasons.

2.7. Image Acquisition and Analysis

Histological sections were visualized under an Olympus fluorescence microscope BX 51 using
a 10×, 20× or 40× objective and for fluorescence an adequate band pass filter (Alexa 488: excitation
filter 460–495, emission filter 510–550, dichromatic mirror 505LP). High-resolution grayscale images
were acquired with an Olympus cooled digital camera DP-72 with cell-F software (Olympus Soft
Imaging Solutions, Münster, Germany). Azorubine died-sections were analyzed with a VISILOG 6.7
professional software (Noesis, Gif sur Yvette, France) to calculate the mean cross-section area of fibers
according to Meunier, et al. [29].

2.8. Statistical Analysis

The differences of relative amounts of Col XII or XIV between stages post-conception were
assessed by analysis of variance (ANOVA) using the GLM procedure of SAS 9.2 Software (Statistical
Analysis System, Cary, NC, USA). A probability of less than 5% was considered statistically significant.
All results were presented as least square means ± Standart Error of the Mean (SEM).

3. Results

3.1. Sixty and 110 dpc

3.1.1. Perimysium

At 60 and 110 dpc, myotubes were grouped in bundles individualized by a wide perimysium
divided into a major (around the muscle cell bundles) and minor network (around and inside muscle
cell bundles) (Figure 1A). The average area of the myotubes was 84.2 ± 15.9 μm2 at 60 dpc and
85.5 ± 17.5 μm2 at 110 dpc. At 60 and 110 dpc, future perimysium was stained by Col I (Figure 2A,B),
VI (Figure 2F,G), DCN (Figure 3F,G), C4S (Figure 3K,L), Tn-X (Figure 4A,B) and Col XII (Figure 4F,G).
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At 60 dpc, Col XIV was undetectable (Figure 4K). At this stage, C4S (Figure 3K) and TN-X (Figure 4A)
labeling were very low. At 110 dpc, the presence of C4S, Tn-X (Figures 3L and 4B), Col XIV (Figure 4L)
in the perimysium was confirmed, but only in major networks.

Figure 1. Azorubine staining of transverse sections of foetal Semitendinosus muscle at 110 (A), 180 (B),
210 (C) and 260 (D) days post-conception (dpc). (ECM: ExtraCellular Matrix; MaN: perimysium major
network, MiN: perimysium minor netork, Mt1: primary myotubes, Mt2: secondary myotube, MFiBu:
Muscle Fiber Bundle).
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Figure 2. Immunohistochemical labelling with antibodies against type I (A, B, C, D, E), and type VI
(F, G, H, I, J) collagens of transverse sections of foetal Semitendinosus muscle at 60, 110, 180, 210
and 260 days post-conception (dpc) (Major (MaN) and minor (MiN) networks of perimysium; E:
endomysium, Mt1: primary myotubes, Mt2: secondary myotubes).
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Figure 3. Immunohistochemical labelling with antibodies against versican (A, B, C, D, E), decorin (F,
G, H, I, J), chondroitin-4-sulfate (K, L, M, N, O), chondroitin-6-sulfate (P, Q, R, S, T) of transverse
sections of foetal Semitendinosus muscle at 60, 110, 180, 210 and 260 days post-conception (dpc). (Major
(MaN) and minor (MiN) networks of perimysium (P), E: endomysium, Mt1: primary myotubes, Mt2:
secondary myotubes, F: muscle fiber).
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Figure 4. Mmunohistochemical labelling with antibodies against tenascin-X (A, B, C, D, E), collagen
XII (F, G, H, I, J), collagen XIV (K, L, M, N, O) of transverse sections of foetal Semitendinosus muscle
at 60, 110, 180, 210 and 260 days post-conception (dpc). (Major (MaN) and minor (MiN) networks of
perimysium).
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At 60 dpc, Col XII was present in major networks of perimysium (Figure 4F) while at 110 dpc
(Figure 4G), it was present everywhere in the perimysium.

At all studied stages (110, 180, 210 and 260 dpc), the presence of both Col XII and XIV were
observed as three bands of molecular weight between 220 and 290 kDa (Figure 5a,b).

Figure 5. (a) Collagen XII and (b) Collagen XIV Western blot analysis of foetal Semitendinosus muscle
at 110, 180, 210 and 260 days post-conception (dpc). The monoclonal antibodies against collagen XII
and XIV, two disulphide bonded polypeptides, recognized three bands on Western blots of bovine
muscle extracts, one band at 220 kDa and two others at about 290 kDa. The presence of these three
bands was due to the fact that migration conditions were reducing. The relative amounts of collagen XII
and XIV (least square means ± standard error of the mean) were expressed in arbitrary units. Different
letters on the same graph indicated that relative amounts of collagen XII and XIV differed significantly
between foetal stages (p < 0.05).

3.1.2. Endomysium

At 60 and 110 dpc, endomysium was distinctly labeled by Col I, VI (Figure 2A,B; Figure 2F,G),
IV (Figure 6A,B) and C6S (Figure 3P,Q). At these stages, labeling obtained with an antibody against
VCN was diffuse and occupied all the space between myotubes (Figure 3A,B). C4S appeared in
endomysium between 60 and 110 dpc (Figure 3K,L).

For VCN, C6S (Figure 3A,B and Figure 3P,Q, respectively), Col VI and IV (Figure 2F,G
and Figure 6A,B), the main difference between 60 and 110 dpc was the individualization or
non-individualization of primary and secondary myotubes. At 60 dpc, secondary and primary
myotubes were not individualized from each other, but seemed wrapped in the same endomysium in
bundles of 2 or 3 myotubes while at 110 dpc, some secondary myotubes began to be well individualized
from primary myotubes, while others always seemed wrapped in the same endomysium. This result
is illustrated in Figure 6 by both labeling with the antibody anti-Col IV (Figure 6a) and with a diagram
(Figure 6b).
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Figure 6. (a) The immunohistochemical labeling with antibodies directed against collagen IV (A, B, C,
D, E) of transverse sections of fetal Semitendinosus muscle at 60, 110, 180, 210 and 260 days post-conception
(dpc). (P: perimysium, E: endomysium, Mt1: primary myotubes, Mt2: secondary myotubes, F: muscle
fiber). (b) Schematic representation of differentiation of muscle fibers at 60, 110, 180, 210 and 260 days
post-conception (dpc). At 60 and 110 dpc, muscle fibers are present as primary (cells schematically
represented by an oval grey form with a central lumen surrounded by a dark grey line representing
endomysium) myotubes (Mt1) and secondary myotubes (Mt2) (cells schematically represented by a
brown form without central lumen). At 60 dpc, Mt2 are not individualized; they are wrapped in the
same endomysium than Mt1. At 110 dpc, almost all Mt2 are individualized and they have their own
endomysium (dark grey line). At 180 and 210 dpc, some Mt2, individualized or not, are still present,
but the majority of muscle cells are fibers (schematically represented by a yellow form surrounded by a
dark grey line representing endomysium). At 260 dpc, all myotubes are muscle fibers. (c) Schematic
description of localization of different molecules of ExtraCellular matrix. At each stage, the localization
of ECM molecules (Col I, IV, VI, XII and XIV: collagen of type I, IV, VI, XII and XIV; DCN: decorin,
TN-X: tenascin-X, C4 and 6S: chondroitin 4 and 6 sulfate; VCN: versican) is indicated in the major
and minor networks of perimysium and in the endomysium. From 110 dpc, only the modifications of
localization of ECM molecules are indicated.

3.2. 180 dpc to 260 dpc

At 180 dpc, almost all muscle cells had the appearance of muscle fibers and were organized
into bundles as in adults (Figure 1B). The average area of muscle fibers (138.2 ± 34.5 μm2) was
significantly higher (p < 0.05) than that at 110 dpc. The fiber cross-section area significantly (p < 0.05)
and progressively increased (282.53 ± 74.5 μm2 at 210 dpc to 391.22 ± 116.1 μm2 at 260 dpc) between
180 and 260 days.

3.2.1. ECM Molecules Whose Location Changed

C4S (Figure 3M,N), Tn-X and Col XIV (Figure 4C,D and Figure 4M,N) began to appear in minor
networks of perimysium between 180 and 210 dpc. The measures of Col XII and XIV by Western
blotting showed that the relative amount of Col XII significantly increased between 110 dpc and
180 dpc then significantly decreased between 180 and 260 dpc (Figure 5a). The relative amounts of Col
XIV significantly increased between 110 and 260 dpc (Figure 5b).

DCN appeared in the endomysium and in the minor networks of perimysium between 180 and
210 dpc (Figure 3H,I). C4S appeared in the minor networks of the perimysium between 110 and 180 dpc
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(Figure 3L,M). VCN was present in the endomysium until 210 dpc (Figure 3D) then disappeared from
the endomysium between 210 and 260 dpc (Figure 3D,E). At 260 dpc, it was only expressed in the
perimysium (Figure 3E).

3.2.2. ECM Molecules Whose Location Did not Change

From 180 dpc, the localization of Col I, VI (Figure 2C,H), IV (Figure 6C), and of C6S (Figure 3R) did
not change anymore. Col I and VI were present both in the endo- and perimysium, Col IV and C6S only
in endomysium. As at 110 dpc, Col XII was present in the entire network until 260 dpc (Figure 4H,I,J).
All modifications of the localization of molecules of ECM were summarized in Figure 6c.

4. Discussion

This report described the chronology of differentiation of 10 ECM molecules in the bovine fetus.
According to their chronology of differentiation and their localization, the molecules can be classified
into several groups. The molecules (i) exclusively located in endomysium (Col IV, C6S), those (ii)
exclusively located in perimysium (Col XII and XIV, TN-X), those (iii) first located in perimysium then
appearing in endomysium more or less precociously (Col I, VI, DCN and C4S) or (iv) such as VCN
first located in endomysium, then (v) that disappeared and appeared in perimysium at the end of the
fetal life.

In this study, Col IV was the collagen type detected the earliest in endomysium (since 60 dpc).
It remained present in endomysium throughout fetal life as well as in adults. Pöschl, et al. [30]
observed that embryos developed up to E9.5 on a null allele of the Col 4a1/2 locus in mice. However,
lethality occurred between E10.5–E11.5 (about 30 dpc for the bovine) because of structural deficiencies
in the basement membranes. The data of these authors highlighted that Col IV is fundamental for the
maintenance of the integrity and function of basement membranes and, consequently, must be present
very early in the process of differentiation.

As previously shown, Col I and VI were present since 60 dpc in the perimysium [23,31]. Col
VI appeared progressively in the endomysium of primary and secondary myotubes between 60 and
110 dpc; it was colocalized with Col I. At 180 dpc, Col I and VI had the localization that they will
have in the adult muscle in the endomysium and the perimysium. The period between 60 and 110
dpc coincides with the differentiation of fetal myoblasts in myotubes. Thus, as previously suggested
in vivo by Listrat, Picard and Geay [22] and Listrat, Picard and Geay [23] and in vitro by several other
authors [32,33], our results suggest that Col I and VI might be involved in the early differentiation
of myotubes. However, recent studies support the idea that these collagens do not play a direct role
in differentiation. Their presence would enable the preservation of collagen-binding molecules like
proteoglycans, laminins and fibronectin and, consequently, the cytokines and growth factors that bind
these molecules and are essential for myoblast differentiation in myotubes [34].

In chicken, VCN is transiently upregulated in myoblasts and newly formed myotubes. It is located
in the endomysium. At the same stages and from chicken, decorin is observed in the perimysium, then
its distribution gradually spreads to the perimysium and endomysium at the end of ovogenesis [35,36].
These observations are in line with what we observed in this study in bovine fetuses since VCN was
present in the endomysium between 60 and 210 dpc, disappeared and were then replaced by DCN
between 210 and 260 dpc. In bovine fetuses, the proliferation and differentiation of myoblasts in
myotubes are at their highest peak between 60 and 210 dpc [37]; stages of the presence of VCN in
endomysium. The role of VSC in the myogenesis is poorly defined, even though it may be an important
driver during myogenesis [38]. However, it is known that it contributes to the formation of a hydrated
pericellular matrix—part of ECM in close contact with cells—whose remodeling by some proteinases
of ADAMTS family (a disintegrin and metalloproteinase with thrombospondin motifs) contributes to
the formation of myotubes [38].

At 210 dpc, the total number of muscle fibers is fixed, the contractile differentiation of the first
generation of myotubes is completed, and various adult myosin heavy chain (MHC) isoforms begin
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their expression [37]. We suggest that DCN could have an indirect but crucial role at this stage. Indeed,
Miura, et al. [39] proposed that DCN would decrease the activity of myostatin—a growth factor—by
its sequestration. A lack of myostatin [40] and an over-expression of DCN [41] would lead to the
upregulation of MyoD (myoblast determination protein) and reduce the levels and activity of MEF2
(myocyte enhancer factor-2)—a transcription factor—and calcineurin—a protein phosphatase. MyoD
is a transcription factor of the myogenic factors subfamily involved in muscle differentiation which
is important for the activation of MHC IIB gene expression [41]. The loss of MEF2 and calcineurin
may result in a reduction of slow fibers [42]. Thus, when decorin began to be present in endomysium,
it could begin to regulate the fiber-type composition of skeletal muscles by regulating MEF2, calcineurin
and MyoD gene expression.

The results of this study showed that, between 110 and 180 dpc, the relative amounts of Col
XII increased then, after 180 dpc, it decreased. This decrease could be involved in muscle fiber type
transitions that occur at the end of fetal life and, more precisely, in the differentiation of type II fibers
as suggested by the work of Zou, et al. [43] in the model of mouse Col12A1−/−. In this model, in two
muscles, the Soleus (slow oxidative) and the Tibialis (fast glycolytic), the absence of Col XII results in a
more glycolytic metabolism. Nishiyama, McDonough, Bruns and Burgeson [14] have shown that the
addition of this collagen type to collagen gels modifies their mechanical properties, suggesting that Col
XII might be directly involved in determining the mechanical properties of collagen-rich tissues in vivo
and their elasticity. Consequently, it has been proposed that the reduction of relative quantities of
Col XII could change the matrix elasticity and thereby facilitate the terminal differentiation of muscle
fibers [43].

In our model, the decrease of the relative amounts of collagen XII was associated with an increase
of Col XIV. At the same period (between 180 and 210 dpc), Tn-X, which was already present in major
perimysium networks, appeared in minor ones. To our knowledge, it is not known whether Tn-X or
Col XIV play a role in the regulation of myogenesis. However, when Tn-X [13] and Col XIV [14] are
added to collagen gels, they modify their mechanical properties and could act in synergy with Col XII.

5. Conclusions

This study is the first one to investigate the chronology of appearance of 10 ECM molecules of
several families (collagens, PGs, . . . ) in bovines along the fetal life. The main factor investigated is the
age of fetuses at key stages of myogenesis as previously defined in our laboratory [38]. This approach
highlighted, for the first time, that since 60 dpc, all the studied ECM molecules were present.
They acquired the localization they will have in adults in the first two-thirds of fetal life (between
180 and 210 dpc). The main step of myogenesis terminates during the same period. Around 180 dpc,
the number of muscle fibers is fixed and adult MHC forms begin to be present. The findings of this
study also suggest that to consider controlling the muscular differentiation, it would be necessary to act
very early (before the ECM constituents have acquired their definitive localization and that the muscle
fibers have finished differentiating) at the beginning of the first third of gestation. The knowledge of
key stages of differentiation of different tissues of muscle is essential in order to be able to control the
characteristics in relation to beef quality, for example, through maternal feeding. Indeed, in ruminants,
it is known that it is possible to decrease the number of secondary myotubes through the nutrient
deficiency of the dam from early-to-mid gestation and during mid-to-late gestation to decrease the
number of intramuscular adipocytes and muscle fiber sizes [44]. The role of maternal feeding on
IMCT is less known, but Huang, et al. [45] have shown that maternal over-nutrition increased collagen
accumulation and cross-linking in skeletal muscle offspring.
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Abstract: Abandoning of male piglets castration in the European Union is a challenge for the pork
production sector in particular for high-quality dry-cured traditional products. The information on
consumer acceptability of dry-cured products from alternatives is limited, so the objective was to
test the consumer acceptability of unsmoked traditional dry-cured belly (Kraška panceta) processed
from three sex categories, i.e., surgical castrates (SC), entire males (EM) and immunocastrates (IC).
Consumers (n = 331) were asked to taste dry-cured bellies from EM, IC and SC and to score the
taste appreciation on a 9 cm unstructured scale. After tasting the pancetta of three sex categories,
the consumers attributed the lowest acceptability scores to SC, whereas IC and EM received similar
scores. Only about a quarter of consumers attributed the lowest score to EM, mainly when boar taint
compounds were present. The results of this study indicate that a certain share of consumers was
sensitive to taste deficiencies and that the leanness of this product is very important for consumers.

Keywords: consumer; sensory acceptability; dry-cured belly; pancetta; pig; boar taint

1. Introduction

Surgical castration of male piglets is a worldwide used practice in pig production with the main
goal to prevent so-called boar taint—an unpleasant aroma and taste of pork. Boar taint has been
associated with the presence of high levels of androstenone and/or skatole, two lipophilic substances
that accumulate in fat tissue of uncastrated male pig [1,2]. Androstenone is a steroid that serves as
a pheromone and is produced by testicular Leydig cells, whereas skatole is a product of bacterial
degradation of the amino acid tryptophan in the large intestine. Hepatic metabolism of skatole is
hindered by steroid hormones (including androstenone), so increased concentrations of androstenone
are responsible for higher levels of skatole [3]. The levels above which the consumers can detect
androstenone and skatole are considered to be between 0.5–1.0 μg/g fat and 0.20–0.25 μg/g fat for
androstenone and skatole, respectively [4]. In practice surgical castration is done early in a piglet’s
life; the European Union legislation allows this procedure to be done without the use of anesthesia or
analgesia within the first week after birth [5]. However there is a growing public dissent concerning this
method due to a negative effect on animal welfare. For this reason the European pork chain committed
to voluntary stop male piglet castration without pain relieving [6]. However, a sustainable exit from
piglet castration only works if unsolved issues are discussed critically and alternative solutions are
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evaluated. In particular, the industry is facing major challenges when fattening boars to higher age and
weight at slaughter, which is problematic for high-quality traditional products, as the highest risks are
associated with fat quantity and quality [7]. Boar taint is more easily perceived when fat content is high,
no masking ingredients are used and the product is consumed warm [8]. Many processing technologies
have been tested in order to mask boar taint; however, a recent review study indicated that in order for
consumers to not detect it, processed pork would need to have androstenone levels lower than 0.4 μg
per g and to be served at below 23 ◦C [9]. Boar taint was shown to be perceived in dry-cured products,
even if these are not consumed warm [10,11]. A recent review of studies with consumers regarding
boar taint and consumer acceptability [8] demonstrated a need for a better understanding of the risks
related to the perception of boar taint by the consumer in the case of different product types. Moreover,
there is a lack of studies comparing sensory acceptability of meat products made from entire males but
also other alternative options like immunocastrated males.

The objective of the present study was to test the sensory acceptability of a traditional Slovenian
product, dry-cured belly Kraška panceta with Slovenian consumers. Kraška panceta is a product
protected with geographical indication (PGI) according to EU legislation. The origin of raw material
is not prescribed which denotes procurement on different EU markets and no control over the sex
category of pigs used. With increasing probability of meat from uncastrated male pigs on the market,
it is important to verify the acceptability of this product made from meat of different alternatives, i.e.,
pig sex categories.

2. Materials and Methods

Bellies came from pigs (crosses of German Landrace sows and Pietrain boars raised on the
same farm, fed the same standard commercial feed mixture) of three sex categories, i.e., entire males
(EM), immunocastrates (IC) and surgical castrates (SC). Pigs derived from one slaughter batch and
were of similar age (185.0 ± 3.4 days) and weight (121.1 ± 9.9 kg). IC received two applications
of the vaccine IMPROVAC®(Zoetis Belgium SA, Louvain la Neuve, Belgium) according to the
manufacturer‘s recommendations. Fresh bellies were submitted to processing (regular commercial
production respecting food safety legislation) according to the rules of traditional Slovenian dry-cured
belly product protected with geographical designation (PGI), Kraška panceta. The processing procedure
consisted of seven days dry-salting, surface addition of spices (black pepper and garlic), no smoking,
and air-drying for 12 weeks. Bacons (n = 18, six per sex group with average fresh belly leanness
evaluated on a carcass cross section at the last rib being 72.8%, 68.7% and 54.4% for EM, IC and SC,
respectively) were selected at the end of the processing for the sensory analysis with consumers. In the
case of products from EM, dry-cured bellies were selected so as to cover a large range of boar taint
levels (i.e., of androstenone and skatole levels, Table 1), whereas in the case of SC and IC the levels of
androstenone and skatole in the fat tissue were below the limit of detection of the analytical method.
Surveys with consumers were conducted at the main agricultural fair in Slovenia (AGRA 2018) and
comprised of 331 volunteers (210 males, 121 females), visitors of the fair that agreed to taste and
evaluate in parallel three slices of pancetta, one from EM, one from IC and one from SC. For that
purpose, six sets of EM-IC-SC products were used (Table 1). Each triplet of products was tasted by
50 to 65 consumers. Slices were codified as A, B and C for SC, IC and EM, respectively and all three
slices were given to the consumer at the same time. The order of tasting was a decision of the consumer.
No personal data were asked and collected from the visitors that tasted the products.

206



Foods 2019, 8, 122

Table 1. Level of boar taint substances in the fat tissue of entire males (EM).

Set

1 2 3 4 5 6

Boar Taint Substance Low Boar Taint High Boar Taint No tainT

Androstenone 1 0.55 0.45 19.5 3.07 9.10 b.d.
Skatole 1 0.03 b.d. 0.19 0.03 0.20 b.d.

1 μg per g liquid fat; b.d. = below the limit of detection.

Each visitor was asked to evaluate the acceptability of the taste of three pancetta slices (one from
EM, one from IC and one from SC) and to provide a note on a 9 cm non-structured scale anchored at
two ends (from dislike extremely to like extremely). The distance from the left anchor to mark was
measured. Data obtained were submitted to an analysis of variance (ANOVA), using the procedure
Mixed of statistical software SAS®(SAS Institute Inc., Cary, NC, USA). The model included the fixed
effects of the sex category (EM, IC and SC), set of products (1 to 6) and their interaction and gender of
the consumer and a random effect of the consumer. Due to a significant interaction, the slicing by sex
category and set of products were used to evaluate the effect of sex category within the set of products
and vice versa. The least squares means (LSM) were calculated and compared (using a Tukey test
for multiple comparisons). A threshold probability level considered for statistical significance was at
p < 0.05.

3. Results

The analysis of variance (Table 2) showed that the pig sex category had a significant effect on
sensory acceptability of pancetta, and that the consumers attributed the pancetta from EM and IC with
the highest average acceptability score (6.3 and 6.2, respectively), whereas SC products received a
significantly (p < 0.0001) lower average score (5.4). There was no difference in the acceptability score
between male and female consumers.

Table 2. Analysis of variance for the pancetta sensory acceptability score.

Residual Sex Category Set of Products
Interaction
Sex × Set

Consumer Gender

p-value

2.3 <0.0001 0.4308 <0.0001 0.8334

LSM

EM IC SC 1 2 3 4 5 6 male female

6.3 b 6.2 b 5.4 a 5.9 5.9 6.4 5.9 6.0 6.0 6.0 6.0

EM = entire males, IC = immunocastrates, SC = surgical castrates; 1 to 6 sets of belly with different boar taint levels
as defined in Table 1. Least squares mean (LSM) values with a different letter are statistically different at p < 0.05.

There was a significant effect (p < 0.0001) of the interaction between the set of tested products and
pig sex category on the acceptability score, indicating that the result (i.e., acceptability according to the
pig sex category) was not the same in all sets of products. Differences in the liking score between EM,
IC and SC were significant in the case of high tainted EM products (sets 3 and 4) and the untainted EM
product (set 6) but not in low tainted EM products (Table 3).

Pancetta of SC received the lowest average score in four out of six sets (Table 3) and in total and
was scored the lowest by 43.5% of consumers. In the absence of boar taint substances in EM (i.e., set 6),
EM was liked the most and SC the least with IC taking an intermediate position. When EM had low
boar taint (sets 1 and 2), the average acceptability score of EM was similar to IC and SC, whereas
when EM had high boar taint (sets 3 and 4), IC had the highest acceptability. Overall, there was 23.3%
of consumers who gave the lowest score to pancetta from EM. When androstenone level was about
0.5 ppm (sets 1 and 2), the lowest score was given by 22.8% of consumers, when androstenone level
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was very high (sets 3, 4 and 5), the lowest score was given by 27.2% of consumers. In the case of EM
pancetta with boar taint compounds below detection limit (set 6), there was still 11.3% of consumers
which gave the lowest score to EM pancetta. Figure 1 shows a decrease of liking of EM pancetta with
an increasing level of boar taint substances, whereas just the opposite trend can be observed for SC
and IC (increased liking of IC and SC products with increasing boar taint in EM products).

Table 3. Least squares mean (LSM) for sensory acceptability according to the sex category and set
of products.

Set of Products

Sex category 1 2 3 4 5 6 p-value

EM 6.4 6.1 6.3 AB 5.8 AB 6.2 7.2 C 0.1028
IC 5.4 a 5.8 ab 7.1 B,c 6.9 B,bc 6.3 ab 5.9 B,ab 0.0014
SC 5.9 5.8 5.7 A 4.9 A 5.5 4.8 A 0.0765

p-value 0.0858 0.6956 0.0074 0.0003 0.1014 <0.0001

EM = entire males, IC = immunocastrates, SC = surgical castrates. Significant (p < 0.05) differences in least squares
mean (LSM) values are assigned different letters (between sex categories’ uppercase letters and between sets of
products’ lowercase letters).

Figure 1. Change of consumer acceptability of pancetta according to the level of boar taint in EM.
EM = entire males, IC = immunocastrates and SC = surgical castrates.

4. Discussion

In the present study, the slices of products were coded A, B and C for SC, IC and EM, respectively,
which could bias the results as a serial position has been shown to affect preferences (large primacy
effect, i.e., advantage of the first) [12]. However, the slices were presented together, the consumers
were free to choose the order of their tasting (not recorded) and SC, which were coded A, were the
least appreciated. The overall lowest consumer sensory appreciation of dry-cured belly products
from SC was unexpected, in particular because boar taint substances were present in most of the EM
products and in some of them at very high levels. It can be speculated that the consumers, despite
being asked to score the taste, were evaluating the overall acceptability of the product. The context
in which the sensory properties are perceived alter the perception [13]. Implicit sensory experience
(i.e., the ‘taste’ of a food) represents only part of the eating experience; visual and haptic perception
reveal the strongest correlations with the overall experience [14]. It can be assumed that they were
biased by visual appearance, most likely the leanness with EM having the most lean and SC the
fattiest bellies with IC in the middle but closer to EM (72.8, 54.4 and 68.7 lean %, respectively). This
is also substantiated by the fact, that SC was scored the lowest in majority of the product sets and
that IC products were scored the highest (and higher than EM) when boar taint substances were at
a high level in the EM product. The maximum difference between scores given to SC, IC and EM
were obtained in products of set 6, thus, without taint in EM. However, despite this generally best
appreciation observed for EM products, the consumers were sensible to taste deficiencies. Firstly, about
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a quarter of consumers gave the lowest score to the EM product. Secondly, when EM had low boar
taint, it was more similar to IC and SC, probably because consumers were not completely satisfied
with the taste of EM although not enough dissatisfied to show a preference for SC or IC. However,
when EM had high boar taint, IC had higher acceptability than EM, probably because the consumers
did not like the EM taste and choosing between IC and SC, the first were less fatty so were preferred.
This is demonstrated in Figure 1, where a downward trend could be observed for EM products, and an
upward trend for products of IC and SC, which confirms a reduced appreciation in the case of EM
products with boar taint. The review carried out by Font-i-Furnols in 2012 [8] showed that in two
studies, the acceptability of EM pork depended on the level of androstenone or boar taint, but in two
studies, the bacon from EM was equally accepted as those from other sexes (IC not included). Contrary
as in the present study, Spanish consumers scored the loins from EM lower than those from SC and IC,
even when the levels of androstenone were low [15]. However, in this study with loins, consumers
did not see the fatness of the product, which could influence a lot the appreciation of the meat by
consumers [16] and may explain the results of the present study. The literature dealing with the effect
of processing technologies on boar tainted meat generally shows that dry-curing does not eliminate its
perception in the products [10,11]. It is also considered that boar taint substances are not degraded
or lost during the long dry-curing process [17], although in one of our studies we determined some
reduction of the concentration of boar taint substances with very long maturing time in dry-cured
ham [18]. However, in the case of pancetta, the process is much shorter. It has also been suggested that
the curing process leads to a formation of aromatic compounds that are able to mask boar taint [19].
The added spices, garlic and black pepper could also contribute to the masking of boar taint [20]. It is
also possible that high leanness of pancetta from EM used in the present study could partly explain
why the consumers did not perceive taste deficiencies even more as boar taint is more easily perceived
when fat content is high [8]. This investigation shows that boar taint levels cannot solely explain taste
acceptability of pancetta, which corroborates with recently published meta-analysis [21] indicating that
uncastrated males (EM) apart from boar taint, may present reduced meat quality and are more prone to
oxidation [21,22]. Despite some methodological limitations due to the study design, this investigation
provides an insight to the sensory acceptability of dry-cured belly by consumers in relation to the sex
category as characterized by leanness and boar taint level.
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Abstract: The underlying mechanism(s) behind the potential carcinogenicity of processed meat is a
popular research subject of which the lipid oxidation is a common suspect. Different formulations
and cooking parameters of a processed meat product were evaluated for their capacity to induce
lipid oxidation. Meatballs made of beef or pork, containing different concentrations of fat (10 or
20 g 100 g−1), salt (2 or 4 g 100 g−1), subjected to differing cooking types (pan or deep frying),
and storage times (1, 7, and 14 days), were evaluated using thiobarbituric reactive substances (TBARS).
The deep-fried meatball type most susceptible to oxidation was used as the model meat product for
testing the lipid oxidation inhibiting capacity of 11 plant materials and extracts, in two concentrations
(100 and 200 mg kg−1 gallic acid equivalent (GAE)), measured after 14 days of storage using TBARS.
Summer savory lyophilized powder was the most efficient plant material, lowering lipid oxidation to
13.8% and 21.8% at the 200 and 100 mg kg−1 concentration, respectively, followed by a sea buckthorn
leaf extract, lowering lipid oxidation to 22.9% at 100 mg kg−1, compared to the meatball without added
antioxidants. The lipid oxidation was thus successfully reduced using these natural antioxidants.

Keywords: natural antioxidant; phenol; malondialdehyde; processed meat; Folin-Ciocalteu

1. Introduction

Since the International Agency for Research on Cancer (IARC) released their monograph stating
that consumption of red and processed meats are linked to colorectal cancer (CRC) in 2015, research
regarding this topic has increased, particularly since the mechanisms leading to these links remain
partly unknown [1]. The most commonly proposed factors underlying the link between consumption
of red/processed meat and CRC have been attributed to the following, partly overlapping, mechanisms:
(I) An increase in oxidative or N-nitrosation load leading to lipid oxidation and DNA adducts in the
intestinal epithelium, respectively; (II) stimulation of proliferation of the epithelium by heme or other
food metabolites acting either directly or following conversion, e.g., heterocyclic amines (HCAs) and
polycyclic aromatic hydrocarbons (PAHs) through high-temperature cooking; and (III) pro-malignant
processes triggered by a higher inflammatory response, e.g., by a process where N-glycolylneuraminic
acid (Neu5Gc) is involved in developing xenosialitis, an inflammatory syndrome inducing cancer
formation and progression [2,3].

Processed meat refers to products typically made of red meat that have undergone curing, salting,
or smoking, often containing high amounts of fatty tissues together with endogenous phospholipids [4].
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These factors, together with high-temperature cooking, make them susceptible to oxidative reactions,
which may contribute to health hazards [5]. The meatball dish, a minced meat product, is one of the
Swedish trademarks in traditional cuisine. The world’s largest furniture retailer, IKEA, claims they
sell more than one billion meatballs per year [6]. Meatballs are industrially deep-fried, while usually
pan-fried when homemade, and are typically made of pork and/or beef meat (fat content ranging
between 10 and 20 g 100 g−1), onion, egg, breadcrumbs, and salt (ranging between 2 and 4 g 100 g−1).
Meatballs were chosen as the study material due to the large market and the fact that the formulation
and cooking process covers most of the main components of processed meat products in general.

The addition of antioxidants to meat, meat products, and meat model systems has been widely
studied for oxidation preventing purposes [7]. Synthetic antioxidants, such as butylated hydroxytoluene
(BHT), butylated hydroxyanisole (BHA), propyl gallate (PG), and tertiary butylhydroquinone (TBHQ),
are commonly used in the food industry for oxidation-inhibiting purposes but are decreasing in use
due to their suspected genotoxicity [5,7]. Hence, there is an increased demand of natural antioxidants,
which could prevent the oxidation process of different meat products, potentially decreasing the
negative health effects of processed meat products, as well as prolonging the shelf-life and promoting
sustainability. For an evaluation of the lipid oxidation-inhibiting capacity of antioxidants in meat
and meat products, the thiobarbituric reactive substances (TBARS) assay is frequently used [8–10].
Moreover, to obtain reliable results, it is important that the meat model used is appropriate for the
product and supplements tested.

The aim of the present study was (I) to develop a relevant oxidized processed meatball model
to study the effects of supplemented antioxidants, and (II) investigate lipid oxidation in meatballs
without and with a range of plant materials and extracts at different concentrations.

2. Materials and Methods

2.1. Plant Materials and Extracts

Eleven plant materials and extracts were collected from Denmark, Estonia, Finland, Latvia,
and Sweden (Table 1), i.e., from partners of the EU-project “Sustainable plant ingredients for healthier
meat products-proof of concepts”. Finnish phenol-rich extracts were prepared using pressurized
hot water extraction (PHWE). Samples were obtained using a Dionex ASE 350 accelerated solvent
extractor (Thermo Fischer Scientific Inc., Waltham, MA, USA). Extraction temperatures were 110 ◦C
and 120 ◦C for sea buckthorn (Hippophae rhamnoides L.) leaves and bilberry leaves (Vaccinium myrtillus
L.), respectively. The static extraction time was 1 min for both samples. After PHWE, the extracts were
filtered and lyophilized. Estonian phenol-rich extracts were prepared using a pilot-scale solid-liquid
Naviglio extractor (Atlas Filtri, Limena, Italy) with 20 mL 100 mL−1 ethanol (aq). Extracts of rhubarb
root (Rheum rhabarbarum L.) and black currant (Ribes nigrum L.) leaves were concentrated to half their
volume and were lyophilized to a powder. The ethanol of the Swedish extracts (Table 1) was evaporated
before they were diluted to the wanted concentrations. The summer savory (Satureja hortensis L.)
powder was added non-extracted to the meat batter with the same amount of tap water as the extracts.
The extracts were dissolved in MilliQ water prior to dilution in tap water and addition to the meat
batter. All samples were analyzed for their total phenols content using Folin-Ciocalteu reagent [11].
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ič

es
ka

ja
L ,u

bi
te

l ,s
ka

ja
’a

nd
‘P

ro
zr

ač
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2.2. Chemicals

2-Thiobarbituric acid ≥98 g 100 g−1 (TBA), 1,1,3,3-tetramethoxypropane 99 mL 100 mL−1 (TMP),
trichloroacetic acid ≥99.0 g 100 g−1 (TCA), and ethanol 96 mL 100 mL−1 were obtained from
Sigma-Aldrich Inc., St. Louis, MO, USA. Hydrochloric acid (40 mM L−1) and 85 mL 100 mL−1

ortho-phosphoric acid (H3PO4) were obtained from Merck KGaA, Darmstadt, Germany.

2.3. Preliminary Trial for Meatball Model Selection

Meatballs were produced in triplicates with two concentrations of NaCl (2 and 4 g 100 g−1),
fat (10 and 20 g 100 g−1) from two types of meat (pork and beef obtained from Atria Sverige AB) and
were either pan-fried or deep-fried, and stored for 1, 7, and 14 days (Figure 1). Lean meat from pork
shoulder (Musculus trapezius) (fat content 4.3 g 100 g−1) was adjusted to fat contents of 10 and 20 g
100 g−1, respectively, during mincing using pork belly (M. external abdominal oblique) (fat content 28.2 g
100 g−1). Lean meat from boneless beef knuckle (M. semitendinosus) (fat content 5.5 g 100 g−1) was
adjusted to the same fat contents using a mixture of cuts from beef chuck (M. deltoideus) and clod (M.
latissimus dorsi, M. trapezius, M. serratus ventralis) (fat content 27.5 g 100 g−1). After fat adjustment, NaCl
was added and blended to the mince before vacuum packing and freezing at −18 ◦C until trials begun.
The mince was thawed in a refrigerator (4 ◦C) overnight before meatballs were manufactured for the
trial. Meatballs were either pan-fried or deep-fried in randomized order in refined rapeseed oil (Zeta,
Stockholm, Sweden), containing 7.5 g 100 g−1 saturated fatty acids, 62.5 g 100 g−1 mono-unsaturated
fatty acids, and 30 g 100 g−1 poly-unsaturated fatty acids, where the temperature in the pan was
kept stable at 175 ◦C ± 1 ◦C controlled by a laser thermometer (IR-termometer Basetech IRT-350,
Plano, Texas, USA) and the deep-frying temperature was kept stable at 160 ◦C ± 0.5 ◦C. When the
meatballs had reached a 72 ◦C inner temperature, they were removed from heating and rested on
paper towels until room temperature was reached. The meatballs were then stored in a refrigerator
(4 ◦C) in sealed polyethylene bags for 1, 7, and 14 days before the level of lipid oxidation was measured
using thiobarbituric reactive substances (TBARS).

 

Figure 1. Scheme of the pan-fried meatball study set up as modified by Granheimer [13]. The same set
up was used for the deep-fried meatball study.
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2.4. Test of Antioxidants in Most Oxidized Pork Meatball

The 11 antioxidant powders and extracts were added in 100 and 200 mg kg−1 of gallic acid
equivalents (GAE), respectively, based on their total phenols content (Table 1) to the most oxidized
type of meatball from the above presented study, namely, pork with 2 g 100 g−1 NaCl and 20 g 100 g−1

fat (weight by weight, which was deep-fried. In order to incorporate the antioxidants into the meat
batters, 90 g of mince was mixed by hand with 9 mL of antioxidant solution until all fluid had been
absorbed by the mince. Meatballs were hand-rolled and weighed in triplicates to a standardized
weight of 16.5 g ± 0.1 g before they were deep-fried as mentioned above at 160 ◦C until the inner
temperature reached 72 ◦C. The meatballs were then let to rest on paper towels until room temperature
was reached. After 14 days in the refrigerator (4 ◦C), the level of lipid oxidation was measured using
thiobarbituric reactive substances (TBARS).

2.5. Thiobarbituric Reactive Substances (TBARS)

The lipid oxidation was measured in triplicates for each meatball using TBARS based on the
method of Buege and Aust [14], where the prepared TBA reagent consisted of 15 g 100 mL−1 TCA and
0.75 g 100 mL−1 TBA in 0.25 M HCl. Samples from meatballs were weighed to 6 ± 0.1 g and crushed
by mortar and pestle prior to being added to a 50-mL falcon tube containing 22.5 mL Milli-Q H2O
together with 1.5 mL of 10 g 100 mL−1 TCA solution. The samples were then vortexed for 60 s prior to
heating at 40 ◦C for 5 min to precipitate proteins, before 2 mL 96 mL 100 mL−1 ethanol was added to
solubilize fats. The mixtures were then filtered through a filter paper (Munktell, grade 1F) to obtain
a clear filtrate for TBARS analysis. In total, 2.5 mL of the TBA reagent was added to 0.5 mL of the
filtrates, which were then heated to 90 ◦C for 10 min before being cooled in tap water to end the reaction.
All samples were centrifuged at 3600 g for 20 min (Allegra® X-15R, Beckman Coulter, Brea, CA, USA)
before the absorbance of the supernatants was measured at 534 nm and 600 nm, respectively (Varian
Cary® 50 UV-Vis Spectrophotometer, Agilent, Santa Clara, CA, USA). If the coefficient of variation
(cv%) between the sample replicates exceeded 10%, the analyses were re-run. Results are reported as
μM malondialdehyde (MDA) g−1 meatball for meatball parameter evaluations, and as a percentage
oxidation of the blank sample (without added antioxidants) for antioxidant evaluation.

2.6. Statistical Analyses

Statistical analyses were carried out using SPSS Statistics 25.0 (IBM Corp. Released 2017. IBM SPSS
Statistics for Windows, Version 25.0. Armonk, NY, USA) and R for Windows GUI front-end version
3.5.3 (R version 3.5.2 (2018-12-20)—“Eggshell Igloo” Copyright© 2018 The R Foundation for Statistical
Computing Platform: x86_64-w64-mingw32/x64 (64-bit). Box-Cox transformations were used to
achieve normal distribution of data. A univariate general linear model (GLM) was performed on
logarithmic values of oxidation data in both the preliminary trial and antioxidant study in order to
ensure normal distribution of samples (skewness and kurtosis with maximum values of ±1.96 [15]).
In the preliminary trial, meat type, salt content, fat content, cooking type, and storage time were all
fixed factors tested in a full-factorial GLM model on the dependent variable TBAR (μM MDA g−1

meatball). In the antioxidant study, species and concentrations of antioxidants were fixed factors in
the full-factorial model of the dependent variable percent lipid oxidation of meatballs compared to
meatballs without antioxidants. In both trials, meatball samples were made in triplicates of which
TBARS was measured in 3 technical replicates; statistical analyses were conducted on an average of the
results of the meatball triplicates. Post-hoc tests were performed using the Scheffe method. A Pearson
correlation analysis was conducted using SPSS on previous antioxidant activity data for the samples
included in this study together with the lipid oxidation inhibiting capacity to study if, and if so, which
antioxidant mode of action gave rise to the lipid oxidation inhibiting capacity.
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3. Results

3.1. Preliminary Trial for Meatball Model Selection

Lipid oxidation levels of meatballs differing in composition, cooking method, and time of storage
are presented in Figure 2. Statistical results indicate that meat type, storage time, cooking type, and salt
content all had significant effects on the lipid oxidation (p < 0.001) as did the fat content (p < 0.01).
Nearly all interactions had significant effects on lipid oxidation (p < 0.05) except for interactions
between: Salt × cooking, meat × salt × storage, meat × salt × fat × cooking, and meat × salt × fat ×
storage (Table A1). However, the partial Eta squared (η2) showed the effect sizes of most interactions
were minor. The factors affecting lipid oxidation the most were meat type and storage time (p < 0.001)
(Table A1), where pork oxidized more than beef, and where oxidation increased with longer storage
times for both meat types, as is shown in the interaction between meat type and storage time (Figure 3a).
There was an interaction between meat type and fat content (Figure 3b), where beef with 20 g 100 g−1

fat oxidized less than with 10 g 100 g−1 fat, and the opposite was shown in pork meat. The combination
of parameters that oxidized the most contained pork meat, 20 g 100 g−1 fat, and 2 g 100 g−1 salt; was
deep-fried; and was stored for 14 days (Figure 2) (Table A2).

 

Figure 2. Lipid oxidation in model meatballs with differing parameters shown in μM malondialdehyde
(MDA) g−1 meatball, where P = pork and B = beef meat. The numbers 2 and 4 correspond to the salt
content in % and the numbers 10 and 20 correspond to the fat content in %. The standard deviation is
shown by the error bars (n = 3).

 
(a) (b) 

Figure 3. Main effect plots (estimated marginal means) of TBARS (μM malondialdehyde g−1 meatball) of
(a) the interaction between meat type and storage times and (b) the interaction between meat type and fat
contents (%).
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3.2. Inclusion of Antioxidants in Most Oxidized Meatball

All meatball samples were evaluated for their TBAR substances (malondialdehyde (MDA) μM
g−1) in triplicates after 14 days of storage where the results were calculated as a percentage of oxidation
compared to samples without added antioxidants ((μM MDA g−1 meatball with plant material/μM
MDA g−1 meatball without antioxidant) * 100) (Figure 4). Statistical results indicate that antioxidant
species, concentrations, and the interaction of both significantly affected the level of lipid oxidation
compared to the meatball without added antioxidants (p < 0.001) (Figure 4) of which the antioxidant
species was shown to have the largest effect size on the level of lipid oxidation (Table A3). The summer
savory powder (Satureja hortensis L., SS) at 200 mg kg−1 and 100 mg kg−1, water extracted sea buckthorn
(Hippophae rhamnoides L., SBTH2O) at 100 mg kg−1, and olive polyphenols (Olea europaea L., OPP) at
200 mg kg−1 were the most efficient antioxidants, lowering lipid oxidation to 13.8%, 21.8%, 22.9%,
and 26.1%, respectively (Table A4), compared to the meatball with no added antioxidants. There were
no significant correlations (Pearson) between the total phenols content (GAE mg mL−1) and the lipid
oxidation inhibition capacity of the antioxidants (Table A5).

 

Figure 4. Lipid oxidation in the meatball type most prone to oxidize (pork with 2% NaCl, 20% fat (w/w),
deep-fried), with different antioxidants shown as a percentage of oxidation compared to the meatball
without added antioxidants at two concentrations. SS = Summer Savory, OS = Onion skin, SBT = Sea
buckthorn leaves, BR = Beetroot leaves, OPP = Olive polyphenols, SBTH2O = water extracted sea
buckthorn leaves and sprouts, SBT PHWE = Sea buckthorn leaves and sprouts-pressurized hot water
extraction, LBC = Lyophilized black currant leaves, LRR = Lyophilized rhubarb root, BB PHWE =
Bilberry leaves-pressurized hot water extraction, and SBT80 = ethanol (80%) extracted sea buckthorn
leaves and sprouts. The standard deviation is shown by the error bars (n = 3).

4. Discussion

This study was divided into two parts, where the aim of the first part was to select a meatball
model prone to oxidize. The aim of the second part of this work was to include and test various
types of natural antioxidants for lipid oxidation inhibiting purposes. Both parts of the study will be
discussed separately hereunder.
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4.1. Preliminary Trial for Meatball Model Selection

We found that meat type was the most important factor affecting lipid oxidation (Table A1)
where the pork meatballs overall were significantly (p < 0.001) more prone to oxidize than those
of beef meat (Figure 3). This was not according to our expectations since pork meat contains less
myoglobin (2 mg g−1) than beef meat (8 mg g−1) [16], and since the heme-iron content in meat is
commonly hypothesized to be one of the significant substances in red and processed meat inducing
carcinogenesis due to its involvement in mutagenic nitroso-compounds (NOCs) and the production of
reactive oxygen species (ROS), producing lipid oxidation secondary products, such as malondialdehyde
(MDA) [3,17,18]. However, a plausible explanation for the obtained results of the meatballs made of
beef or pork meat could be differences in the levels of polyunsaturated fatty acids (PUFA) frequently
involved in lipid oxidation. Pork meat has considerably higher amounts of linoleic acid (18:2) in
both adipose tissue (14.3 g 100 g−1) and muscle tissue (14.2 g 100 g−1) than beef adipose tissue (1.1 g
100 g−1) and muscle tissue (2.4 g 100 g−1) [19]. This difference in linoleic acid (18:2) content could be of
importance, since the oxidation in linoleic acid occurs 10 times faster than in oleic acid (18:1), and 20 to
30 times faster than linolenic acid (18:3) [17].

The meatball that oxidized the most contained pork, 20 g 100 g−1 fat, and 2 g 100 g−1 salt, and had
been deep-fried and stored for 14 days (Figure 2). This meatball type was then chosen for further
analysis, although it did not statistically differ from other meatballs (Table A2), since the aim remained
to find the meatball type with the most oxidizing combinations of parameters. Interestingly, the beef
meatballs that contained 10 g 100 g−1 fat and 2 g 100 g−1 salt that had been pan-fried and stored
for one and 14 days oxidized more than the other combinations of beef meatballs (Figure 2), which
could be an explanation for the antagonistic interaction between fat content and meat type (Figure 3b).
Initially, we hypothesized that the higher the fat and salt contents in the meatballs, the higher the
level of lipid oxidation, but this was not shown to be the case in our study. Salt (NaCl) is generally
known to be a pro-oxidant in meat and meat products [5]; however, salt contents over 3 g 100 g−1 have
shown little to no pro-oxidant effect [17], which is in accordance with the findings in the present study
(Figure 3).

Although we found significant effects of cooking types on the level of lipid oxidation (Table A1),
both deep-frying and pan-frying are considered to belong to the dry heat cooking category [20].
Hence, the heat transfer could be considered to be equal between the cooking types in matters of
changes in physiochemical properties. When meatballs were analyzed for fat loss during pan-frying,
Granheimer [13] found that the beef meatballs had higher fat loss than those of pork. However, in our
study, pan-fried beef meatballs with 10 g 100 g−1 fat and 2 g 100 g−1 salt, which had higher TBARS
levels (Figure 3), instead gained fat. In the same study, beef meatballs were shown to gain more fat
during deep-frying than pork meatballs, in which fat was lost [13]. Haak et al. [21] found that the fatty
acid composition of pan-fried meats became similar to that of the culinary fat due to its fat uptake.
This could then explain why the beef meatball oxidized more than the others since rapeseed oil contains
20.9 g 100 g−1 PUFA [22] and thus increases the susceptibility to oxidation compared to the other beef
meatballs. That all meatballs oxidized more over time (p < 0.001) (Figure 3) was expected due to the
chain reaction nature of the lipid oxidation reaction.

4.2. Test of Antioxidants in the Most Oxidized Pork Meatball

Synthetic antioxidants have typically been included into meat products to increase, e.g., shelf-life
and nutritional value, and now the industry is demanding new natural sources of antioxidant
ingredients [5]. Numerous trials and experiments have successfully been carried out in screening
the lipid oxidation inhibiting capacity of extracts from plant materials in various meat products [7].
For instance, olive leaf extracts have previously shown to be a potent antioxidant in bovine and
porcine muscle model systems [9], oregano and sage essential oils have significantly reduced levels
of lipid oxidation [8], and summer savory has previously been shown to reduce lipid oxidation in
pork meatballs significantly [23]. All samples tested in our study effectively inhibited lipid oxidation
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at both concentrations (p < 0.001) (Figure 4), where the summer savory (SS) powder was the most
efficient at both concentrations, and statistically differed from all other samples at 200 mg kg−1

(Table A4). The statistical results showed that antioxidant species, concentration, and the interaction
of both had significant effects on lipid oxidation (p < 0.001), where species had the largest effect size
(Table A5). Overall, samples inhibited lipid oxidation more efficiently at 200 mg kg−1 than at 100 mg
kg−1 (Figure 4) except for the sea buckthorn sample extracted with 50 mL 100 mL−1 ethanol (SBT),
which was significantly more effective at 100 mg kg−1, and the sea buckthorn sample extracted with
H2O (SBTH2O), which showed tendencies to be more efficient at 100 mg kg−1. Radenkovs et al. [24]
previously attributed this phenomenon to the phenol composition of each antioxidant, where reaction
speed predominantly depends on each phenol’s chemical structure rather than its concentration.
This explanation is further reinforced when interpreting the non-significant correlation analysis
(Table A5) between the total phenols content and inhibition of lipid oxidation capacity. In further
research, meatballs without and with antioxidants will be tested in vivo to evaluate potential changes
in intestinal inflammatory reactions following a diet consisting of 20 g 100 g−1 of these meatballs.

5. Conclusions

The aim of the current study was to evaluate the lipid oxidation inhibiting capacity of natural
antioxidants in a readily oxidized meat product. Various meatball properties were studied in order to
find the combination that gave rise to the most lipid oxidation. The meatball most prone to oxidize
was deep-fried, made of pork, contained 20 g 100 g−1 fat and 2 g 100 g−1 salt, and had been stored
for 14 days. This meatball type was then manufactured without and with 11 different plant materials
and extracts at two concentrations, 100 mg kg−1 and 200 mg kg−1 GAE, and was stored for 14 days.
All samples inhibited lipid oxidation effectively in both tested concentrations, where the summer
savory powder was the most efficient in both the 100 mg kg−1 and 200 mg kg−1 concentration, lowering
lipid oxidation to 21.8% and 13.8%, respectively, compared to meatballs with no added antioxidants.
Thus, antioxidant rich plant materials and extracts could efficiently prevent lipid oxidation in processed
meat products, such as meatballs.
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Appendix A

Table A1. General Linear model (GLM) table of the lipid oxidation affecting parameters on the variable
TBAR, where * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. Df = Degrees of freedom. The parameters
with the largest effect sizes are shown in bold.

Df
Sum of
Squares

Mean
Square

F Value p Value Pr (>F)
Partial Eta
Squared

Meat 1 18.12 18.12 2142.5 <0.001 *** 0.957
Salt 1 1.94 1.94 229.3 <0.001 *** 0.705
Fat 1 0.06 0.06 7.6 0.007 ** 0.074

Cooking type 1 0.40 0.40 47.5 <0.001 *** 0.331
Storage time 2 16.49 8.24 975.1 <0.001 *** 0.953
Meat × Salt 1 0.07 0.07 8.7 0.004 ** 0.083
Meat × Fat 1 1.98 1.98 234.2 <0.001 *** 0.709
Salt × Fat 1 0.36 0.36 42.4 <0.001 *** 0.306

Meat × Cooking 1 1.01 1.01 119.2 <0.001 *** 0.554
Salt × Cooking 1 0.01 0.01 0.7 0.405 0.007
Fat × Cooking 1 0.54 0.54 63.5 <0.001 *** 0.398
Meat × Storage 2 0.96 0.48 56.9 <0.001 *** 0.542
Salt × Storage 2 0.52 0.26 31.0 <0.001 *** 0.392
Fat × Storage 2 0.12 0.06 7.1 0.001 ** 0.128

Cooking × Storage 2 0.32 0.16 19.1 <0.001 *** 0.284
Meat × Salt × Fat 1 0.14 0.14 16.4 0.000 *** 0.146

Meat × Salt × Cooking 1 0.27 0.27 31.6 <0.001 *** 0.247
Meat × Fat × Cooking 1 0.49 0.49 58.3 <0.001 *** 0.378
Salt × Fat × Cooking 1 0.25 0.25 29.5 <0.001 *** 0.235
Meat × Salt × Storage 2 0.04 0.02 2.4 0.095 0.048
Meat × Fat × Storage 2 0.08 0.04 5.0 0.009 ** 0.094
Salt × Fat × Storage 2 0.17 0.08 10.1 0.000 *** 0.173

Meat × Cooking × Storage 2 0.75 0.37 44.2 <0.001 *** 0.479
Salt × Cooking × Storage 2 0.09 0.05 5.4 0.006 ** 0.100
Fat × Cooking × Storage 2 0.09 0.04 5.2 0.007 ** 0.097

Meat × Salt × Fat × Cooking 1 0.01 0.01 0.9 0.336 0.010
Meat × Salt × Fat × Storage 2 0.02 0.01 1.1 0.355 0.021

Meat × Salt × Cooking × Storage 2 0.13 0.06 7.5 0.001 *** 0.134
Meat × Fat × Cooking × Storage 2 0.07 0.03 3.8 0.025 * 0.074
Salt × Fat × Cooking × Storage 2 0.14 0.07 8.1 0.001 *** 0.145

Meat × Salt × Fat × Cooking × Storage 2 0.08 0.04 4.8 0.011 * 0.090
Residuals 96 0.81 0.01
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Table A2. Combinations of parameters promoting lipid oxidation ranked from highest to lowest value,
where DF = Deep-frying, PF = Pan-frying, CI = Confidence interval, and EMM = estimated marginal
means. The standard error was 0.053 and the degrees of freedom were 96 for all samples. All samples
were compared pairwise and were assigned one or more group letters to present their respective
significant difference or lack thereof.

Meat Salt (%) Fat (%)
Cooking

Type

Storage
Time

(Days)

TBAR
EMM

Lower
CI Limit

Upper
CI Limit

Group

Pork 2 20 DF 14 2.819 2.714 2.925 a
Beef 2 10 PF 14 2.681 2.576 2.787 ab
Pork 2 10 DF 14 2.610 2.505 2.716 abc
Pork 2 20 PF 14 2.574 2.468 2.679 abcd
Pork 2 20 DF 7 2.560 2.455 2.666 abcd
Pork 2 10 PF 14 2.539 2.433 2.644 abcd
Pork 4 20 PF 14 2.485 2.379 2.590 bcde
Pork 4 20 DF 14 2.417 2.311 2.522 bcde
Pork 2 10 DF 7 2.347 2.242 2.453 cdef
Beef 2 10 PF 7 2.330 2.224 2.435 cdef
Pork 4 20 DF 7 2.296 2.191 2.402 def
Pork 4 10 DF 14 2.286 2.180 2.391 def
Pork 4 20 PF 7 2.284 2.178 2.389 def
Pork 2 20 PF 7 2.199 2.094 2.305 efg
Pork 2 10 PF 7 2.195 2.089 2.300 efg
Pork 4 10 PF 14 2.188 2.083 2.294 efg
Pork 4 10 DF 7 2.043 1.938 2.149 fgh
Beef 4 10 PF 14 1.899 1.793 2.004 ghi
Pork 4 10 PF 7 1.898 1.793 2.004 ghi
Beef 2 20 PF 14 1.816 1.710 1.921 hij
Pork 2 20 DF 1 1.664 1.559 1.769 ijk
Pork 2 20 PF 1 1.645 1.540 1.750 ijkl
Pork 4 20 PF 1 1.627 1.522 1.732 ijkl
Beef 2 10 DF 14 1.565 1.459 1.670 jklm
Pork 4 20 DF 1 1.458 1.353 1.563 klmn
Pork 2 10 PF 1 1.442 1.336 1.547 klmn
Pork 4 10 PF 1 1.430 1.324 1.535 klmno
Beef 2 20 DF 14 1.412 1.306 1.517 klmnop
Beef 2 10 DF 7 1.403 1.298 1.509 klmnop
Pork 2 10 DF 1 1.402 1.296 1.507 klmnop
Beef 2 20 DF 7 1.374 1.268 1.479 klmnop
Beef 4 20 PF 14 1.342 1.237 1.448 lmnop
Pork 4 10 DF 1 1.342 1.237 1.447 lmnop
Beef 4 10 PF 7 1.317 1.212 1.423 mnopq
Beef 4 20 PF 7 1.260 1.155 1.366 mnopqr
Beef 4 10 DF 14 1.257 1.152 1.363 mnopqrs
Beef 4 20 DF 14 1.244 1.139 1.350 nopqrs
Beef 4 20 DF 7 1.230 1.125 1.336 nopqrs
Beef 2 10 PF 1 1.217 1.112 1.322 nopqrst
Beef 2 20 PF 7 1.217 1.111 1.322 nopqrst
Beef 4 10 DF 7 1.198 1.093 1.304 nopqrst
Beef 2 10 DF 1 1.133 1.027 1.238 opqrstu
Beef 4 10 PF 1 1.104 0.999 1.209 pqrstu
Beef 2 20 DF 1 1.011 0.905 1.116 qrstu
Beef 4 20 DF 1 0.978 0.873 1.084 rstu
Beef 4 20 PF 1 0.949 0.844 1.055 stu
Beef 4 10 DF 1 0.919 0.814 1.025 tu
Beef 2 20 PF 1 0.868 0.762 0.973 u
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Table A3. GLM table of the lipid oxidation affecting parameters on the variable TBAR of meat
products with different supplemented antioxidants, where *** = p < 0.001, and Df = Degrees of freedom.
The parameter with the largest effect size is shown in bold.

Df
Sum of
Squares

Mean
Square

F Value p Value Pr (>F)
Partial Eta
Squared

Species 10 0.024 0.002 37.6 <0.001 *** 0.895
Concentration 1 0.005 0.005 72.7 <0.001 *** 0.623

Species × Concentration 10 0.005 0.001 8.1 <0.001 *** 0.647
Residuals 44 0.003 0.000

Table A4. Combinations of species and concentrations of antioxidants resulting in the lowest lipid
oxidation level, where SS = Summer Savory, OS = Onion skin, SBT = Sea buckthorn leaves, BR =
Beetroot leaves, OPP =Olive polyphenols, SBTH2O =water extracted sea buckthorn leaves and sprouts,
SBT PHWE = Sea buckthorn leaves and sprouts-pressurized hot water extraction, LBC = Lyophilized
black currant leaves, LRR = Lyophilized rhubarb root, BB PHWE = Bilberry leaves – pressurized hot
water extraction, SBT80 = ethanol (80%) extracted sea buckthorn leaves and sprouts, CI = Confidence
interval, and EMM = estimated marginal means. The standard error was 0.005 and the degrees of
freedom were 44 for all samples. Note that the higher the value, the lower the level of oxidation due to a
boxcox-transformation of the dependent variable with ˆ −0.7. All samples were compared pairwise and
were assigned one or more group letters to present their respective significant difference or lack thereof.

Concentration (ppm) Species TBAR EMM Lower CI Limit Upper CI Limit Group

200 SS 0.157 0.148 0.166 a
100 SS 0.113 0.104 0.123 b
100 SBTH2O 0.110 0.100 0.119 bc
200 OPP 0.100 0.091 0.109 bcd
200 SBTH2O 0.098 0.089 0.108 bcd
200 SBT80 0.096 0.087 0.105 bcde
200 OS 0.090 0.081 0.099 bcdef
200 BR 0.088 0.079 0.097 cdef
200 LBC 0.087 0.078 0.096 cdef
200 SBT PHWE 0.086 0.077 0.096 cdef
200 LRR 0.086 0.077 0.095 cdef
100 SBT 0.085 0.075 0.094 cdefg
100 SBT PHWE 0.080 0.070 0.089 defg
100 SBT80 0.077 0.068 0.087 defg
100 OPP 0.076 0.066 0.085 defgh
100 OS 0.073 0.063 0.082 efghi
200 BB PHWE 0.072 0.063 0.082 efghi
100 LRR 0.067 0.058 0.076 fghi
200 SBT 0.066 0.056 0.075 fghi
100 BR 0.060 0.051 0.069 ghi
100 LBC 0.052 0.043 0.061 hi
100 BB PHWE 0.050 0.041 0.059 i

Table A5. Pearson correlation between total phenols content (GAE mg mL−1) and TBARS values at the
100 mg kg−1 and 200 mg kg−1 concentration where n = 11.

Total Phenols TBARS 100 TBARS 200 Species

Total phenols Correlation 1 0.100 −0.1333 0.543
p value 0.768 0.695 0.084

TBARS 100 Correlation 0.100 1 0.482 0.566
p value 0.768 0.133 0.069

TBARS 200 Correlation −0.133 0.482 1 0.204
p value 0.696 0.133 0.547

Species Correlation 0.543 0.566 0.204 1
p value 0.084 0.069 0.547
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