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SIGNIFICANCE

The label free proteomic approach used in this study allowed to complete the atlas of biomarkers of tenderness of the Longissimus muscle. This innovative proteomic approach applied on plasma samples allowed to identify circulating candidate biomarkers for beef tenderness. This low-invasive approach constitutes an interesting alternative to evaluate early the "beef meat potential" of living animals in farm or of the carcass in slaughterhouses.

Introduction

The beef meat consumers place a high expectation on the tenderness and solving inconsistent tenderness is a top-priority for the meat sector. For more than 30 years meat scientists have worked on the biomarkers identification for meat tenderness to be integrated into phenotyping tools. Meat tenderness has a multifactorial origin depending on muscle characteristics (fiber, sarcomere, collagen) [START_REF] Renand | Relationships between muscle characteristics and meat quality traits of young Charolais bulls[END_REF][START_REF] Chriki | Metaanalysis of the relationships between beef tenderness and muscle characteristics[END_REF], on the animal (age, gender, genetic type) and its rearing management [START_REF] Ellies-Oury | Effect of age and carcass weight on quality traits of m. rectus abdominis from Charolais heifers[END_REF][START_REF] Gagaoua | Clustering of sensory eating qualities of beef: Consistencies and differences within carcass, muscle, animal characteristics and rearing factors[END_REF], but also dependent on the post-mortem proteolysis and key proteins associated [START_REF] Ouali | Revisiting the conversion of muscle into meat and the underlying mechanisms[END_REF]. Thus, a combination of biomarkers is necessary to predict this quality trait. Up to now, the search for biomarkers for tenderness has been carried out on muscle samples only.

Several omic approaches including proteomic technologies, developed over the last two decades have been conducted to identify biomarkers for meat tenderness and/or explore the tenderness process (see [START_REF] Picard | Proteomic Investigations of Beef Tenderness[END_REF][START_REF] D'alessandro | Love me tender: An Omics window on the bovine meat tenderness network[END_REF] for review). This approach allowed proposing a list of biomarkers and highlighted the interactions between them in the construction of tenderness [START_REF] Guillemin | Functional analysis of beef tenderness[END_REF]. Some muscle type or animal type specificities have been evidenced [START_REF] Picard | Inverse Relationships between Biomarkers and Beef Tenderness According to Contractile and Metabolic Properties of the Muscle[END_REF]. However, biomarker-based approach has some limitations since the analysis of muscle is done after slaughter or on muscle obtained by biopsy from live animal, which is invasive. In this way, blood-based biomarkers offer an alternative low-invasive strategy to predict the meat quality potential on living animals.

Circulating blood, notably through the plasma fraction, is a useful source of biomarkers and can be collected easily through minimal-invasive procedure [START_REF] Surinova | On the Development of Plasma Protein Biomarkers[END_REF]. In medical research, many studies have investigated blood-based proteomic biomarkers to distinguish healthy and diseased or damaged tissues [START_REF] Lista | Blood and plasma-based proteomic biomarker research in Alzheimer's disease[END_REF][START_REF] Coca | Plasma Biomarkers and Kidney Function Decline in Early and Established Diabetic Kidney Disease[END_REF][START_REF] Beck | Plasma proteomics to identify biomarkersapplication to cardiovascular diseases[END_REF]. Nowadays, plasma biomarker researches are tending to spread in a wide variety of domains. Indeed, in the livestock sector, biomarkers were identified for stress in the serum of pigs housed at different stocking rate [START_REF] Marco-Ramell | Identification of serum stress biomarkers in pigs housed at different stocking densities[END_REF], or Copper deficiency in cattle [START_REF] Legleiter | Plasma diamine oxidase: A biomarker of copper deficiency in the bovine1,2[END_REF][START_REF] Grubbs | Identification of potential serum biomarkers to predict feed efficiency in young pigs[END_REF].The aim of the present study was to identify putative plasma biomarkers for meat tenderness and to enrich the list of muscle tenderness biomarkers using the label free shotgun technique on heifers.

Materials and Methods

Figure 1 presents the workflow used in this study.

Animals

Twenty crossbreed Charolais x Aubrac heifers of the French protected geographical indication (PGI) Fleur d'Aubrac issued from the protocol described by Soulat et al. [START_REF] Soulat | Preliminary Study to Determinate the Effect of the Rearing Managements Applied during eifers' Whole Life on Carcass and Flank Steak Quality[END_REF] were used. The heifers were born between December 2012 and May 2013; they were managed according to the specifications of the PGI and slaughtered between February 2015 and June 2016 in a single industrial slaughterhouse (Abattoir du Gévaudan, Antrenas, France) as described in [START_REF] Soulat | Preliminary Study to Determinate the Effect of the Rearing Managements Applied during eifers' Whole Life on Carcass and Flank Steak Quality[END_REF].

Sample collections

Muscle sampling. Longissimus muscles (LM) were removed from the 5 th and 4 th ribs, 24 h post-mortem for this study. Samples for proteomics were frozen in liquid nitrogen and stored at -80°C until analysis. Samples for tenderness evaluation were vacuum packaged and aged for 14 days at 4°C, then frozen at -20°C until tenderness evaluation as described in [START_REF] Soulat | Effect of the Rearing Managements Applied during eifers' Whole Life on Quality Traits of Five Muscles of the Beef Rib[END_REF]. The choice of LM is justified by the fact that this muscle, considered as an international reference for meat science, has been analysed in previous studies investigating tenderness biomarkers in cattle mainly in young bulls and using two-dimensional electrophoresis.

Plasma sampling. Blood samples were collected from the tail vein (EDTA tubes) in farm before transport to the slaughterhouse and stored at 4°C until processing. After sample centrifugation at 4500 rpm for 20 min at RT, plasma fraction was transferred to another tube with 10 µL PMSF (10mg/mL) and kept at -80°C in aliquot fraction for further analysis.

Tenderness evaluation and constitution of extreme groups

Tenderness evaluation was performed with two methods as described in Soulat et al. [START_REF] Soulat | Effect of the Rearing Managements Applied during eifers' Whole Life on Quality Traits of Five Muscles of the Beef Rib[END_REF]. Sensory evaluation (global tenderness, Tg) was performed thanks to trained panellists according to [START_REF] Dransfield | Meat quality and composition of three muscles from French cull cows and young bulls[END_REF]. LM samples were grilled in a double-face grill at 300°C during 1 min 45 sec resulting an internal cooked temperature of 55°C. The mechanical tenderness evaluation was further instrumentally evaluated through Warner-Bratzler shear force measurement (WB, expressed in N/cm²) using MTS Synergie 200 equipment [START_REF] Soulat | Prediction of beef carcass and meat quality traits from factors characterising the rearing management system applied during the whole life of heifers[END_REF]. Also, as suggested by [START_REF] Allais | Fine mapping of quantitative trait loci underlying sensory meat quality traits in three French beef cattle breeds[END_REF] for considering the genetic/phenotypic close correlation observed between the sensory and mechanical tenderness, a synthetic tenderness index (called Idx) was calculated by combining the difference between the standardized sensory and the instrumental values: ((Tg score-means Tg)/standard error Tg)-(WB measurement-means WB)/standard error WB) as described in [START_REF] Chaze | Biological Markers for Meat Tenderness of the Three Main French Beef Breeds Using 2-DE and MS Approach[END_REF].

The added value of Idx is to combine both mechanical and sensory tenderness to create a more accurate evaluation of the tenderness phenotype. This Idx was already used in the literature [START_REF] Picard | Inverse Relationships between Biomarkers and Beef Tenderness According to Contractile and Metabolic Properties of the Muscle[END_REF][START_REF] Chaze | Biological Markers for Meat Tenderness of the Three Main French Beef Breeds Using 2-DE and MS Approach[END_REF].

Among the 20 heifers, extreme groups were defined for muscle and plasma samples according to the WB, Tg, and Idx tenderness quality traits respectively. These groups contained the samples with the 5 highest tenderness values or the 5 lowest tenderness values for each trait. One sample was shared between the extreme groups for WB, Tg and Idx; 3 were shared between groups for WB and Idx, 6 between groups for Tg and Idx, and 2 between groups for WB and Tg. All further analyses performed were achieved for each of the six groups. The mean values of tenderness scores for WB, Tg and Idx and their significant differences are presented in Table 1.

Proteins extraction

In order to investigate the protein profile of muscle and plasma samples by LC-MS/MS, appropriated extractions were performed depending on the studied tissue.

Muscle samples.

Muscle proteins were extracted using Precelly 24® tissue homogenizer protocol (Berton technologies, Saint Quanetin-en-Yvelines, France).

Frozen muscle tissue (80 mg) stored at -80°C was mixed in a buffer containing 50 mM Tris (pH 6.8), 2% SDS, 5% glycerol, 2 mM DTT, 2.5 mM EDTA, 2.5 mM EGTA, 2x HALT phosphatase inhibitor (Perbio 78420), Protease inhibitor cocktail complete MINI EDTA-free (Roche 1836170, 1 tablet/10 mL), 4mM Orthovanadate de sodium (NA3VO4) and 10 mM Fluorure de sodium (NaF). The mixtures were then boiled for 3x15 sec / 30 sec break, incubated 10 min at 100°C and centrifuged 15 min at 13000 rpm (15-20°C). The supernatants containing protein lysate were collected and stored at -20°C until further use. Determination of protein concentration was performed with the Pierce commercial assay (Pierce BCA reducing agent compatible kit) with BSA as standard [START_REF] Picard | Beef tenderness and intramuscular fat proteomic biomarkers: muscle type effect[END_REF].

Plasma samples. In order to increase the chance of detecting proteins of interest, the ProteoMiner TM technology was used as protein enrichment approach (Large-Capacity Kit 163-3007, BioRad Inc., Hercule, CA, USA) [START_REF] Murphy | DIGE Analysis of ProteoMinerTM Fractionated Serum/Plasma Samples[END_REF] to concentrate mid-and lowabundance interest proteins such as albumins, immunoglobulins, fibrinogen or complement proteins [START_REF] Li | Dynamic Range Compression with ProteoMiner TM : Principles and Examples[END_REF]. To investigate the protein profile on SDS-PAGE before, plasma samples (1 mL) were loaded on a column with 100 µL ProteoMiner beads buffer (20% beads, 20% v/v aqueous EtOH) and incubated 2h at room temperature in order to allow peptides-ligands linkage. After two centrifugations (2x10000 rpm) and two washes (50 µL wash buffer (150 mM NaCl, 10 mM NaH 2 PO4, pH 7.4) and 50 µL distillate water)) to eliminate highly abundant proteins, elution of the bound proteins was performed using elution reagent (5% acetic acid).

Nano-LC-MS/MS and protein identification

Sample preparation. In order to achieve LC-MS/MS analysis, 100 µg of muscle or plasma protein extracts were concentrated at the interface between 12 % resolving/4% stacking acrylamide gels of 1D/SDS-PAGE. The migration of proteins was performed during 15 min at 80V on Mini-Protean II electrophoresis unit (BioRad, Marnes-La-Coquette, France). Then, gels were stained using colloidal Coomassie blue staining R-250 and two bands at this interface between stacking and resolving gels were excised. These bands included two protein fractions: high molecular weight myofibrillar proteins (upper band) and low molecular weights (lower band). Excised bands were washed with 100 µL ammonium bicarbonate (50 mM-50% ethanol, 20 min at room temperature (RT)). After removal of the buffer, they were dehydrated with 100 µl of 100% ethanol (15 min). Reduction and alkylation reactions were performed during 30 min respectively with 10 mM DTT solution at 56°C and with 55 mM iodoacetamide solution protected from light. The bands were washed with 200 µL of 50 mM NH4HCO3 buffer for 15 min at room temperature and destained by 100 µL of 25 mM NH4HCO3 -5% acetonitrile (v/v) for 15 min followed by three washing with 100 µL of 25 mM NH4HCO3 -50% acetonitrile (v/v) for 30 min under agitation. Finally all bands were dehydrated with 100% acetonitrile (ACN). The samples were hydrolyzed during 5 hours at 37°C using 48 µl of a 25mM NH4HCO3 -12.5 ng.µl-1 trypsin solution (V5111, Promega, Charbonnières-les-Bains, France) per band. Peptides were extracted from the gel bands in an ultrasonic field during 10 min with 38.4 µl of 99.9% acetonitrile /0.1% Formic Acid representing 80% of digestion volume.

Supernatants were transferred in eppendorf vials and dried using Speed Vac for 60 min and adjusted to 50 µl with a solution (H2O/ ACN/TFA -94.95/5/0.05). This solution was transferred into HPLC vials containing a 100µl glass insert before nano LC MS/MS analysis.

Nano-LC-MS/MS analysis. Peptides mixtures were analysed by nano-LC-MS/MS

(Thermo Fisher Scientific) using an Ultimate 3000 system coupled to a LTQ Orbitrap Velos mass spectrometer (MS) with a nanoelectrospray ion source. For each sample, two microliters of peptide mixture were first preconcentrated and desalted at a flow rate of 30 µl/mn on a C18 pre-column 5 cm length X 100 µm (Acclaim PepMap 100 C18, 5µm, 100A nanoViper) equilibrated with Trifluoroacetic Acid (TFA) 0.05% in water. After 6 min, the pre-column was switched online with the analytical C18 column (Acclaim PepMap 100 -75 µm inner diameter × 25 cm length; C18 -3 µm -100Å) equilibrated with 96 % solvent A (99.9 % H2O, 0.1 % formic acid) and 4 % solvent B (99.9 % ACN, 0.1 % formic acid). Peptides were eluted at a 300 nL/min flow rate according to their hydrophobicity using a 6 to 24% gradient of solvent B for 114 min. Eluates were electro-sprayed in positive-ion mode at 1.6 kV through a nanoelectrospray ion source heated to 250°C. The LTQ Orbitrap Velos MS was used in CID top 15 mode (i.e. 1 full scan MS and the 15 major peaks in the full scan were selected for MS/MS). The parameters of mass spectrometry analysis were as follow:

Full-enhanced-scan MS spectra realized in the FTMS ion trap at a resolution of 60000 (tolerance 10 ppm) acquired with 1 microscan (m/z 300 -1400), dynamic exclusion used with 2 repeat counts, 20 sec repeat duration and 60 s exclusion duration. For MS/MS, isolation width for ion precursor was fixed at 2 m/z, single charged species were rejected; fragmentation used 37% normalized collision energy as the default activation of 0.25 and 10 ms activation time.

Data processing, protein identification and abundances.

For raw data processing, MS/MS ion search was performed with Mascot v2.5 (http://www.matrixscience.com) against bos taurus database (i.e. ref_bos_taurus, 23970 sequences). The following parameters were considered for the search: precursor mass tolerance of 10 ppm and fragment mass tolerance of 0.5 Da, a maximum of two missed cleavage sites of trypsin, carbamidomethylation (C), oxidation (M) and deamidation (NQ) set as variable modifications. Protein identification was validated when at least two peptides originating from one protein showed statistically significant identity above Mascot scores > 36 with a False Dicovery Rate of 1% (adjusted significance threshold p < 0.0058). Ions score is -log10 (P-value), where P is the probability that the observed match is a random event. Individual ions scores > 36 indicate identity or extensive homology. All the proteins identified in this study correspond to one unique protein identifier as they were annotated by a minimum of two associated specific peptides.

For label-free protein quantification analysis, LC-Progenesis was used with the same identification parameters described above. All unique validated peptides of an identified protein were included and the total cumulative abundance was calculated by summing the abundances of all peptides allocated to the respective protein. Statistical analysis was performed using the "between subject design" and p-values were calculated by a repeated measures analysis of variance using the normalized abundances across all runs.

Statistical analysis

Shotgun analyses were annotated "M_LM" for LM muscle and "P_LM" for the plasma samples on the same heifers. For further statistical analysis, M_LM samples and P_LM were tested independently based on the three extreme groups defined by WB, Tg and Idx.

Dataset normalization.

In order to minimize intra-group variance, the most appropriate normalized method of each of the six datasets was determined using R software (version 3.5.1; 2018-07-02) and NormalyzerDE. The efficiency of the 8 normalization methods tested (Median intensity, Mean, Quantile, Variance Stabilizing Normalization (VSN), log2, Robust Linear Regression (RLR), Global Intensity (GI) and CycLoess,) was tested (NormalyserDE package, Normalyzer function, version 1.1.16). For each dataset, the most appropriate normalization method was selected according to several quantitative and qualitative statistical data described in [START_REF] Chawade | Normalyzer: A Tool for Rapid Evaluation of Normalization Methods for Omics Data Sets[END_REF]. The optimal normalization was the Quantile method for LM Tg and Idx and the CycLoess method for LM WB. For the plasma, the VSN method was retained for Tg and Idx and the Quantile for WB. Raw proteins abundances of each of the six datasets were normalized using the selected method.

Differential abundance proteins analysis. Identification of the differential protein abundances from each of the six datasets was performed using the Normalyzer tool Differential Expression (DE). Only the proteins with differential abundance (P-value≤0.05) were considered for further analysis.

Correlation analysis between differential proteins and tenderness evaluations.

Relationships between tenderness traits, -WB, Tg and Idx respectively-and the differential proteins were determined by means of regression and Spearman correlation analyses using the Hmisc package. Correlation analysis was performed from the extreme groups to find the most correlated proteins with tenderness (P-value≤0.05).

Identification of the most explanatory proteins. A Partial Least Squares (PLS)

statistical analysis (R-software, mixOmics package, pls function, version 6.6.2) was used to identify how the set of differential proteins, which constitutes the variables, was associated to the tenderness quality traits (WB, Tg, and Idx respectively). Filter method associated with PLS analysis was applied to identify the variable importance in the projection (VIP) in order to select the most important variables (or most explanatory proteins) in the model [START_REF] Mehmood | A review of variable selection methods in Partial Least Squares Regression[END_REF][START_REF] Chong | Performance of some variable selection methods when multicollinearity is present[END_REF].

In order to identify which proteins contributed the most to the models, the Variable Importance in the Projection (or VIP score) was calculated using the mixOmics package (vip function). The PLS_VIP values allow to define a hierarchy of the most explanatory proteins for each tenderness trait (WB, Tg, Idx). Only the variables with VIP>0.8, and more interestingly variables with VIP>1 (underlined in the illustrations) were considered to identify putative candidate proteins usable for meat tenderness prediction as previously applied in [START_REF] Gagaoua | Data from the Farmgate-to-Meat Continuum Including Omics-Based Biomarkers to Better Understand the Variability of Beef Tenderness: An Integromics Approach[END_REF].

The selection of the proteins with the VIP>0.8 related to each of the 6 datasets was performed using the VIP Barplot representation. To illustrate the most explanatory proteins correlated with the three tenderness quality traits (WB, Tg, and Idx), a Principal Component Analysis (PCA) of the VIP's proteins selected was performed using the mixOmics package (pca function, VIP>1 underlined). In order to visualize the group of proteins positively or negatively correlated with WB, Tg and Idx, a Heat map representation of the VIP's protein abundance was performed using the mixOmics package (cim function, VIP>1 underlined).

Linear multiple regression models and validation of proteins in 20 heifers. Multiple

regression analyses were performed using the modvarsel package (choicemod function, version 0.0.2) [START_REF] Ellies-Oury | Statistical model choice including variable selection based on variable importance: A relevant way for biomarkers selection to predict meat tenderness[END_REF] to find the most robust proteins correlated with tenderness in the whole dataset of 20 heifers. Muscle, plasma and the three tenderness evaluation traits (WB, Tg, Idx) were considered as dependent variables, the VIP's proteins (VIP>0.8) were considered as independent variables. The regression coefficients were calculated and the highest coefficients were marked in bold. The regression analyses conducted with WB, Tg and Idx were performed to reveal the most robust candidate proteins related to meat tenderness quality traits.

Gene ontology analysis

In order to understand the biological functions in which differential proteins are involved, Gene Ontology (GO) analysis was performed with the ProteINSIDE webservice (http://www.proteinside.org; Database is 1.2.11 / last update 16-May-2019) [START_REF] Kaspric | ProteINSIDE to easily investigate proteomics data from ruminants: Application to mine proteome of adipose and muscle tissues in bovine foetuses[END_REF]. GO annotation enrichment analysis (Biological Process (BP)) was achieved in Human species. Human orthologs' annotations were privileged in order to get the most complete GO information, since bovine annotation remains limited.

Muscle and plasma GO were considered independently for GO_BP analysis.

Histogram representations of the GO_BP annotations were constructed using only specifications associated with P-value<0.001 with a minimum of annotated proteins≥2 (see supplementary data S1 and S2). The P-values were converted into -log10 (Pvalue) values, and classified in ascending order in an upward direction. Specifications were annotated as follows: GO annotation (Number of proteins included in the annotated in brackets) Proteins Gene Names tie to GO annotation separated by space.

A table listing the major metabolic pathways was constructed using GO_BP TREE from the GO_BP annotations (P-value<0.001, minimum of annotated proteins≥2). In order to find specificity of metabolic pathways associated with the three tenderness quality traits, GO_BP analyses were performed respectively for each of the six datasets.

Results

Differential proteins between extreme groups of tenderness and their GO annotations

Shotgun analysis allowed to quantify 268 muscle proteins with a unique ID and identified with at least 2 peptides in the LM and 136 proteins in the plasma of the same heifers. Among these proteins, 71 proteins in LM had significant differences (P<0.05) in abundance between extreme groups of tenderness according to WB, Tg, and Idx respectively (Table 2). In the plasma, 21 proteins were differential between the same extreme groups of tenderness (Table 3).

Further investigation of pathways related to the proteins differentially abundant was carried on by retrieving their Gene ontology (GO) annotation. GO analysis revealed the biological pathways of these differential proteins in LM and in plasma as illustrated in the Supplementary Data 1 and 2 respectively. The major biological pathways are showed in Table 2 and Table 3 respectively. The five major metabolic pathways associated with the 71 differential muscle proteins were "muscle contraction and structure", "metabolism, transport and cell signalling", "muscle energy metabolism", "regulation of cellular process (apoptosis, endocytosis, oxidative stress)", and "autophagy". The four major metabolic pathways associated with the 21 differential plasma proteins were "muscle contraction and structure", "metabolism, transport and signalling", "muscle energetic metabolism", and "immune system, cell defence and homeostasis (angiogenesis, fibrinolysis, blood coagulation, aging)".

Muscle candidate biomarkers

Among the 71 differential proteins in LM muscle, 26 proteins were significantly differentially abundant between extreme groups of WB (P-value<0.5) (Table 2). Supplementary Data 3 illustrates the values of the correlations (P-value<0.5) between these proteins and the three tenderness traits. Among the 26 proteins the PLS analysis revealed 8 proteins (VIP>1) (ACTN3, ADSSL1, CSRP3, HPX, MYL2, SMTNL1, TNNC1 and TPM3) and 9 proteins (0.8<VIP<1) (ACTA1, ALDOA, EEF1A2, GPI, GSTP1, MYOZ1, MYOZ3, PDLIM7 and PGAM2) which are considered as putative candidate proteins usable for meat tenderness prediction (Figure 2a). The PCA in Figure 2b illustrates that among the 17 proteins the most explicative of WB tenderness (with VIP>0.8), ALDOA, PGAM2, GPI, GSPT1, MYOZ1, PDLIM7, MYOZ3, ADSSL1, HPX, and ACTN3 were positively correlated with WB and negatively with Tg and Idx on axis 1. On the the other hand, MYL2, TPM3, TNNC1, EEF1A2, ACTA1, CSRP3, and SMTNL1 were positively correlated with Tg and Idx and negatively with WB on axis 1. These results are in accordance with the values of the correlation coefficient illustrated in the Supplementary Data 3. The Heat Map representation of the 17 proteins shows a group of 10 proteins including ACTN3, ADSSL1, MYOZ3, GSTP1, MYOZ1, ALDOA, PDLIM7, GPI, PGAM2, and HPX as less abundant in the most tender LM and more abundant in the toughest. Conversely, 7 proteins including MYL2, TNNC1, TPM3, EEF1A2, ACTA1, SMTNL1, and CSPR3 were more abundant in the most tender LM and less abundant in the toughest LM. (Figure 3a) Among the 71 differential proteins in LM muscle, 18 proteins were significantly differentially abundant between extreme groups of Tg tenderness (Table 2). The correlations between these proteins and the three tenderness traits are illustrated in Supplementary Data 3. The PLS analysis revealed proteins (VIP>1) (CAPZB GOT1, MYBPH, NIPSNAP2, OGDH, OGN and VCL) and 6 proteins (0.8<VIP<1) (ADSSL1, CKMT2, HBB, HSPA1L, SLC24A11 and TMOD1) which are considered as putative candidate proteins usable for meat tenderness prediction (Figure 2c). The PCA in Figure 2d illustrates that among these 13 proteins the most explicative of Tg tenderness (with VIP>0.8), VCL, TMOD1, OGN, and MYBPH were positively correlated with WB and negatively with Tg and Idx on axis 1. Conversely, NIPSNAP2, SLC24A11, HSPA1L, CAPZB, CKMT2, ADSSL1, GOT1, OGDH and HBB were positively correlated with Tg and Idx and negatively with WB on axis 1.

The Heat Map representation (Figure 3c) of the 13 muscle VIP's proteins correlated with Tg, a group of 4 proteins including OGN, VCL, TMOD1, and MYBPH as less abundant in the most tender LM and more abundant in the toughest. On the contrary, 9 proteins including NIPSNAP2, SLC25A11, CKMT2, CAPZB, ADSSL1, GOT1, HBB, OGDH, and HSPA1L were more abundant in the most tender LM and less abundant in the toughest.

Among the 71 differential proteins in LM muscle, 37 proteins were significantly differentially abundant between extreme groups of Idx tenderness (Table 2). The correlations between the abundance of these proteins and the three tenderness traits are illustrated in Supplementary Data 3. The PLS analysis revealed 15 proteins (VIP>1) (ACTN2, FABP3, FHL1, HSPB1, KLHL41, LMCD1, MYBPH, MYH1, OGN, OLA1, PARK7, PDLIM7, PGAM2, PGM1 and TNNT3) and 17 proteins (0.8<VIP<1) (ACTN3, AK1, ALDH1A1, ALDH2, ANKRD2, CFL2, CSRP3, EEF1G, ENO3, GLO1, GPI, HSP90AA1, LDHB, MGST3, MYL6B, MYOT and MYOZ2) which are considered as putative candidate proteins usable for meat tenderness prediction (Figure 2e). The PCA in Figure 2f illustrates that among the 32 proteins the most explicative of Idx tenderness (with VIP>0.8), PARK7, PGM1, TNNT3, PGAM2, PDLIM7, GLO1, ACTN3, AK1, MYBPH, ENO3, GPI, ALDH2, OGN, and MYH1 were positively correlated with WB and negatively with Tg and Idx on axis 1. On the other hand, ANKRD2, HSPB1, MYOZ2, CSRP3, MYL6B, LDHB, EEF1G, ACTN2, LMCD1, HSP90AA1, OLA1, MYOT, FABP3, KLHK41, CFL2, ALDH1A1, MGST3, and FHL1 were positively correlated with Tg and Idx and negatively with WB on axis 1. The Heat Map representation (Figure 3e) of the 32 muscle VIP's proteins illustrates, a group of 14 proteins including PGM1, TNNT3, PARK7, ALDH2, PGAM2, GLO1, GPI, AK1, ENO3, MYH1, MYBPH, PDLIM7, ACTN3, and OGN, less abundant in the most tender LM and more abundant in the toughest. Conversely, 18 proteins including ANKRD2, HSPB1, OLA1, LDHB, ACTN2, LMCD1, MYOZ2, MYL6B, EEF1G, CSRP3, KLKL41, HSP90AA1, MYOT, FABP3, CFL2, MGST3, ALDH1A1, and FHL1 were more abundant in the most tender LM and less abundant in the toughest LM.

Seven of these proteins (FHL1, CSRP3, ACTN3, PDLIM7, PGAM2, KLHL41, GPI) were common to the WB and Idx, one protein (ADSSL1) was common to the WB and Tg, and two proteins (MYBPH, OGN) were common to the Tg and Idx. As expected, the correlation tables (Supplementary Data 3) and PCAs (Figures 2) showed an opposition between WB and Tg and Idx tenderness. They also showed a positive correlation between Idx and Tg and a negative correlation between Idx and WB.

Interestingly, the proteins identified as differential for a tenderness trait are correlated (inversely) with the three tenderness traits (Supplementary Data 3) which confirms their involvement in tenderness whatever the method of evaluation.

Plasma candidate biomarkers

Among the 21 differential proteins in the plasma, 10 were significantly (P-value<0.5) differentially abundant between extreme groups of WB tenderness (Table 3). The coefficients of correlation (P-value<0.5) between the abundances of these proteins and the three tenderness traits are illustrated in Supplementary Data 4. The PLS analysis revealed 5 proteins (VIP>1) (MYH7, PLA2G2D5, ENO3, CFH and AGT) and 3 proteins (0.8<VIP<1) (SHBG, RNASE4 and GAPDH) which are identified as putative candidate protein usable for meat tenderness prediction (Figure 4a). The PCA in Figure 4b illustrated that among the 8 proteins the most explicative of WB tenderness (with VIP>0.8), SDHB, RNASE4, and AGT were positively correlated with WB and negatively with Tg and Idx on axis 1. On the other hand, GAPDH, ENO3, CFH, PLA2G2D5, and MYH7 were positively correlated with Tg and Idx and negatively with WB on axis 1. The Heat Map representation (Figure 3b) of the 8 plasma VIP's proteins correlated with WB shows a group of 3 proteins including RNASE4, AGT and SHBG less abundant in the most tender LM and more abundant in the toughest. Conversely, 5 proteins including ENO3, CFH, PLA2G5D5, MYH7 and GAPDH were more abundant in the most tender LM and less abundant in the toughest LM.

Among the 21 differential proteins in the plasma, 7 proteins were significantly (P-value<0.5) differentially abundant between extreme groups of Tg tenderness (Table 3). The coefficients of correlation (P-value<0.5) between the abundances of these proteins and the three tenderness traits are illustrated in Supplementary Data 4.

The PLS analysis revealed 3 proteins (VIP>1) (FHL1, GAPDH and MASP2) and 2 proteins (0.8<VIP<1) (SERPIND1 and F13B) which are identified as putative candidate proteins usable for meat tenderness prediction (Figure 4c). The PCA in Among the 21 differential proteins in the plasma, 7 proteins were significantly (P-value<0.5) differentially abundant between extreme groups of Idx tenderness (Table 3). The coefficients of correlation (P-value<0.5) between the abundances of these proteins and the three tenderness traits are illustrated in Supplementary Data 4.

The PLS analysis revealed 4 proteins (VIP>1) (SERPINF2, MASP2, SERPING1 and CFH) and 3 proteins (0.8<VIP<1) (GPX3, HRG and F9) which are identified as putative candidate proteins usable for meat tenderness prediction (Figure 4e). The PCA in Figure 4f One of these proteins CFH was differentially abundant between extreme groups of WB and Idx, one protein GAPDH was differentially abundant between extreme groups of WB and Tg, and one protein MASP2 differentially abundant between extreme groups to Tg and Idx.

Linear multiple regression models

The most explanatory proteins of tenderness with VIP >0.8 have been used in a linear multiple regression to predict each tenderness trait in the whole dataset from 20 heifers. The Table 4 illustrates the most accurate equations and the proteins retained in these equations.

Muscle most robust tenderness proteins.

For WB, a total of 7 proteins are involved in the linear multiple regression models (SMTNL1, ADSSL1, HPX, ACTN3, TPM3, CSRP3, and TNNC1) of which 5 proteins were identified with a high weight of tenderness explanation, putative candidate biomarkers as they explained alone a large part of WB tenderness variability (Table 4). For Tg, a total of 6 proteins are involved in the linear multiple regression models (OGN, MYBPH, GOT1, VCL, OGDH, and CAPZB), of which 4 proteins were identified with a high weight for tenderness explanation, putative candidate biomarkers explaining alone a large part of Tg tenderness variability (Table 4). For Idx, a total of 5 proteins are involved in the linear multiple regression models (MYH1, ACTN2, MYBPH, OGN and PGAM2), of which one protein (PGAM2) was identified with a high weight for tenderness explanation, putative candidate biomarker as they explained alone a large part of Idx tenderness variability (Table 4).

Plasma most robust tenderness proteins.

For WB, a total of 4 proteins are involved in the linear multiple regression models (ENO3, PLA2G2D5, CFH and MYH7), on which 2 proteins (CFH and MYH7) were identified with a high weight of tenderness explanation, putative candidate biomarkers explaining alone a large part of WB tenderness variability (Table 4). For Tg, a total of 3 proteins are involved in the linear multiple regression models (FHL1, GAPDH and MASP2), of which MASP2 protein was identified with a high weight of tenderness explanation, putative candidate biomarker explaining alone a large part of Tg tenderness variability (Table 4). For Idx, a total of 3 proteins are involved in the linear multiple regression models (MASP2, CFH and SERPINF2), of which the 2 proteins (CFH and SERPINF2) were identified with a high weight for tenderness explanation, putative candidate biomarkers explaining alone a large part of Idx tenderness variability (Table 4).

These results obtained on 20 samples validated the results obtained with the comparison of the 5-5 extreme groups. They allowed identifying among the candidate biomarkers the most robust ones and therefore the most promising ones for the three tenderness traits.

Discussion

The prediction and management of the phenotypic traits related to meat production and quality, especially meat tenderness, are a top priority for the beef meat industry.

Previous studies have investigated the potential of muscle-derived protein biomarkers for meat quality prediction. However, the muscle biomarkers may not be exhaustive nor generic for predicting the tenderness [START_REF] Picard | Recent advances in omic technologies for meat quality management[END_REF][START_REF] Cassar-Malek | Expression Marker-Based Strategy to Improve Beef Quality[END_REF].

The search for meat tenderness biomarkers carried out in the last two decades was based mainly on 2-DE-proteomics of muscle samples (see [START_REF] Picard | 4.32 -Quest for Novel Muscle Pathway Biomarkers by Proteomics in Beef Production[END_REF] for review). However, although the 2-DE is a very resolute method and allows to reveal post-translational modifications, it has some limitations [START_REF] Magdeldin | Basics and recent advances of two dimensional-polyacrylamide gel electrophoresis[END_REF]. It allows the separation of complex mixtures of proteins according to their isoelectric point, molecular mass, solubility, and relative abundance. Thus, it enables detecting exclusively acidic or basic proteins.

Very hydrophobic proteins, and in particular membrane proteins are underrepresented in 2-DE, as well as the extremely acid or basic proteins (with extreme isoelectric points) [START_REF] Görg | Current two-dimensional electrophoresis technology for proteomics[END_REF]. The shotgun method helps overcome the limitations described above, by enabling the detection of a greater range of acidic, basic and hydrophobic proteins simultaneously [START_REF] Santoni | Membrane proteins and proteomics: Un amour impossible?[END_REF][START_REF] Molloy | Two-Dimensional Electrophoresis of Membrane Proteins Using Immobilized pH Gradients[END_REF]. Therefore, we assumed that the shotgun method would allow to identify a more exhaustive list of muscle biomarkers and also be more suitable for the identification of tenderness biomarkers from plasma, which would allow us to overcome the muscle type effect reported for several biomarkers.

Candidate muscle biomarkers for tenderness

As illustrated in Figure 5, the analysis of LM proteins by shotgun proteomics in the present study allowed to confirm some biomarkers (n=33) and to identify proteins (n=38) which were not reported previously in the literature as related with tenderness.

The Venn diagram (Figure 5) illustrates the comparison of the list of putative candidate biomarkers of tenderness published in the literature, identified by proteomic or transcriptomic analysis (Boudon, personal communication), with the list of the 71 candidate biomarkers of tenderness arising from of the present study.

The new candidate biomarkers are mainly involved in muscle contraction and structure but also in muscle energy metabolism, post-mortem muscle proteolysis (apoptosis, autophagy) and oxidative stress processes (Figure 5). These results are in accordance with the knowledge gained from previous studies [START_REF] D'alessandro | Love me tender: An Omics window on the bovine meat tenderness network[END_REF][START_REF] Cassar-Malek | Expression Marker-Based Strategy to Improve Beef Quality[END_REF][START_REF] Picard | Proteomic Investigations of Beef Tenderness[END_REF]. The new proteins correspond mainly to isoforms of cytoskeletal proteins, new proteins involved in the biological pathways cited previously but also several new proteins involved in metabolism, transport and cell signalling, pathways more generally. These proteins enriched existing knowledge for a better understanding of the mechanisms involved in beef tenderness determinism.

The differences between the results of the present study and the data of the literature could be explained by the proteomic technique used but also by the type of animal studied. The innovative shotgun approach used here for quality traits investigation seems to be a good method to obtain a more exhaustive list of muscle putative tenderness biomarkers. Moreover, the present study was carried on heifers, while the majority of published studies related to meat tenderness were carried on young male and few in cows or steers [START_REF] Picard | Meta-proteomics for the discovery of protein biomarkers of beef tenderness: An overview of integrated studies[END_REF]. The present study shows that the candidate biomarkers of tenderness quantified in the Longissimus muscle are in common between heifers and other bovine types. These results validate the list of 33 previously identified proteins as good potential biomarkers in the Longissimus muscle of heifers. In addition, for 11 of these candidate biomarkers were detected as located in a bovine QTL for shear force or tenderness score (results of ProteINSIDE analysis with the private module proteoQTL, http://www.proteinside.org/) (Figure 5), which reinforces the relevance of our results.

Among the 33 proteins previously reported as tenderness biomarkers (Figure 5), 7 proteins (CAPZB, MYBPH, MYH1, ACTN3, CSRP3, PGAM2 and TPM3) could be proposed as robust candidates because they were both identified with a differential abundance between extreme groups of tenderness, significantly correlated with tenderness, identified as VIP's proteins and found in the linear regression performed on the 20 animals of the study. More specifically, the F-actin-capping protein subunit β (CAPZB) identified as positively related with Tg is a capping protein of the thin actin filament which plays a role in thin filament organisation [START_REF] Clark | Striated Muscle Cytoarchitecture: An Intricate Web of Form and Function[END_REF][START_REF] Papa | Alpha actinin-CapZ, an anchoring complex for thin filaments in Z-line[END_REF]. The CAPZB protein was previously described as positively correlated with LM tenderness in bovine and porcine species [START_REF] Picard | Inverse Relationships between Biomarkers and Beef Tenderness According to Contractile and Metabolic Properties of the Muscle[END_REF][START_REF] René Lametsch | Postmortem Proteome Changes of Porcine Muscle Related to Tenderness[END_REF][START_REF] Bjarnadóttir | Proteome changes in bovine longissimus thoracis muscle during the first 48 h postmortem: Shifts in energy status and myofibrillar stability[END_REF] in accordance with our study. The Myosin Binding Protein H (MYBPH) identified as negatively related with Tg and Idx was previously described to be negatively correlated with LM tenderness [START_REF] Picard | Inverse Relationships between Biomarkers and Beef Tenderness According to Contractile and Metabolic Properties of the Muscle[END_REF][START_REF] Bouley | Analyse protéomique du muscle de Bovin appliquée à la recherche de marqueurs de la tendreté de la viande[END_REF][START_REF] Carvalho | Heat shock and structural proteins associated with meat tenderness in Nellore beef cattle, a Bos indicus breed[END_REF] as observed in the present study. This sarcomere protein known to interact with the thick myosin filament is higher expressed in fast glycolytic fibres. So the negative relation with tenderness found here is consistent with the negative relation observed for Myosin heavy chain-IIx (MYH1), expressed in fast glycolytic fibres as MYBPH [START_REF] Vaughan | Human Myosin-Binding Protein H (MyBP-H): Complete Primary Sequence, Genomic Organization, and Chromospinal Localization[END_REF] This contractile protein, fragmented and released during aging and tenderization, was previously described as a putative proteolysis indicator [START_REF] Anderson | Myosin light chain 1 release from myofibrillar fraction during postmortem aging is a potential indicator of proteolysis and tenderness of beef[END_REF]. As found in the present study, MyHC IIx was described to be negatively correlated with LM tenderness in Charolais and Maine-Anjou cows breeds [START_REF] Picard | Meta-proteomics for the discovery of protein biomarkers of beef tenderness: An overview of integrated studies[END_REF]. However, in the Semitendinosus (ST) muscle from French beef breeds it was described to be positively correlated with tenderness. This inverse relationships between some contractile proteins and tenderness have been validated by several experiments [START_REF] Picard | Inverse Relationships between Biomarkers and Beef Tenderness According to Contractile and Metabolic Properties of the Muscle[END_REF][START_REF] Picard | Meta-proteomics for the discovery of protein biomarkers of beef tenderness: An overview of integrated studies[END_REF]. The α-actinin 3 (ACTN3) identified as positively related with WB and negatively with Idx is an actinbinding protein specifically expressed in fast skeletal muscle fibres. In young bulls, the direction of the correlation depends on muscle type: positively correlated in the fast glycolytic muscle (ST) and negatively correlated in the fast oxido-glycolytic muscle (LT) [START_REF] Picard | Inverse Relationships between Biomarkers and Beef Tenderness According to Contractile and Metabolic Properties of the Muscle[END_REF][START_REF] Chaze | Biological Markers for Meat Tenderness of the Three Main French Beef Breeds Using 2-DE and MS Approach[END_REF] as mentioned previously for the two other fast glycolytic proteins.

The Cysteine and glycine-rich protein 3 (CSRP3) identified as negatively related with WB and positively with Idx in the present study was previously described as unfavourable for beef quality including tenderness, juiciness and flavour by a transcriptomic approach in LM from Charolais young bulls [START_REF] Bernard | New indicators of beef sensory quality revealed by expression of specific genes[END_REF]. However, this protein has never been found in two-dimensional electrophoresis (2-DE). It is the first time that we described a relation between its abundance and the tenderness. This protein regulates the control of muscle structure, development and cellular differentiation processes. Interestingly, by combination with data about published tenderness QTL (ProteoQTL module of ProteINSIDE), ACTN3 is annotated as included in a tenderness score QTL (Chromosome 29) and CSRP3 in a Shear force QTL (Chromosome 29) (Figure 5) supporting that these two proteins would be a good predictor for beef tenderness. Finally, the Tropomyosin α-3 chain (TPM3) identified as negatively correlated with WB (positively with tenderness) is one of the myofibrillar proteins expressed in slow skeletal muscle [START_REF] Tanaka | Role of osteoglycin in the linkage between muscle and bone[END_REF]. This protein composing a dimer with the TPM2 isoform was described in [START_REF] Di Luca | 2D DIGE proteomic analysis of early post mortem muscle exudate highlights the importance of the stress response for improved water-holding capacity of fresh pork meat[END_REF] as favourable with high sensory tenderness quality trait, in accordance with our study. The phosphoglycerate mutase 2 (PGAM2) identified as positively related with WB and negatively with Idx was also found to be related with tenderness of Longissimus from steers Aberdeen Angus cattle [START_REF] Zhao | Functional proteomic and interactome analysis of proteins associated with beef tenderness in Angus cattle[END_REF]. This protein plays an important role in coordinating energy production with generation of reducing power and the biosynthesis of nucleotide precursors and amino acids. A link of PGAM2 with carcass traits, and especially post-mortem maturation processes, was described in an association study performed in 15 breeds of cattle using 389 SNP belonging to 206 candidate genes known to be involved in muscle development, metabolism and structure [START_REF] Dunner | Association of genes involved in carcass and meat quality traits in 15 European bovine breeds[END_REF].

These data confirm a positive relationship between tenderness and some contractile proteins of the slow oxidative type and a negative one with some contractile proteins of the fast glycolytic type in the Longissimus muscle. They validate also the high implication of contractile proteins in the tenderness of LM comparatively to ST as described in [START_REF] Picard | Meta-proteomics for the discovery of protein biomarkers of beef tenderness: An overview of integrated studies[END_REF]. Furthermore, the results showed that these relationships are the same in heifers and in other animal types.

Among the 38 muscle proteins newly identified in this study thanks to shotgun proteomics (Figure 5), 8 proteins (ACTN2, ADSSL1, GOT1, HPX, OGDH, OGN, TNNC1 and VCL) are proposed as robust candidates because they are identified as a differentially abundant between extreme groups of tenderness, but also significantly correlated with tenderness, identified as VIP's proteins and found in the linear regression performed on all 20 animals (Supplementary Data 4). More specifically, the α-actinin 2 (ACTN2), identified as positively correlated with Idx, is an actinbinding protein as ACTN3 but expressed in both slow and fast skeletal muscle fibres. This protein was described as negatively related with intramuscular fat content [START_REF] Bazile | Pathways and biomarkers of marbling and carcass fat deposition in bovine revealed by a combination of gel-based and gel-free proteomic analyses[END_REF].

The Adenylosuccinate synthetase isozyme 1 (ADSSL1), identified as positively related with WB, is a protein linked to glycolytic energy metabolism and is described as overabundant in Longissimus lumborum muscle of Chinese cattle during post-mortem periods [START_REF] Yu | Label-free proteomic strategy to compare the proteome differences between longissimus lumborum and psoas major muscles during early postmortem periods[END_REF]. The Glutamic-oxaloacetic transaminase 1 (GOT1), identified as positively correlated with Tg, plays a role in amino acid metabolism, glutamate synthesis and the urea and tricarboxylic acid cycles. [START_REF] Jiang | Acetylome profiling reveals extensive involvement of lysine acetylation in the conversion of muscle to meat[END_REF]. Also associated with lipid metabolism and deposit [START_REF] Kee | Characterization of Beef Transcripts Correlated with Tenderness and Moisture[END_REF], GOT1 would be a good biomarker for meat tenderness (positive correlation) since intramuscular lipid depots are generally positively correlated with meat tenderness [START_REF] Renand | Relationships between muscle characteristics and meat quality traits of young Charolais bulls[END_REF][START_REF] Fiems | Relationship between fat depots in carcasses of beef bulls and effect on meat colour and tenderness[END_REF]. The Hemopexin protein (HPX), identified as positively related with WB (negatively with tenderness), is the main vehicle for the heme transport in the plasma which allows to prevent the heme-mediation oxidative stress [START_REF] Tolosano | Hemopexin: Structure, Function, and Regulation[END_REF]. Also associated with iron metabolism, this protein was proposed as a biomarker for water-holding capacity in pork meat [START_REF] Di Luca | 2D DIGE proteomic analysis of early post mortem muscle exudate highlights the importance of the stress response for improved water-holding capacity of fresh pork meat[END_REF]. Lastly, the Mimecan protein (OGN), identified as negatively related with Tg and Idx, is associated with regulation of the type I collagen fibrillogenesis and its modulation [START_REF] Ge | Bone morphogenetic protein-1/tolloid-related metalloproteinases process osteoglycin and enhance its ability to regulate collagen fibrillogenesis[END_REF]. The protein is produced by muscle tissues and is putatively a crucial humoral bone anabolic factor [START_REF] Tanaka | Role of osteoglycin in the linkage between muscle and bone[END_REF]. OGN is located in a region which corresponds to the QTL interval for several carcass traits significant in pork [START_REF] Beeckmann | Linkage and QTL mapping for Sus scrofa chromosome 3[END_REF][START_REF] Stratil | Porcine OGN and ASPN: mapping, polymorphisms and use for quantitative trait loci identification for growth and carcass traits in a Meishan × Pietrain intercross[END_REF]. Interestingly, OGN is also included in a Shear force QTL in cattle as HPX and TNNC1 (Figure 5) supporting that these proteins would be good candidate biomarkers of Longissimus meat tenderness.

Putative plasma biomarkers of tenderness

In the present study we report for the first time 21 proteins with differential abundance in the plasma of heifers differing by the tenderness of their Longissimus muscle.

Overall view of the major biological pathways related to these plasma proteins shows the several pathways identified in previous research performed from muscle samples and described above [START_REF] Ouali | Revisiting the conversion of muscle into meat and the underlying mechanisms[END_REF][START_REF] Picard | Proteomic Investigations of Beef Tenderness[END_REF][START_REF] Bjarnadóttir | Proteome changes in bovine longissimus thoracis muscle during the first 48 h postmortem: Shifts in energy status and myofibrillar stability[END_REF][START_REF] Morzel | Muscle proteome and meat eating qualities of Longissimus thoracis of "Blonde d'Aquitaine" young bulls: A central role of HSP27 isoforms[END_REF][START_REF] Picard | Skeletal muscle proteomics in livestock production[END_REF][START_REF] D΄alessandro | Meat quality of the longissimus lumborum muscle of Casertana and Large White pigs: Metabolomics and proteomics intertwined[END_REF][START_REF] Grabež | Protein expression and oxygen consumption rate of early postmortem mitochondria relate to meat tenderness[END_REF][START_REF] Jia | Peroxiredoxin-6 A potential protein marker for meat tenderness in bovine longissimus thoracis muscle[END_REF][START_REF] Kwasiborski | Pig Longissimus lumborum proteome: Part II: Relationships between protein content and meat quality[END_REF][START_REF] Guillemin | Variations in the abundance of 24 protein biomarkers of beef tenderness according to muscle and animal type[END_REF] but also the signalling pathways of the complement system and coagulation which has been expected considering plasma fluid. However, we hypothesized that the cytoskeletal proteins such as Myosin heavy chain-I (MYH7), Tubulin alpha-4A chain (TUBA4A), or β-actin (ACTB) may be proteolytic fragments of proteins excreted by muscle cells. These proteins are not soluble proteins and by consequent are likely not secreted through conventional secretory pathways. However it cannot be excluded that they were secreted through a new secretory pathway. According to [START_REF] Le Bihan | In-depth analysis of the secretome identifies three major independent secretory pathways in differentiating human myoblasts[END_REF], muscle cells would be able to secrete proteins through a newly described secretory membrane-derived vesicles shedding and addressed to the plasma membrane [START_REF] Le Bihan | In-depth analysis of the secretome identifies three major independent secretory pathways in differentiating human myoblasts[END_REF][START_REF] Cocucci | Shedding microvesicles: artefacts no more[END_REF][START_REF] Théry | Membrane vesicles as conveyors of immune responses[END_REF]. During the last decade, the extracellular vesicles (EVs) whether as micro-particles (MPs; 150-300 nm size) or exosomes, 50-100 nm size) have emerged as an important mechanism involved in inter-cellular communication in normal physiologic condition (e.g. heart and muscle development, angiogenesis, and vesicle formation during reticulocyte maturation [START_REF] Ribeiro | Exosomes Function in Proand Anti-Angiogenesis[END_REF][START_REF] Ailawadi | Pathologic function and therapeutic potential of exosomes in cardiovascular disease[END_REF][START_REF] Johnstone | Vesicle formation during reticulocyte maturation. Association of plasma membrane activities with released vesicles (exosomes)[END_REF][START_REF] Meldolesi | Exosomes and Ectosomes in Intercellular Communication[END_REF]) but also in pathophysiological conditions [START_REF] Buzas | Emerging role of extracellular vesicles in inflammatory diseases[END_REF][START_REF] Record | Exosomes as new vesicular lipid transporters involved in cell-cell communication and various pathophysiologies[END_REF][START_REF] Kharaziha | Tumor cell-derived exosomes: A message in a bottle[END_REF]. Recent studies have shown that skeletal muscle is also able to release EVs into the extracellular space [START_REF] Le Bihan | In-depth analysis of the secretome identifies three major independent secretory pathways in differentiating human myoblasts[END_REF][START_REF] Rome | Skeletal Muscle-Released Extracellular Vesicles: State of the Art[END_REF].

According to the authors, muscles crosstalk with tissues and organs through this mechanism and participate to maintain muscle physiology and whole-body homeostasis [START_REF] Guescini | C2C12 myoblasts release micro-vesicles containing mtDNA and proteins involved in signal transduction[END_REF][START_REF] Romancino | Identification and characterization of the nano-sized vesicles released by muscle cells[END_REF][START_REF] Forterre | Proteomic Analysis of C2C12 Myoblast and Myotube Exosome-Like Vesicles: A New Paradigm for Myoblast-Myotube Cross Talk?[END_REF].

Among the 21 plasma proteins identified as discriminant between two groups of tenderness, 8 appeared to be robust proteins (CFH, ENO3, FHL1, GAPDH, MASP2, MYH7, PLA2G2D5 and SERPINF2) because identified as differential abundant proteins, but also significantly correlated with tenderness, identified as VIP's proteins and found in the linear regression performed on all 20 animals. More specifically, the complement factor H (CFH), identified as negatively related with WB and positively correlated with Idx, was linked to the signalling pathways of the complement system and coagulation. The β-enolase protein (ENO3) identified as negatively correlated with WB (positively with tenderness) and the Four and a half LIM domains 1 protein (FHL1), identified as negatively correlated with Tg, showed an inverse relationship compared to the muscle sample. The β-enolase protein (ENO3), and the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), identified as negatively related with Tg, are glycolytic enzymes described in muscle as energy metabolism post-mortem indicator in the same direction [START_REF] Jia | Proteome analysis of early post-mortem changes in two bovine muscle types:M. longissimus dorsi andM. semitendinosis[END_REF][START_REF] Laville | Proteome changes during meat aging in tough and tender beef suggest the importance of apoptosis and protein solubility for beef aging and tenderization[END_REF]. Interestingly, a physiological target of serpin C1-inhibitor, the Mannan-binding lectin serine protease 2 (MASP2), identified as positively correlated with Tg an Idx, is involved in the activation of the complement cascade via the Mannan-binding Lectin (MBL) pathway, a part of the innate immune defence [START_REF] Matsushita | Proteolytic activities of two types of mannose-binding lectin-associated serine protease[END_REF]. No previous study has reported any association of MASP2 with muscle phenotype nor for meat tenderness in livestock. The Calciumdependent phospholipase A2 (PLA2G2D5), identified as negatively correlated with WB (positively with tenderness), is a myotoxic protein previously identified in snake venom and able to affect the sarcoplasmic reticulum in vivo. This protein binds to several receptors in muscle plasma membrane and disrupts them but also induces myofibrillar alterations [START_REF] Gutiérrez | Skeletal muscle degeneration induced by venom phospholipases A2: insights into the mechanisms of local and systemic myotoxicity[END_REF]. With regards to tenderness evaluation, this protein, also called PLA2s, seems to be a good putative biomarker for meat tenderness prediction.

Finally, among the number of differential Serine Protease Inhibitors (SERPINs) isoforms found in this analysis, the most robust Alpha-2-antiplasmin protein (SERPINF2) is identified as negatively related with Idx. The SERPINF2, a paralog of the SERPING1, is involved in regulation of proteolysis in response to heat stress. The SERPINs act as inhibitors of their target proteases by a specific mechanism and some isoforms (SERPINA3 notably) were described as related to meat tenderness in previous studies [START_REF] Grubbs | Identification of potential serum biomarkers to predict feed efficiency in young pigs[END_REF][START_REF] Ouali | Biomarkers of meat tenderness: Present knowledge and perspectives in regards to our current understanding of the mechanisms involved[END_REF][START_REF] Gagaoua | Caspases and Thrombin Activity Regulation by Specific Serpin Inhibitors in Bovine Skeletal Muscle[END_REF][START_REF] Gagaoua | New Caspases' inhibitors belonging to the serpin superfamily: A novel key control point of apoptosis in mammalian tissues[END_REF].

Interestingly, the three proteins ENO3, FHL1 and MYH7 are found in muscle but also in plasma. As described previously these proteins are identified as tenderness biomarkers. Although we observed an inverse correlation with tenderness between muscle and plasma abundances, we can hypothesize that these observations are probably due to putative complex regulation in organism, but could be reflect of the status of tenderness biomarker in muscle. The perspectives of this study are to test the relationship between abundances of these proteins and tenderness ranking on a larger panel of individuals.

Conclusion

This study is one of the first to use shotgun proteomic approach for the identification of muscle biomarkers related to meat tenderness and the first to research candidate tenderness biomarkers in the plasma. It is also to our knowledge, the first proteomic study in heifers. The main results allowed to validate and complete the list of putative biomarkers of tenderness in LM. Among the 38 new candidates, 8 are proposed as robust candidates for further analysis. The most original result of this study is the detection of 21 proteins of which the abundance in the plasma is related with LM tenderness. Among them 9 proteins are considered as robust candidates. Further analyses are needed to evaluate on a large scale the relationship between their abundance in the plasma and the tenderness of LM. Finally the validated biomarkers of tenderness could be used in diagnostic tool to evaluate or predict the potential of tenderness on living cattle. 
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Table 1 .

 1 Description of extreme groups of tenderness for the three considered traits: Warner-Bratzler shear-force (WB), score of global tenderness evaluated by sensory analysis with trained panellists (Tg), and a synthetic index combining the both (Idx).Values are expressed as the means ± standard deviation (σ). P-values were calculated by Student's t-test between the tough groups vs. the tender groups. T+/ T-stands for the tender and tough groups respectively, n : number of heifers.

	Tenderness evaluation	T+ group (n=5) (Mean ± σ)	T-group (n=5) (Mean ± σ)	P-values
	WB	33.74 ± 3.47	69.73 ± 11.94	4.30E-04
	Tg	7.72 ± 0.16	6.31 ± 0.25	3,05E-06
	Idx	1.37 ± 0.15	-1.58 ± 0.44	1,78E-05

Table 2 .

 2 List of the 71 differential proteins detected in the Longissimus muscle using the shotgun technique. The major Gene Ontology annotation terms were retrieved using ProteINSIDE.

	Differential proteins

Table 3 .

 3 List of the 21 differential proteins detected in the plasma using the shotgun technique. The major Gene Ontology annotation terms were retrieved using ProteINSIDE.

	Differential proteins

Table 4 .

 4 Linear multiple regression models for the three evaluations of beef tenderness.

	Tissue	Tenderness	Protein biomarkers a

6.31) CFH (-23.59) ENO3

  The linear regression analysis of the plasma VIP's proteins (VIP>0.8) identified in LM (at the top) and plasma (on the bottom) was performed on the 20 animals of the study for the three meat tenderness evaluations. WB stands for mechanical tenderness evaluation, Tg stands for sensory tenderness evaluation, Idx stands for synthetic tenderness index. RMSE: Root Mean Square Error. For each protein in prediction equation, the correlation coefficients are annotated in brackets.

	Accession Number	Gene Name	Full name			
	P68138	ACTA1	Actin, alpha skeletal muscle		1.35E-02	
	Q3ZC55	ACTN2	Alpha-actinin-2			
	Q0III9	ACTN3	Alpha-actinin-3		4.71E-02	
	P79136	CAPZB	F-actin-capping protein subunit beta			
	Q148F1	CFL2	Cofilin-2			
	Q4U0T9	CSRP3	Cysteine and glycine-rich protein		2.90E-03	
	E1BE25	FLNC	Filamin-C		3.49E-02	
	A4FV78	KLHL41	Kelch-like protein 41		7.75E-03	
	G3X6W9	MYBPH	Myosin-binding protein H			
	Q9BE40	MYH1	Myosin-1			
	Q9BE39	MYH7	Myosin-7		3.22E-02	
	F1ME15	MYL2	Myosin regulatory light chain 2		3.93E-02	
	Q148H2	MYL6B	Myosin, light chain 6B			
	E1BCU2	MYOM3	Myomesin-3			
	F1MPU4	MYOT	Myotilin			
	Q8SQ24	MYOZ1	Myozenin-1		2.37E-02	
	Q5E9V3	MYOZ2	Myozenin-2	(-2.84) PLA2G2D5 (-1.14)	0.52	24.05
	F1N0W6	MYOZ3	Myozenin-3		3.14E-02	
	A6H7E3	Tg PDLIM1	FHL1 (-0,14) APDH (0,11) MASP2(0,39) PDZ and LIM domain 1		0.38	0.023
	Q3SX40	PDLIM7	PDZ and LIM domain protein 7		2.53E-02	
	E1BPV6	Idx SMTNL1	CFH (-1.55) SERPINF2 (-0.72) MASP2 (0.35) Smoothelin-like protein 1	4.21E-02	0.42	0.085
	A0JNC0	TMOD1	Tropomodulin-1			
	P63315	TNNC1	Troponin C, slow skeletal and cardiac muscles	5.79E-03	
	Q8MKH7	TNNT3	Troponin T, fast skeletal muscle			
	Q5KR47	TPM3	Tropomyosin alpha-3 chain		4.59E-02	
	F1N789	VCL	Vinculin			
	A1L578	CAVIN1	Caveolae-associated protein 1		3.40E-02	
	Q32PH8	EEF1A2	Elongation factor 1-alpha 2		2.44E-02	
	F1MG05	EEF1G	Elongation factor 1-gamma			
	F1MR86	FHL1	Four and a half LIM domains protein 1		2.66E-02	
	A4FUZ1	GLO1	Lactoylglutathione lyase			
	A1A4R1	HIST2H2AC Histone H2A type 2			
	Q17QE2	LMCD1	LIM and cysteine-rich domains protein 1			
	Q32KP9	NUTF2	Nuclear transport factor 2			
	P00570	AK1	Adenylate kinase isoenzyme 1			
	P48644	ALDH1A1 Retinal dehydrogenase 1			
	P20000	ALDH2	Aldehyde dehydrogenase, mitochondrial			
	A6QLL8	ALDOA	Fructose-bisphosphate aldolase		4.80E-02	
	F1MJT6	CKMT2	Creatine kinase S-type, mitochondrial			
	A6QR19	ENO2	Gamma-enolase			

Table Click here to download Table: Boudon et al_ Review_Mascot protein identification.xlsx
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Query of genetic information was performed with the ProteQTL module included in
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Supplementary data 1. Gene Ontology enrichment analysis of the 71 differential muscle proteins.

Supplementary data 2. Gene Ontology enrichment analysis of the 21 differential plasma proteins.

Supplementary data 3. Table of Spearman correlations between the differential

abundance of the muscle proteins identified in this study.

Correlation analysis was performed with the differential proteins detected in the LM.

The correlation was performed on the groups of extreme (5 tender /5 tough) for the three meat tenderness evaluations (WB, Tg and Idx). WB stands for mechanical tenderness evaluation, Tg stands for sensory tenderness evaluation, Idx stands for synthetic tenderness index.

Supplementary data 4. Table of Spearman correlations between the differential

abundance of the plasma proteins identified in this study.

Correlation analysis was performed with the differential proteins detected in the plasma. The correlation was performed on the groups of extreme (5 tender /5 tough) for the three meat tenderness evaluations (WB, Tg and Idx). WB stands for mechanical tenderness evaluation, Tg stands for sensory tenderness evaluation, Idx stands for synthetic tenderness index. We report muscle proteins identified with a significant differential abundance (P-value < 0.05) between the though group minus the tender group.

WB stands for mechanical tenderness evaluation, Tg stands for sensory tenderness evaluation, Idx stands for synthetic tenderness index. 
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