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Abstract 

Over the last two decades, proteomics have been employed to decipher the underlying factors 

contributing to variation in the quality of muscle foods, including beef tenderness. One such 

approach is the application of high-throughput protein analytical platforms in the identification 

of meat quality biomarkers. To broaden our understanding about the biological mechanisms 

underpinning meat tenderization across a large number of studies, an integromics study was 

performed to review the current status of protein biomarker discovery targeting beef tenderness. 

This meta-analysis is the first to gather and propose a comprehensive list of 124 putative protein 

biomarkers derived from 28 independent proteomics-based experiments, from which 33 robust 

candidates were identified worthy of evaluation using targeted or untargeted data-independent 

acquisition proteomic methods. We further provide an overview of the interconnectedness of the 

main biological pathways impacting tenderness determination after multistep analyses including 

Gene Ontology annotations, pathway and process enrichment and literature mining, and 

specifically discuss the major proteins and pathways most often reported in proteomics research. 

Keywords: Meta-analysis; Meat tenderness; Data integration; Panel of biomarkers; Longissimus 

thoracis; Muscle; Proteomics; Enzymes; Z-disc; Biological pathways; Networks.  
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1. Introduction 

The meat industry currently lacks a rapid objective method for estimating the eating quality 

of beef, either in the live animal or in the carcass. Addressing this gap in knowledge and 

technology would greatly increase the efficiency of the beef industry worldwide and promote 

the ability to generate higher quality product. In order to accomplish this, the underlying 

mechanisms responsible for creating the most important meat quality traits must be defined.  To 

that end, there is a general consensus among those studying meat qualities that it may be useful 

to first reveal the gene and protein networks responsible for the development of the desired 

quality phenotype before attempting to develop technologies for predicting meat quality. 

However, such technology would readily allow us to manage the marketing of a meat quality 

trait, and develop genetic selection schemes for producers to optimize quality. A number of 

attempts have been made to achieve this lofty goal over the past couple of decades, specifically 

the study of meat quality variation using high-throughput protein analytical platforms also 

known as proteomics. One research area where proteomics has been of particular interest is in 

the discovery of meat quality biomarkers as proxies for predicting sensory, technological and 

physic-chemical quality traits of meat (Hollung et al. 2007; Ouali et al. 2013; Picard et al. 2017; 

Lopez-Pedrouso et al. 2019; Gagaoua et al. 2020b).  

In an effort to better understand those mechanisms underlying beef tenderness, proteomics 

has emerged as a well-defined strategy which, through in-depth characterization of the whole 

bovine skeletal muscle proteome, has provided substantial data in terms of potential protein 

biomarkers associated with tenderness pathways and its prediction (Wu et al. 2015; Picard & 

Gagaoua 2017; Gagaoua et al. 2020a). These biomarkers, for which the abundance differs as a 

consequence of factors ranging from farm rearing practices to muscle characteristics and meat 

processing (Gagaoua et al. 2019a; Gagaoua et al. 2019b; Picard et al. 2019), can distinguish 

between extreme tenderness groups. These biomarkers belong to different but interconnected 

biological pathways that reflect stress and oxidative stress reactions, energy metabolism, 

myofibril and muscle structure, apoptosis, transport, signaling and proteolysis (Ouali et al. 2013; 

Gagaoua et al. 2020b; Picard & Gagaoua 2020a).  

Tremendous progress in improved sample preparation, liquid chromatography and mass 

spectrometry technologies, coupled with the development of sophisticated algorithms for protein 

identification have led to the possibility of screening a myriad of muscle proteins from muscle 

tissue early post-mortem. These proteins have been correlated with meat texture/tenderness 

phenotypes, as evaluated by trained sensory panelists and/or by instrumental methods, i.e., 
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Warner-Bratzler shear force (WBSF) on aged and cooked meat. The identification, mostly in the 

Longissimus thoracis et lumborum, of putative protein biomarkers of beef tenderness has 

enhanced our understanding of the mechanisms which influence the conversion of muscle into 

meat (Laville et al. 2009; Guillemin et al. 2011; Hollung et al. 2014; Zhao et al. 2014; Gagaoua 

et al. 2015b; Picard & Gagaoua 2017; Gagaoua et al. 2020a) and proposed the first prediction 

equations explaining tenderness variation due to changes in proteins (Zapata et al. 2009; Picard 

et al. 2014; Gagaoua et al. 2017a; Gagaoua et al. 2018b). Furthermore, during recent years, we 

have made significant progress in our quest to identify reliable biomarkers of beef tenderness 

(Picard & Gagaoua 2020a). This has been accomplished through evaluating and validating a 

short list of candidate biomarkers using a variety of techniques, namely immune-based 

techniques such as Dot-Blot (Guillemin et al. 2009; Gagaoua et al. 2015c; Gagaoua et al. 

2017b; Gagaoua et al. 2019c) and Reverse Phase Protein Array (Gagaoua et al. 2018b; Picard et 

al. 2018). 

Given the interest in predicting product quality worldwide, it is timely to comprehensively 

evaluate the published data to review what is known about the utility of proteomics in 

understanding beef tenderness development. Furthermore, it is important to know what has been 

identified during the past 10 years as putative protein biomarkers of tenderness and prudent to 

explore how we move forward in the discovery pipeline with a robust list of candidate protein 

biomarkers to validate their veracity in predicting beef tenderness using representative 

populations of cattle across the globe. Considering the vastness of the data collected thus far and 

the need to establish a biologically meaningful and comprehensive list of biomarkers for 

tenderness, our aim was to use an integrative “omics” („integromics‟) approach to integrate 

proteomics datasets from independent proteomic-based studies. Using a meta-analysis approach 

with data collected from the Longissimus muscle we propose for the first time an updated, 

effective panel of 33 robust biomarkers of beef tenderness using a lower cut-off of proteins 

appearing in at least four independent studies.  

2. Methodology and results  

2.1. Literature search strategy 

A systematic computerized search of the Google Scholar, Pubmed.gov (NCBI), Scopus and 

Web of Science (Clarivate Analytics) databases was performed as depicted in Figure 1 using an 

existing search strategy (Gagaoua et al. 2020b). All the eligible proteomic-based studies that 

investigated beef tenderness from original papers published up to 1 April 2020 were thus 
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identified, and organized into a spreadsheet reference manager. The search keywords that were 

used were included in Figure 1. For all relevant articles, the records retrieved with the related 

article links in the databases were further screened, and the reference lists of each individual 

paper were also carefully checked for any other relevant studies. 

2.2. Selection of publications: inclusion/exclusion criteria and quality assessment  

The first search using the entire databases yielded a total of 4201 publications (Figure 1). We 

then detected and deleted the duplicates manually using Reference Manager and then one person 

screened the title and abstract of 2160 studies for relevancy based on exclusion of any studies 

not on bovine skeletal muscle proteome (Figure 1). From this, 178 full-text publications were 

deemed suitable and the relevant articles were retrieved, provided they were in English and 

published in peer-reviewed journals, to ensure the methodological quality of the studies.  

The publications for inclusion in the integromics were selected and further examined, to 

determine whether they should be included based on the criteria shown in Figure 1 which were: 

papers that investigated beef tenderness using proteomic-based techniques using solely the 

Longissimus muscle (including: longissimus dorsi, longissimus lumborum and longissimus 

thoracis) with measurements of protein biomarkers identification and/or evaluation. This 

process excluded studies on all other muscles and those using other “omics” techniques such as 

genomics, phosphoproteomics and metabolomics. Also, we excluded papers that investigated 

other species not clearly mentioned in the abstract and those that are in bovine and Longissimus 

muscle but not related to tenderness. Reviews were also excluded, but not integrative studies 

that contained a combination of proteomics experiments. Studies not indicating significant 

correlations with tenderness traits or differential abundant protein (DAP) among beef tenderness 

groups were also excluded. Finally, studies were excluded that reanalyzed the same dataset by 

applying different statistical methods and we kept only one study complying with our criteria. 

The experimental design of each study was carefully screened including the identified 

proteins and the direction of change and/or associations with beef tenderness evaluated either by 

sensory trained panelists or WBSF. The quality assessment of the experimental designs (Table 

S1) and proteomics-based methodologies used to retrieve the putative protein biomarkers of 

beef tenderness were evaluated following the guidelines of the Newcastle-Ottawa scale. This 

quality check revealed that most (96%) of the eligible studies used good data by reporting the 

information needed in the context of the discovery of beef tenderness biomarkers. Our quality 

assessment check provides an overview of the quality of the publication and proteomic study 
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reporting but does not address the quality of the proteomic data itself. There are a certain 

variations in reporting proteomic analytical details independent of whether a journal provides 

guidelines. Aggregating data from multi-platform proteomics datasets from a qualitative point of 

view is the main objective of the present integromics study. Such variations are not a major 

hindrance, as the direction of changes in protein abundance in association with beef tenderness 

traits is the information needed.   

2.3. Database preparation: data extraction and proteomic data aggregation 

A total of 22 papers, which included 28 proteomics experiments (888 animals; Table 1 and 

Table S1) fulfilled the above criteria and were included in this integromics to create the first 

repertoire of beef tenderness biomarkers (Kim et al. 2008; Morzel et al. 2008; Jia et al. 2009; 

Laville et al. 2009; Zapata et al. 2009; Guillemin et al. 2011; Bjarnadottir et al. 2012; 

D'Alessandro et al. 2012a; D'Alessandro et al. 2012b; Sierra et al. 2012; Carvalho et al. 2014; 

Picard et al. 2014; Zhao et al. 2014; Baldassini et al. 2015; Gagaoua et al. 2017a; Beldarrain et 

al. 2018; Gagaoua et al. 2018b; Malheiros et al. 2019; Silva et al. 2019; Boudon et al. 2020; 

Gagaoua et al. 2020a; Picard & Gagaoua 2020a). Supplementary files in these papers were 

examined for details on the experimental designs and all the relevant information were 

summarized in Table S1. Data from various other publications including reviews, which did not 

meet the selection criteria but are still of relevance (e.g., putative proteins reported in other 

muscles or beef qualities) for the broader context, were taken into consideration in the 

discussion. 

Data collection from the 22 publications was performed according to a protocol that allows 

for the creation of a full database using spreadsheets in Microsoft Excel with the following 

information extracted from each study in the order of the publication year (Table S1): 

experiment number (from the oldest Exp.1_ref 1 published in 2008 to the newest publication in 

2020 as Exp.28_ref 22), first author's name, publication year, journal, hyperlink Digital Object 

Identifier (DOI) of the paper, breed, gender or animal category, age at slaughter, sampling 

position of the steaks and time, ageing time of the steaks, conditions of the evaluation of 

tenderness using sensory panelists or WBSF measurements, end-point cooking temperature 

(maximum internal temperature achieved when a sample is cooked), number of samples 

included in the experiment, type of the protein extracts (myofibrillar, sarcoplasmic or both), the 

proteomic-based platform used and associated details, the selection approach of the differential 

proteins and finally the number of putative biomarkers that were retrieved by our criteria. 
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Key information regarding the proteins of interest (unique gene names (GN)) and their 

relationships with beef tenderness were annotated by giving their UniprotID accession numbers, 

GN, full name of the proteins, direction of change or associations (positive (●) blue color, 

negative (■), red or both directions (♦) orange) with the tenderness scores or WBSF values 

collected (Table 1). Within each individual study, if a same protein was correlated (P< 0.05) 

with tenderness traits or showed differential abundance according to tenderness in the same 

direction more than once, due to either different isoforms or under different conditions, such as 

breed, tenderness measurement, or ageing time, it was listed only once.  

2.4. Results: Database description 

A computational workflow allowed aggregation of 124 proteins (unique GN) from the 28 

proteomic-based experiments, several of which were common among the studies (Table 1) and 

across the animal categories (Table S2). Uncharacterized proteins (n = 2) were not included. 

The list of DAP provided by authors were based on fold-change and/or p-value and/or 

significant correlations/regression as determined for each study (Table S1). In fact, the selection 

criteria for proteins retrieved in the 28 experiments differed somewhat; two studies used a fold-

change, 16 used differences in protein abundance between extreme groups of tenderness and 10 

used regression analyses based on significant correlations (P<0.05). Data collected from the 28 

experiments (n=888 animals) were from different animal categories (genders): 15 experiments 

used bulls (n=371 animals), five used cows (n=326), four used steers (n=46), three used both 

bulls and steers (n=135, the authors mixed the animals, thus we coded this category as 

bulls+steers) and only one study used heifers (Table S1). The muscle proteome was mostly 

characterized on protein extracts from samples collected during the first hour of harvest for 16 

studies or at 24 h post-mortem for 10 experiments. Two studies used muscle samples taken from 

carcasses at 36 and 48 h post-mortem. Samples originated from non-stimulated carcasses for 26 

experiments and stimulated carcasses for two studies (90V at 30 min post-mortem) (Jia et al. 

2009; Bjarnadottir et al. 2012). 

The highest number of proteins from the 124 were retrieved for bulls (n=90, including 37 that 

were specific), explained by the high number of experiments conducted on bulls (Table S2). 

The steers followed with 46 proteins (5 specific), heifers with 40 proteins (17 specific), the cows 

with 36 proteins (4 specific) and the bulls+steers with 21 proteins including two specific for this 

category (Table S2). The number of proteins retrieved from the 28 experiments varied from 2 to 

40 (Table S1), with an average of 13±8 and a coefficient of variation of 63%. This is a well-

known issue in proteomics especially in analyzing muscle tissues because they are dominated by 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



a few major protein groups related to the contractile and myofibrillar structure that obscure 

identification of many important proteins. 

Beef tenderness was evaluated by two methods (Table S1), the first being sensory 

evaluation, which used trained panelists for 7 experiments, all conducted at an end-point 

cooking temperature of 55°C (“rare”, the usual temperature in France (Gagaoua et al. 2016)); 

and the second being WBSF for 27 experiments, of which 15 analyzed steaks cooked at 55°C 

and 12 analyzed steaks cooked at “well done” temperatures ranging from 70 to 75°C (3 at 70°C, 

2 at 70.5°C, 6 at 71°C and 1 at 75°C). Six studies evaluated tenderness using both methods but 

at an end-point cooking temperature of 55°C. The specific WBSF instruments used, the method 

of the preparation, and settings were slightly variable or not fully described, consistent with the 

review by Holman et al. (2016). Similarly, ageing periods (time) varied with study and some 

were conducted at more than one ageing period. Overall, steaks were aged at 14 days for 17 

experiments (60.71%), followed by 7 and 21 days (5 times each), then 3 days for 3 experiments 

and finally 4 experiments shared ageing periods of 2 and 10 days. 

2.5. Database analysis: mining of the retrieved putative protein biomarkers  

The 124 putative protein biomarkers of beef tenderness were mined using different service 

bioinformatics tools and online software. 

2.5.1. ID conversion 

Considering the limitation of the Gene Ontology (GO) annotation in bovine databases, the 

gene and protein identifiers were converted on Uniprot Retrieve/ID Mapping 

(https://www.uniprot.org/uploadlists) to satisfy the GO analysis input format. The Gene Symbol, 

Ensembl ID and UniProt KB AC/ID were then converted to the orthologous human 

EntrezGeneID. Both bovine and human UniprotIDs were therefore indexed in the database. 

2.5.2. Categorization of the proteins into biological pathways  

A functional annotation of the 124 proteins into the main biological pathways (Table 1) was 

performed first using the information provided by UniProtKB (https://www.uniprot.org/) for 

each protein and confirmed by PANTHER (Protein ANalysis THrough Evolutionary 

Relationships) classification system based on the human UniProtIDs of the proteins. PANTHER 

allows the browsing of a manually curated database by functions. The accuracy of protein 

function prediction was estimated using Hidden Markov Models that were constructed for each 

functional protein group. A manual annotation process was performed to allocate the 124 
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proteins to 6 main biological pathways (Table 1 and Figure 2): (i) muscle contraction, structure 

and associated proteins (n=35); (ii) energy metabolism (n=29); (iii) heat shock proteins, HSPs 

(n=11); (iv) oxidative stress proteins (n=11); (v) proteolysis (n=2) and (vi) other proteins 

including regulation of cellular processes, binding, apoptosis and transport (n=36). These are the 

major pathways that characterize beef tenderization so far described (Ouali et al. 2013; Picard & 

Gagaoua 2017, 2020a) and they are similar to those involved in beef color (Gagaoua et al. 

2020b). Their impacts differ; for example, the “energy metabolism” pathway largely dominates 

beef color determination, followed by “heat stress chaperones” and “muscle structure” proteins 

pathways, which have similar impacts. 

2.5.3. Identification of top proteins common to beef tenderness 

From the list of 124 putative protein biomarkers, a cut-off of two or more datasets (≥ 2) was 

applied to identify common proteins across studies regardless of the animal category, leading to 

a panel of 64 proteins that were reported in at least two independent proteomic experiments 

(Figure 2). These proteins were ranked by the number of times they were identified from the 

highest to the lowest (Table 1) in each of the five biological pathways to which they belong 

(Figure 2C). Sixty proteins were identified only once among the 28 experiments (Table 1 and 

Figure 2A). Further cut-offs were applied to rank the protein biomarkers and the results of this 

analysis are shown in Figure 2A, illustrating the 33 robust protein biomarkers that were 

identified ≥ 4 times and their rank order distribution (graph in the insert of Figure 2A). 

2.5.4. Protein–Protein Interactions (PPI) 

Proteins are known to rarely act alone, thus the study of protein networks are essential for a 

wide range of cellular processes and form a network of great complexity. STRING database ver. 

11 at https://string-db.org/ was used to describe the Protein–Protein Interactions among the 64 

proteins with cut-off ≥2 (Figure 3). The construction default settings required as a minimum 

interaction score confidence of 0.6 and 4 criteria for linkage (co-occurrence, experimental 

evidences, existing databases and text mining) were used. Due to the limitation of the GO 

annotation of genes in bovine, we used human UniprotIDs.  

In line with our expectations, the network in Figure 3 clearly confirms the 

interconnectedness of the biological pathways underlying beef tenderization, with the pivotal 

role of structural and contractile proteins, as a consequence of their breakdown during 

proteolysis (Lana & Zolla 2016). The next most dominant is the energy metabolism pathway, 

containing enzymes from the glycolytic pathway (11 proteins) and the aerobic pathway (7 
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proteins) including CKM (Creatine kinase M-type, identified 11 times). A major consequence of 

the intense early post-mortem increase in the enzymes associated with the glycolytic and Krebs 

cycles is the accumulation of several waste metabolites including ROS (Reactive Oxygen 

Species), explaining the high number of interactions (37 of the 47) with oxidative stress and 

HSP proteins (Figure 3 and sub-network of Figure S1), which cope with the harmful effects of 

ROS. Accordingly and in agreement with the important role of apoptosis in post-mortem muscle 

(Ouali et al. 2006; Ouali et al. 2013), the other pathways included 5 interactions with apoptotic 

proteins (PARK7↔TP53, GSTP1↔TP53, SOD1↔TP53, SOD1↔LGALS1 and 

SOD1↔VDAC2) and 5 interactions shared by muscle structure (GSTP1↔MYL1 and 

GSTP1↔MYL6B) and transport proteins (GSTP1, PRDX6 and SOD1 with ALB). 

2.5.5. Pathway and process enrichment analysis 

The 64 proteins were further used to perform a pathway and process enrichment analysis 

(Figure 4) and identify significant hub modules created by these proteins using the intuitive web 

tool Metascape® (https://metascape.org/) based on Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways, GO Biological Processes, and Reactome gene sets (Table 2 and Figure S2). 

The tool uses the hypergeometric test and Benjamini–Hochberg p-value correction algorithm to 

display the first 20 statistically significant enriched ontology terms (Zhou et al. 2019). In this 

study, the terms with a P-value <0.05, a minimum count of 3, and an enrichment factor >1.5 

(ratio between the observed counts and the counts expected by chance) were considered. 

Representative terms with a similarity score >0.3 were clustered together based on their 

membership similarities and visualized in network layouts (Figure 4A,B). 

2.5.6. Gene Ontology pathway enrichment and clustering 

The GO terms aiming to investigate the potential functions and molecular mechanisms were 

evaluated for 3 datasets; the entire 124 proteins (Table S3), the 64 proteins (cut-off ≥2, Table 

S4) and the 33 robust list of protein biomarkers (cut-off ≥4, Table S5) using the web-based 

ProteINSIDE tool (http://www.proteinside.org/). Using this tool, a list of the Top40 GO 

enrichment terms (P-value, Benjamini–Hochberg <0.05) were generated against human 

orthologs to take advantage of the most complete annotation available. The ProteINSIDE tool 

relies mainly on GO enrichment tests among the Biological Process (BP), Molecular Function 

(MF) and Cellular Component (CC) categories. 

As an additional process, Metascape® was utilized to distribute the 64 proteins among the 

animal categories, based on Circos plots which display overlap and functional connections 
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between the genes, hence allowing the creation and linking of different modules based on the 

enriched ontology term (Figure 5A). The known and potential targets based on the Top20 

enriched terms generated by the pathway and process enrichment analyses from Figure 4 and 

across animal categories were compared and displayed by means of hierarchical heatmap 

clustering (Figure 5B). This GO analysis suggests that “muscle contraction”, “ATP metabolic 

process”, “muscle structure development”, “leucocyte activation involved in immune response” 

and “oxidative stress” are associated with beef tenderness determination, regardless of the 

animal category (Figure 5B and Table 2).  

2.5.7. Quest for quantitative trait loci of beef tenderness 

The volume of data available regarding the effect of specific genetic markers on beef quality 

traits of several breeds and animal types has grown significantly over the past couple decades 

(Allan & Smith 2008; Leal-Gutiérrez et al. 2020). For most production traits studied, including 

sensory and technological beef qualities, normal phenotypic variation is primarily a result of the 

overall effect of DNA sequence variation on chromosomal regions known as quantitative trait 

loci (QTL) and their interaction with environmental variables. To further our knowledge about 

the possible role of the shortlisted protein biomarkers in this integromics as potential QTL, the 

ProteQTL tool included in ProteINSIDE (http://www.proteinside.org/) was used for fast search 

of beef tenderness QTL among the list of 64 putative biomarkers. ProteQTL interrogates a 

public library of published QTL in Animal QTL Database 

(https://www.animalgenome.org/QTLdb) that contains cattle QTL and association data curated 

from published scientific articles. As a result, 18 QTLs were identified for tenderness score 

(n=4: PYGM, VDAC2, TNNT3 and GSTP1) and shear force (n=15: PYGM, ALDH1A1, CA3, 

EEF1A2, TNNC1, ATP5F1B, HSPA9, PGM1, LDHA, HSPA8, MYL3, MYL6B, CSRP3, 

MYL2 and UQCRC1) at different chromosomes (Chr) (Table 3). PYGM on Chr.29 was 

common to the two beef tenderness traits (Table 3). Overall, eleven chromosomes grouped the 

18 proteins (genes) with 10 in three chromosomes that are: Chr.29 contains 5 genes (GSTP1, 

TNNT3, PYGM, LDHA and CSRP3), Chr.22 contains 3 genes (TNNC1, MYL3 and UQCRC1) 

and Chr.5 contains ATP5F1B and MYL6B. Further, among the major QTL, 6 proteins were 

from “muscle contraction, structure” pathway, followed by 5 from “energy metabolism” and all 

with shear force and 2 “heat shock proteins” involved in the cellular response to unfolded 

proteins (Table 3). In Table S6, the QTLs identified for a further twenty meat and carcass 

quality traits of cattle are given using the shortlisted 64 proteins. Similar to tenderness traits, 16 

proteins identified as QTL were from “muscle contraction, structure” pathway, followed by 14 
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proteins from “energy metabolism”, 8 were “heat shock proteins”, 5 were “oxidative stress 

proteins” and 6 proteins belong to the other pathways “regulation of cellular processes, binding, 

apoptosis and transport”.  

 2.5.8. Gender: Overlap and distribution of the proteins with cut-off ≥2 

The comparison of the different protein lists from the 64 proteins with cut-off ≥2 among 

animal categories: bulls (n=57), steers (n=43), cows (n=33), heifers (n=23) and bulls + steers 

(n=19), was performed using Venn diagrams 

(http://bioinformatics.psb.ugent.be/webtools/Venn/); while the intersection was visualized by an 

Upset plot (Figure 6) generated by Intervene (https://intervene.shinyapps.io/intervene/). Upset 

plots are a more intuitive and superior to Venn diagrams for visualizing intersecting sets. 

Proteins were ordered and shown with their corresponding colors following their corresponding 

biological pathway. From this Upset, we can see that 3 proteins, ACTA1, MYH7 and CKM, 

were common across all datasets and animal categories (Figure 6). To these, we add HSPA1A 

and TNNC1 found common to the four commercially available animal categories. There was a 

degree of overlap in proteins between animal categories being 38, 30, 23 and 19 between steers 

and bulls, cows and bulls, cows and steers, and heifers and bulls, respectively. 

2.5.9. Theoretical proteome analysis of the proteins with cut-off ≥2  

Knowledge of the behavior and physical properties of proteins is essential to understand 

fundamental cellular processes, and the corresponding biological functions. Certain proteomic 

studies involve the exploration of the intrinsic relationships between physical properties and 

biological functions of proteins. Examples are the relationship between isoelectric point (pI) and 

subcellular localization (Schwartz et al. 2001), between protein stability and biological 

processes (Doherty et al. 2009), the distribution of pI in PPI networks (Chasapis & 

Konstantinoudis 2020) or contribution of protein charge and mass to the spatio‐temporal 

dynamics of PPI (Xu et al. 2013). To consider such aspects in the shortlisted protein biomarkers, 

the relationship between theoretical pI and molecular weights (Mw) (Figure 7) was computed 

using “Compute pI/Mw tool” at the ExPASy server (https://web.expasy.org/compute_pi/) for the 

entire proteins based on bovine UniprotIDs. Although the number of proteins is small, the 

distribution visually illustrates the overlap of the main biological pathways identified, especially 

for “energy metabolism” and “muscle contraction, structure” pathways. In addition, the plot 

illustrates the bimodality pattern of pI distribution (marked by two horizontal brackets in Figure 

7), a common feature described in different proteomes (Wu et al. 2006), with low fractions of 
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proteins with pIs close to 7.4. This multimodal character of pI distribution is likely associated 

with the need for different pI values depending on subcellular localization (Schwartz et al. 

2001). This tendency was also illustrated despite our small dataset where the proteins from the 

“energy metabolism” pathway have a pI in the range of 6.0 to 9.0, apart from the 3 proteins from 

the oxidative phosphorylation pathway (ATP5F1B, UQCRC1 and NDUFS1, Figure 8) which 

have a pI <5.5. Similarly, most proteins belonging to the “muscle contraction, structure” 

pathway (82%) have a pI below 6.0 and only four proteins, with different functions, had a basic 

pI between 9.0 and 9.5. From the scatter plot, we can also see that proteins belonging to the 

“oxidative stress” pathway are all small with low Mw and also have a narrow range of pI [5.86; 

7.30] (Figure 7). 

3. Discussion 

The current integromics meta-analysis aggregated data from proteomics-based experiments 

with the aim of identifying robust biomarkers of beef tenderness. To the best of our knowledge, 

this is the first meta-analysis that constitutes a list of 124 proteins from 28 proteomics datasets 

as DAP or correlated with tenderness traits of the Longissimus muscle. As noted by Picard and 

Gagaoua (2017), the extraction medium used to solubilize proteins from the tissue often fails to 

solubilize extracellular matrix components, so it is not surprising that various types of collagen 

are not generally reported in these studies, although variations in collagen content are known to 

bear some relation to variations in meat toughness. Indeed, one of the studies used in this 

integromics (D'Alessandro et al. 2012b) shows a strong negative correlation between the 

amount of soluble collagen and the toughness of the cooked beef, but does not report any of the 

collagens as a marker of tenderness. Additionally, it is known that the covalent cross-linking of 

collagens has a relation to cooked beef toughness, mostly at end-point cooking temperatures 

below 60°C (Gagaoua et al. 2020c; Listrat et al. 2020), but the difficulty of solubilizing well 

cross-linked collagen for proteomic studies is immense. Finally, it should be noted that peak 

shear force values from WBSF tests on beef cooked to 70°C and above do not reflect the 

contribution of connective tissues to cooked meat toughness (Purslow 2018), and so again it is 

not surprising that it is myofibrillar and sarcoplasmic proteins that are primarily identified as 

markers of tenderness in studies using WBSF as the objective criterion of tenderness/toughness. 

The different analyses performed above evidenced that key pathways and proteins were 

identified very often based on the inclusion criteria of cut-off ≥4 from at least four different 

datasets. Such screening has allowed proposing a robust panel of the top 33 proteins (insert 

Figure 2A) that belong to 5 interconnected biological pathways. Of this panel, 12 proteins were 
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from muscle contraction and structure, 9 were from energy metabolism, 8 were HSPs, 3 were 

oxidative stress proteins and one protein belongs to the fifth pathway grouping proteins involved 

in the regulation of cellular processes, binding, apoptosis and transport. Worthy to note, several 

of these proteins are multifunctional and some are importantly involved in apoptosis.   

Generally speaking, the difference in abundance of any given protein between tough and 

tender samples of longissimus muscle can result from one of two causes, and the interaction 

between them. The first cause is that a different amount of a protein is synthesized in one animal 

versus another, due to breed differences or environmental factors. The second cause is that 

variations in metabolism, especially post-mortem metabolism, result in a degradation or 

disappearance of that protein. Thus, proteolysis of intact proteins decreases their relative 

abundance (and increases the abundance of smaller protein fragments/peptides). These two 

causes interact; the relative abundance of a given (intact) protein is a balance between synthesis 

and degradation. The biochemical roles and the mechanisms by which this panel of 33 proteins 

are expected to underlie beef tenderness determination are discussed below.  

3.1. Biomarkers from the muscle contraction and structure pathway 

The prolonged lack of oxygen and nutrients in post-mortem muscle inevitably induces 

apoptosis and muscle cell death (Ouali et al. 2013), leading to a loss in integrity of the Z-disc 

and gradual breakdown of the muscle protein structures by certain proteolytic systems (Kemp et 

al. 2010) although this is under the regulation of several factors including endogenous muscle 

inhibitors (Hopkins & Thompson 2002b; Gagaoua et al. 2015a). The identification of a high 

number of muscle myofibrillar and structural proteins (Table 1 and Figure 2) adds further 

weight to the body of evidence linking the degree of the alteration and weakening of 

myofibrillar and cytoskeletal proteins to the extent of proteolysis and development of ultimate 

meat tenderness (Hopkins & Geesink 2009; Lana & Zolla 2016). The GO process enrichment 

analyses (Figure 4) confirmed the paramount role of this pathway on beef tenderization, 

forming a separate but linked sub-network composed of “muscle contraction” and “muscle 

structure development” regardless of animal category (Figure 5B and Table 2).  

The 35 proteins from which 12 were shortlisted as robust (Figure 2A and Table 1) belong to 

different regions of the sarcomere with a high number from the Z-disc (Figure 9). It is relevant 

to note that calpains tend to be located at Z‐disc region (Kumamoto et al. 1992). In addition, 

earlier studies reported that Z-disc degradation is a major factor contributing to post-mortem 

tenderization (Taylor et al. 1995; Hopkins & Thompson 2002a), evidencing  that three major 
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cytoskeletal structures are degraded when meat is considered tender: Z- to Z-disc attachments by 

intermediate filaments (principally desmin), Z- and M-line attachments to the sarcolemma by 

costameric proteins (of which only one protein, vinculin, was identified  in this integromics) and 

the elastic filament protein titin, yet to be identified as a DAP for beef tenderness but already 

reported by proteomics to impact beef color (Gagaoua et al. 2018a; Hughes et al. 2019). Indeed, 

the structural changes in the muscle seem to influence not only meat tenderness, but also color 

traits (Gagaoua et al. 2020b). It should be emphasized that the rate of pH decline plays a role in 

tenderness development and the proteolysis of the Z‐disc has been postulated to be related to the 

pH of the muscle. Overall, in terms of number of proteins identified in this study with cut-off of 

≥4, the majority of proteins were from thick (myosins and their regulators) and thin filaments 

(all components of the troponin complex (n=4) and actin) followed by Z-disc components that 

grouped ACTA1 (actin, identified 18 times) together with FHL1 and CAPZB. 

3.1.1. Actin (ACTA1): the most frequently identified biomarker 

Actin is the second most abundant myofibrillar protein of muscle. In our database, actin was 

found to be predominantly a positive biomarker of beef tenderness (Table 1). The role of 

cytoskeleton in apoptosis is well known and actin has been considered an important hallmark 

(Atencia et al. 2000). Actin has been described as the first protein targeted by executor caspases 

(Kemp et al. 2010; Ouali et al. 2013), leading to a progressive upward trend of the appearance 

of the major 30–32 kDa fragment, along with other lower molecular weight fragments, in post-

mortem tissue (Morzel et al. 2008; Laville et al. 2009; Lana & Zolla 2016). The 30kDa fragment 

has long been described as a marker for meat tenderization and is generally considered to be a 

breakdown product of troponin-T, which is associated with the actin filament and is discussed in 

section 3.1.3. The observation of this 30kDa actin fragment is also in line with earlier post-

mortem proteome analysis on pig (Lametsch et al. 2004) and other species including fish (Tulli 

et al. 2015). Breakdown of transverse cytoskeletal actin filaments may lead to the detachment of 

sarcolemma from the basal lamina and the extracellular matrix network. On another hand and in 

line with the harmful conditions accompanying the lack of oxygen in the post-mortem period, 

oxidative modifications on myofibrillar proteins can occur, hence increasing their degradation 

via calpains and caspase-3 (Smuder et al. 2010). We can therefore hypothesize that ACTA1 has 

a specific and sensitive response to the changes occurring in post-mortem muscle even under 

limited proteolysis, which according to Huff-Lonergan et al. (2010) influences beef tenderness. 

This would explain the large representation of myofibril biomarkers found in the present 

integromics, further supported by the high prevalence of myosin biomarkers (Cf. section 3.1.2). 
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3.1.2. Myosin proteins: MYBPH is negative across genders and MYL1 positive for steers/cows 

and negative and positive for bulls 

As stated above, the loosening of the myofibrillar structure occurring during ageing of beef is 

probably the main, and most critical, component of tenderness development. Therefore, it is 

interesting to observe that different amounts of the intact forms of all 9 myosin proteins have 

been shortlisted as biomarkers of beef tenderness with MYH1 (Myosin-1) and MYL1 (Myosin 

light chain 1/3) ranking in the Top10 (Figure 2A and Table 1). From fetus to slaughter, skeletal 

muscle fibers in cattle in relation to different beef qualities have been extensively investigated 

((Warner et al. 2010; Picard & Gagaoua 2020b). One molecule of myosin contains 2 heavy and 

4 light chains. These proteins are responsible for contraction velocity and power and they 

constitute the main proteins of the thick filaments (Figure 9). Myosin interacts with actin 

through the actin/myosin complex and the myosin light chains (MYL), and if myosin, or the 

acto-myosin bond, is weakened during the post-mortem period, meat texture is affected (Taylor 

et al. 1995; Huff-Lonergan et al. 2010). Identification of MYH1, as an important biomarker for 

tenderness, agrees with the theory stating that muscles with high proportions of fast fibers type-

II are more susceptible to early post-mortem proteolytic degradation (Ouali 1990). Muscles that 

contain more proportions of type-II fibers are more susceptible to rapid post-mortem glycolysis 

(Ruusunen & Puolanne 2004), which contributes to more tender meat (Picard & Gagaoua 

2020b), although these muscles can also be susceptible to heat-toughening (Kim et al. 2014). 

This integromics revealed MYL1 to be a robust positive biomarker for steers and cows and, 

with different directions depending on the breed, for bulls (Table 1). Myosin light chains are 

located near the heads of the MYH and the breakdown of the latter may be at the origin of the 

appearance of the former. Five of them were identified in at least two experiments: MYL1, 

MYLPF, MYL2, MYL3, and MYL6B, from which the genes of the last three are known QTLs 

for tenderness (Table 3). MYL1 was identified at Chr.2 as QTL for intermuscular fat percentage 

as well as for MYLPF at Chr.25 for fat thickness at the 12
th

 rib (Table S6). We postulate that 

the identification of several MYL suggests that they are indicators of proteolysis, but also their 

release would be associated to other pathways, especially to apoptosis onset in post-mortem 

muscle. The onset and nearly all steps of apoptosis are controlled by phosphorylation, a 

ubiquitous post-translational modification process (Mills et al. 1998). Specifically, the execution 

phase of apoptosis, marked by changes in cell morphology including membrane blebbing 

resulting from caspase-mediated activation of Rho kinase 1 (ROCK1) (Coleman et al. 2001) is 

finely regulated by MYL phosphorylation (Mills et al. (1998). After phosphorylation of the 
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myosin regulatory light chain (Mato et al. 2019) by various protein kinases and phosphatases, 

the attachment between the thick filaments and myosin heads is weakened, facilitating the 

degradation of myosins and associated proteins. Hence, phosphorylation processes are likely to 

contribute to proteolytic processes in the degradation of large molecules, and thus to the meat 

tenderization process (Rodrigues et al. 2017). Finally, as MYL is also susceptible to proteolysis 

by µ-calpain (Lametsch et al. 2004), this reaction may have, in addition, a direct effect on the 

formation or integrity of the actin/myosin complex. 

Among the other proteins composing the thick filaments, MYBPH was identified from 6 of 

the studies included in this meta-analysis as a robust and negative biomarker of beef tenderness, 

regardless of the gender (Table 1). MYBPH is approximately 55kDa in size (Figure 7), and 

well known for its significant effects on length, thickness, and lateral alignment of myosin 

filaments (Gilbert et al. 1999). It is a QTL at Chr.16 for lean meat yield (Table S6), in line with 

its relationship with conformation score, ribeye and carcass weights (Gagaoua et al. 2017a). 

MYBPH may be associated with tenderness in two complementary ways. Firstly, MYBPH 

regulates negatively the actin/myosin complex through the inhibition of phosphorylation of 

regulatory light chains through its interaction with the activator ROCK1 (Hosono et al. 2012). 

Secondly, MYBPH plays a pivotal role in muscularity development and hypertrophy (Mouton et 

al. 2016), explaining the negative association with tenderness, as muscle hypertrophy is known 

to be sometimes associated with tough meat although this can be muscle-dependent (Warner et 

al. 2010). In agreement with this, a proteomics analysis of Semitendinosus muscle from Belgian 

Blue breed showed higher abundance of proteins of the fast glycolytic type in homozygous 

double muscled cattle compared to their controls, and among the DAP, MYBPH was a marker 

of muscle hypertrophy (Bouley et al. 2005).  

3.1.3. The troponin complex, especially the subunit TNNT3, as good biomarkers of tenderness  

The subunits of troponin, TNN-T (tropomyosin-binding troponin T), -I (inhibitory troponin I, 

which inhibits actomyosin ATPase) and -C (Ca
2+

-binding troponin C), were all identified as 

biomarkers of beef tenderness (Table 1 and Figure 2A). Fast TNNT3 was identified 10 times, 

followed by slow TNNT1 (5 times) and by slow TNNC1 and fast TNNI1, both 4 times. TNNT3 

and TNNC1 were further identified as QTLs of tenderness at Chr.29 and Chr.22, respectively 

(Table 3). TNNC1 was also a QTL on Chr.22 for abnormal odor intensity and on Chr.18, 

TNNT1 (found for bulls and steers only) was a QTL for meat color L* (Table S6). Troponin-T 

plays a structural role in the myofibril by binding the two subunits C and I to tropomyosin and 

hence to the thin filaments. TPM3 (Tropomyosin alpha-3 chain) was found as a biomarker for 
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tenderness in 3 experiments (Table 1). The current integromics confirms that tenderization acts 

on all of the troponin subunits and it is conceivable to note troponin T as a major marker of 

variability in beef tenderness. It should be noted, that among the myofibrillar proteins TNNT 

was evidenced by several studies to be degraded by calpains (Huff-Lonergan et al. 1996; 

Lametsch et al. 2004) and as markers of ongoing proteolysis in meat samples (for review: 

(Hopkins & Thompson 2002b, a; Huff-Lonergan et al. 2010)). For example, in post-mortem 

muscle, a 30–32 kDa polypeptide degradation fragment appears even after 1 day of refrigeration 

in fast glycolysing muscles (O'Halloran et al. 1997) and has been attributed to TNNT (Ho et al. 

1994) and was proposed to be associated with to beef tenderness development (Lonergan et al. 

2001; Hopkins & Thompson 2002b). However, it is important to note that the content of the 30-

32 kDa fragments was previously considered to originate from TNNT only, but other protein 

fragments, such as actin described above (Cf. sub-section 3.1.1. (Ouali et al. 2013)), and many 

other protein fragments, may migrate at the same position. For example, this is illustrated by the 

horizontal yellow line drawn in Figure 7 showing that at least 8 proteins from this integromics 

(cut-off ≥2) reside in same position. Personal observations confirmed where multiple 30–32 kDa 

fragments were sequenced, and troponin and actin were identified as well as 10 other proteins 

with different gene names in this position (Gagaoua, unpublished data). 

3.1.4. FHL1 and CAPZB are interesting proteins from the Z-disc 

The Four and a half LIM domains 1 (FHL1) facilitates a complex association of signaling 

proteins with the actin cytoskeleton. F-actin-capping protein subunit-β (CAPZB) caps the 

growing end of F-actin and modulates the cytoskeleton actin filaments to the Z-disc. Variations 

in the abundance of both were identified as biomarkers in 5 and 4 experiments, respectively 

(Table 1). The proteolysis of FHL1 is related to the release of α-actinin (ACTN3: identified as a 

negative biomarker in two studies, Table 1) from myofibrils and contributes to the weakening 

of the Z-disc during meat tenderization (Morzel et al. 2004). Like FHL1, CAPZB also interacts 

with ACTN3 (Papa et al. 1999). In fact, the location of a μ-calpain binding site in the C-terminal 

region of ACTN3 locates the protease in the vicinity of titin (Ohtsuka et al. 1997), thus 

explaining the role they may play in beef tenderization. CAPZB is a structural protein  that have 

important role in the control of actin polymerization and was also reported to play a role in 

muscle biochemistry. Therefore, changes in its abundance post-mortem could play important 

role on tenderness (Lametsch et al. 2003). FHL1 may also interact with other biological 

pathways such as apoptosis and energy metabolism, as a response to both hypoxia and oxidative 

stress (Shathasivam et al. 2010). 
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3.2. Biomarkers from the energy metabolism pathway 

Energy metabolism has been identified in this meta-analysis as the second major pathway 

impacting beef tenderness (Figure 1 and Figure 4). The anoxia situation caused by the sudden 

loss of blood flow results in an early post-mortem shift in the energy metabolism toward the 

glycolytic pathway (11 proteins: Figure 8A) and an increase in aerobic and oxidative pathways 

(Figure 8B,C). Recent reports suggest that this switch may be related to protein 

phosphorylation (Ouali et al. 2013; Mato et al. 2019), which would indirectly affect the extent 

and rate of pH decline and thus development of beef tenderization. 

3.2.1. CKM is in the top 5 biomarkers for beef tenderness (whatever the gender, but robustly 

positive for bulls) 

Creatine kinase M-type (CKM) was among the five major biomarkers identified 11 times, 

and consistently positively associated with tenderness in 6 studies on young bulls (Table 1 and 

Figure 2A). CKM has also been found on Chr.18 as a QTL for Longissimus muscle area and 

meat color lightness L* (Table S6). CKM, which is the enzyme involved in the initial pathway, 

under anoxic conditions, used by striated muscles for ATP regeneration by creatine phosphate 

(Robergs et al. 2004) and strives to maintain ATP homeostasis by the re-phosphorylation of 

ADP to ATP (Figure 8C) before the switch to ATP production via glycolysis (Wicks et al. 

2019). Due to its anoxic state, the cell needs to increase its capacities to provide the energy 

needed for increased metabolic activities (Ouali et al. 2013), such as apoptosis and autophagy 

(Sierra & Olivan 2013). The role of CKM in tenderness development may be likely specific to 

mixed fast oxido-glycolytic muscles like Longissimus, characterized by high percentages of fast-

twitch muscle fibers, which have higher amounts of CKM and phosphocreatine than the 

oxidative muscle fibers (Okumura et al. 2005). It is further an indicator of stress reactivity 

and/or muscle damage (Daroit & Brandelli 2008), possibly explaining its frequent identification 

in bulls, which are more behaviourally reactive than cows (Bourguet et al. 2011), although breed 

is usually the main factor in stress responsiveness. During meat ageing, CKM is progressively 

degraded by calpains (Purintrapiban et al. 2001) and also by cathepsins (Delbarre-Ladrat et al. 

2004) and becomes inactive. We expect that the rate of its fragmentation, and hence the rate of 

change of the relative abundance of the intact form, influences the rate of energy depletion and 

pH decline, explaining the association between CKM and several eating qualities including drip 

loss, water-holding capacity, pH decline and color (Picard et al. 2017; Yang et al. 2018; 

Gagaoua et al. 2020b). This role may be supported by the antioxidant properties of creatine, a 

substrate for CKM (Sestili et al. 2011).  
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3.2.2. Glycolytic enzymes are crucial for meat tenderizing with pivotal role of ENO3 and 

GAPDH 

Among the 9 shortlisted metabolic enzymes identified in at least 4 experiments, seven are 

glycolytic enzymes (PGM1, ALDOA, TPI1, GAPDH, ENO1, ENO3 and PKM) that are shared 

between the preparatory (the first 3 proteins) and energy-yielding phases (Table 1 and Figure 

8), highlighting the crucial role glycolysis plays in beef tenderness. PGM1, GAPDH and PKM 

had much higher expression in fast-twitch fibers exhibiting high glycolytic activity (Okumura et 

al. 2005). TPI1, GAPDH and PKM are components and regulators of the function of the KATP 

channel macromolecular complex (Dhar-Chowdhury et al. 2005). KATP channels act as 

metabolic sensors by directly coupling their energy metabolism to cellular excitability in post-

mortem muscle, serving as a crucial regulatory mechanism in response to the metabolic demand 

to maintain homeostasis.  

Enzymes from the second energy-yielding phase of glycolysis ensure the conversion of 

triose-phosphate to pyruvate and form lactate to produce 2 ATP and one NADH. Of course, H
+
 

ion changes dramatically in post-mortem muscle as a result of anaerobic glycolysis, making it 

difficult to imagine that any of the metabolites are useful as tenderness biomarkers.  However, 

ENO3 topped the list of enzymes that were identified 11 times (Table 1 and Figure 2A). ENO1 

was next, identified 6 times. ENO3 is predominantly found in striated skeletal muscles, whereas 

ENO1 is found in the embryonic form of all tissues (Adamus 2010). Both isoforms are cytosolic 

enzymes that convert 2-phosphoglycerate into phosphoenolpyruvate (Figure 8A). The 

consistent identification of ENO3 points to its central role in post-mortem cellular events, 

ascribed to being a key moonlighting enzyme associated with hypoxic conditions and stress 

(Didiasova et al. 2019). For example, ENO3 induces glucose metabolism under hypoxic 

conditions and has protective functions during hypoxia (Wulff et al. 2012). As demonstrated by 

the PPI network (Figure 3), the activity of enolases is associated with other pathways such as 

HSPs and oxidative stress (Wulff et al. 2012; Gagaoua et al. 2015b).  

Differences in the abundance of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a 

marker of beef tenderness were identified in 8 studies, but only from bulls and steers (Table 1 

and Figure 2A). GAPDH catalyzes the reversible conversion of glyceraldehyde-3-phosphate 

and NAD
+
 to 1,3-bisphosphoglycerate and NADH (Figure 8A). The specific identification of 

GAPDH for males‟ only needs to be verified in future investigations. Gender differences in the 

protein abundances of some tenderness biomarkers were reported between cows and steers, but 

GAPDH was not quantified (Picard et al. 2019). We can relate this specific identification of 
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GAPDH to differences in insulin sensitivity or sex hormones between the genders. For example, 

estrogens effect on skeletal muscle characteristics was described (Sauerwein & Meyer 1989). 

Estrogens and their receptors regulate energy metabolism pathways, including glucose transport, 

glycolysis, Krebs cycle, mitochondrial respiratory chain and fatty acid β-oxidation. As 

mentioned above, the levels of GAPDH are greater in muscle fibers with high glycolytic 

activity, enhancing the decrease of pH post-mortem, possibly influencing tenderness 

development. Interestingly, GAPDH was described to have a multifunctional role due to its 

presence in different compartments of the cell, hence playing diverse and adverse cellular 

functions being involved in pro-apoptotic changes (Tarze et al. 2007) or pro-survival changes 

(Colell et al. 2009).  

PGM1 and TPI1 were each identified 6 times (Table 1). The former reversibly catalyzes the 

conversion of glucose-1-phosphate (G-1-P) to glucose-6-phosphate (G-6-P) and was a QTL on 

Chr.3 for tenderness (Table 3). PGM1 has been further shortlisted, irrespective of muscle, as a 

biomarker of beef color (Gagaoua et al. 2020b). Its implication in several meat quality traits 

may be ascribed to two mechanisms. First, the hypoxic status in post-mortem muscle increases 

the activity and abundance of PGM1 (Pelletier et al. 2012), which affects the balance between 

G-1-P and G-6-P, and consequently the rate and extent of pH decline. Second, PGM1 may 

undergo several posttranslational modifications such as phosphorylation (Anderson et al. 2014), 

which enhances its glycolytic activity during the first hours post-mortem. This may result in 

faster pH decline, which would likely prevent sarcomere shortening. The second enzyme, TPI1, 

catalyzes the reversible conversion of dihydroxyacetone phosphate to D-glyceraldehyde 3-

phosphate (Figure 8A), thereby ending the splitting stage in the first preparatory phase of 

glycolysis (Albery & Knowles 1976). TPI ensures also the immediate equilibration of the 

triosephosphates produced by aldolase (ALDOA), which is interconnected with both lipid 

metabolism and pentose phosphate pathway (Orosz et al. 2009). Further, changes in the 

abundance of TPI1 and its phosphorylated isoforms were reported to be associated to the rate of 

pH decline (Huang et al. 2011; Gagaoua et al. 2018a), indicating its role in post-mortem period, 

which may explain its importance as a biomarker of tenderness in this meta-analysis for beef 

and also for pork (Lametsch et al. 2003).  

The last two enzymes, from the first and second glycolysis phases respectively, were 

identified in 4 experiments: ALDOA and PKM (Table 1 and Figure 8A). Both were QTLs for 

other meat and carcass qualities (Table S6). ALDOA catalyzes the conversion of fructose 1,6-

diphosphate to glyceraldehyde 3-phosphate (Figure 8A). In the present meta-analysis, ALDOA 
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was positively associated with tenderness for bulls and steers in 3 studies and negative for 

heifers. The gender differences might partly be explained by differences in glycogen content and 

muscle fiber type composition (Picard & Gagaoua 2020b). Elevated abundance and activity of 

ALDOA is indicative of increased glycolytic activity at slaughter, or simply of greater 

proportions of fast-twitch muscle fibers; both are often associated with tenderness (Reiche et al. 

2019). In co-operation with other metabolic enzymes, ALDOA assists in the creation of cross-

links between adjacent actin filaments or in binding troponin to the thin filaments, to enhance 

energy provision where it is actively needed during contraction, and this binding or cross-

linking can affect the distance between myofibrils (Hughes et al. 2019), likely partly explaining 

its association with tenderness. The last enzyme of glycolysis, PKM, was mostly positively 

associated with tenderness, but for bulls and steers only (Table 1 and Figure 6). PKM catalyzes 

the dephosphorylation of phosphoenolpyruvate to pyruvate and a higher PKM abundance is 

likely to reflect a potentially higher production of pyruvate (Figure 8A). Accordingly, it was 

further shortlisted as a beef color biomarker (Gagaoua et al. 2020b). 

3.2.3. MDH1 is the only enzyme from the Krebs cycle that is a robust biomarker of tenderness  

Of the 11 enzymes of oxidative pathway, MDH1 is the only one that was identified 4 times (3 

times positive and one time negative) as a biomarker of tenderness (Table 1). MDH1 operates in 

the cytosol and mitochondria, playing a key role in the malate–aspartate shuttle (Birktoft et al. 

1982). In the last step of the Krebs cycle, it uses the reduction of NAD
+
 to NADH to catalyze 

reversibly the oxidation of malate to oxaloacetate (Figure 8B). NADH is required in the 

electron transport chain to produce ATP. Thus, high abundances of MDH1 may be indicative of 

increased oxidative phosphorylation capacity of the muscle in response to cellular stress. 

3.3. Biomarkers from the heat shock proteins (HSPs) pathway 

After the slaughter of an animal, the muscle starts to be converted into meat. The unusual 

conditions of dwindling nutrients and oxygen, coupled with a drop in temperature, trigger a cell 

response which calls on several cellular protection mechanisms, including the contradictory 

tools for cell death or cell survival pathways (Ouali et al. 2013). HSPs are produced and many 

of these proteins operate as chaperones that stabilize and ensure correct folding of newly 

synthesized proteins or help refold proteins altered by cell stress (Lomiwes et al. 2014a; Picard 

& Gagaoua 2017). The current integromics meta-analysis revealed that 11 HSPs were 

biomarkers of beef tenderness, 8 of which were identified in at least 4 experiments; the 3 others 

only once (Table 1). Of the 5 HSPs members, we retrieved two subfamilies only: three small 
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HSPs (HSPB1, HSPB6 and CRYAB) and the large HSP70s sub-family with 4 proteins 

(HSPA1A, HSPA1B, HSPA8 and HSPA9). YWHAE, identified in 4 studies, is a mediator of 

signal transduction. It is noticeable to see that no member of the HSP60, HSP90, and HSP100 

was identified to be related with beef tenderness, which contrasts to beef color (Gagaoua et al. 

2020b). From the dataset of the 33 robust protein biomarkers, the GO term “protein folding 

chaperone” for the molecular function GO:0044183 ranked third, highlighting the importance of 

this pathway in meat determination (Table S5). In the following, we briefly describe the roles 

that this superfamily of proteins could play in post-mortem muscle, although several aspects yet 

to be understood. 

3.3.1. Small HSPs, especially HSPB1, are good biomarkers of tenderness  

The role of small HSPs in muscle to meat conversion and meat tenderness or other quality 

traits has been extensively studied (Lomiwes et al. 2014a; Picard & Gagaoua 2017; Gagaoua et 

al. 2020b; Ma & Kim 2020). They are regulators of apoptosis onset (Ouali et al. 2006) and 

affect proteolysis and post-mortem muscle structure (Gagaoua et al. 2015b; Ma & Kim 2020). 

Most of them are present at low levels in the muscle until an event, such as increased effort 

(before slaughter) or adverse physiological conditions (after death) triggers their expression 

(Sugiyama et al. 2000), explaining partly their intensive identification. Among the three sHSPs 

we identified here, HSPB1 (known as HSP27) was identified 17 times, followed by HSPB6 and 

CRYAB identified 11 and 8 times, respectively (Table 1 and Figure 2A). These proteins were 

further QTLs for several meat and carcass qualities (Table S6).  

The consistent identification of this superfamily of proteins is linked to their role in 

maintaining cellular homeostasis. Their relationships with tenderness were positive and 

negative, possibly due to other factors such as differences in pre-slaughter stress levels, breed, 

gender and/or the type of isoform involved, due to posttranslational modifications (Morzel et al. 

2008; Ouali et al. 2013; Mato et al. 2019; Picard & Gagaoua 2020a). In skeletal muscle, small 

HSPs can bind to myofibrils (Lomiwes et al. 2014b; Ma & Kim 2020), thereby protecting 

skeletal muscle through structural protein complexes. In line with this, CRYAB has been found 

to be associated with microfilaments, microtubules and intermediate filaments cytoskeletal 

networks (Wettstein et al. 2012). In addition, the rapid increase in energy metabolic enzymes 

that occurs post-mortem induces the production of waste metabolites including ROS, which we 

suggest are also targeted by this superfamily of proteins (Figure 3 and sub-network of Figure 

S1). More specifically, HSPB1 and HSPB6 have the ability to collaborate to control the redox 
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status (Mymrikov et al. 2011). It is interesting to note that these proteins have been identified to 

be important for beef color development and stability (Gagaoua et al. 2020b).  

3.3.2. Large 70 kDa HSPs, especially HSPA1A, are good biomarkers of tenderness  

Of the large HSP70 kDa proteins, HSPA1A was identified in 9 studies and its homolog 

HSPA1B in 6 studies; the former was mostly positively and the latter mostly negatively 

associated with tenderness (Table 1). The two others, HSPA8 and HSPA9, were identified 6 

and 5 times respectively, and both being QTLs of tenderness at Chr.15 and Chr.7, respectively 

(Table 1 and Table 3). These 4 large HSPs were further QTL‟s for other meat and carcass 

quality traits (Table S6). HSPA1A, HSPA1B and HSPA8 are often suggested to have similar 

physiological functions as they are induced in response to ischemic and hypoxic conditions and 

as a response to increased cellular stress caused by ROS (Mayer 2013). Therefore, these HSPs 

may be involved in various mechanisms. First, they protect against post-mortem cellular stress 

and preserve, or lower its impact on muscle cells proteins. They may also intervene in the post-

mortem muscle by binding to the structural proteins or by regulating cell signaling pathways 

(Daugaard et al. 2007). These large 70 kDa HSPs consist of two major functional domains, the 

N-terminal ATPase domain which also provides a phospholipid binding site, and the C-terminal 

peptide binding domain, which are two properties that allow them interact with several 

macromolecules. For example, they are able to interact with membrane lipids in a direct manner 

through the C-terminus end, therefore playing a role in the folding of membrane proteins, hence 

facilitating polypeptides translocation across membranes (Armijo et al. 2014). Further, marked 

changes occur in the mitochondrial proteome of the post-mortem Longissimus muscle compared 

to other muscles (Zhai et al. 2020), and large HSPs may help maintaining the mitochondrial 

membrane potential and ATP levels, thus participating in energy production machinery 

(Daugaard et al. (2007). Interestingly, the three HSPA1A, HSPA1B and HSPA8 are all grouped 

in the GO term “ATP metabolic process”, GO: 0046034 for the 64 (Table S4) and 33 proteins 

datasets (Table S5). HSP70 proteins are further involved in apoptotic pathways by sequestering 

pro-apoptotic factors such as Bcl-2 (Jiang et al. 2011; Picard & Gagaoua 2017), hence 

impacting the cascade of meat tenderizing process (Ouali et al. 2013; Picard et al. 2017). 

The other large HSP member, HSPA9, is different from the others as it is not heat-inducible. 

HSPA9 is predominantly localized in mitochondria but also in other cellular compartments such 

as plasma membrane, cytoplasm and sarcoplasmic reticulum (SR) (Liu et al. 2005). HSPA9 is 

the only large HSP regulated by glucose deprivation, perturbation of glycolysis or Ca
2+

 flux 

(Mayer 2013), and could be involved in the transfer of Ca
2+

 from SR to mitochondria (Gagaoua 
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et al. 2015b; Picard & Gagaoua 2017). We suppose that it plays a pivotal role by this 

mechanism (regulation of energy metabolism and proteolysis pathways) in meat tenderization. 

More specifically, HSPA9 links the inositol 1,4,5-trisphosphate receptor type 1 (ITPR1: 

identified one time as a negative biomarker, Table 1) of the SR to the mitochondrial voltage-

dependent anion channels (VDAC: reported as a positive biomarker in two independent studies, 

Table 1), presumably enhancing Ca
2+

 transport from the SR to the mitochondria (Gagaoua et al. 

2015b; Gagaoua et al. 2015c; Gagaoua et al. 2017b; Picard & Gagaoua 2017). Indeed, Ca
2+

 ions 

contribute to the regulation of the energy metabolic pathways (Carafoli 2002) as they affect the 

enzymatic speed of several crucial metabolic enzymes (Ouali et al. 2013; Picard & Gagaoua 

2017). This is consistent with the results of this integromics meta-analysis showing high number 

of metabolic enzymes as good biomarkers, especially from glycolysis (Figure 8A). Calcium 

concentrations have also been implicated as initiators of apoptosis through some signalling 

pathways in skeletal muscle (Demaurex & Distelhorst 2003; Ouali et al. 2013). Apoptosis is 

known to affect the integrity of the skeletal muscle through the modification of Ca
2+

 flux during 

ageing and its consequences on protein proteolysis involving ultra-structural modifications 

(Pinton et al. 2008). This is supported by the important list of biomarkers from the muscle 

contraction, structure and associated proteins pathways. 

3.3.2. YWHAE a chaperone and mediator of signal transduction identified only in bulls and 

steers 

YWHAE, also known as 14-3-3 protein epsilon, belongs to a large, highly conserved family 

and functions as a dimer in diverse biological processes such as signal transduction, protein 

trafficking, apoptosis and metabolism (Jin et al. 1996). It was identified in this meta-analysis as 

a biomarker of tenderness for males only, and was mostly positive (Table 1). It is also a QTL 

for other quality traits (Table S6). Rodrigues et al. (2017) proposed that phosphorylation of 

YWHAE would play a role in the muscle structure integrity and apoptosis and it was reported to 

bind to phosphorylated myosin light chains, therefore influencing its attachment to myosin 

(Haydon et al. 2002). Again, the current meta-analysis did not include phosphorylation data, and 

further studies are needed to better understand the role of YWHAE in beef tenderization and its 

association with meat quality attributes.  

3.4. Biomarkers from the oxidative stress pathway 

The origin of oxidative damage in muscle are the mitochondria, which produce ROS through 

oxidative phosphorylation, involving different components of the muscle cells and leading to 
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lipid oxidation, DNA and cell damage, protein oxidation and turnover (Ouali et al. 2013; Sierra 

& Olivan 2013; Domínguez et al. 2019). A plethora of cellular antioxidant defense mechanisms, 

comprising both enzymatic and non-enzymatic scavenger agents, are involved to maintain ROS 

at harmless levels, hence protecting muscle proteins (Sierra & Olivan 2013; Picard & Gagaoua 

2017) or interacting with them (Malheiros et al. 2019), thereby playing a role in meat 

tenderization. This meta-analysis identified 11 proteins from this pathway (Table 1), from 

which five were reported in at least 2 datasets (PARK7, PRDX6, SOD1, MSRA and GSTP1). 

They are all small proteins with Mw ranging from 15-25 kDa (Figure 7). These proteins are 

often reported and may play a major role in beef tenderness development, due to their ability to 

scavenge ROS and reduce oxidized proteins. Only 3 of these proteins were ranked in the panel 

of 33 robust biomarkers at a cut-off ≥4 (Figure 2A). The most prominent was PARK7 

(Protein/nucleic acid deglycase DJ-1), identified in 8 experiments, followed by PRDX6 

(Peroxiredoxin-6) and SOD1 (Superoxide dismutase [Cu-Zn]), both of which were identified 5 

times (Table 1). PARK7 and PRDX6 were further identified as QTLs for other quality traits 

(Table S6).  

PARK7, known also as DJ-1, is a secreted protein that is re-localized from the cytosol to 

mitochondria during oxidative stress (Junn et al. 2009), scavenging the mitochondrial H2O2 and 

limiting the fragmentation of the organelle (Thomas et al. 2011). PARK7 plays a role in meat 

tenderization, probably by interacting with proteins of other pathways, particularly energy 

metabolic enzymes and HSPs (Gagaoua et al. 2015b) as evidenced by the sub-network in Figure 

S1. Further, in accordance with the negative association with tenderness (5 negative vs. 3 

positive), PARK7 decreases the expression of pro-apoptotic factors and inhibits caspases (Fan et 

al. 2008), thus delaying the apoptotic processes that allow tenderization of the meat. Further 

studies are needed to understand better the main roles that PARK7 may play during meat 

ageing.  

PRDX6 belongs to the peroxiredoxins ubiquitous family that contains 6 members (Fisher 

2017). Two other members, PRDX1 and PRDX2 were identified, each in one experiment in this 

integromics analysis (Table 1). PRDX6 is different from the other members of the PRDX 

family in that thioredoxin, the co-enzyme for most of the members, does not participate in the 

catalytic cycle of PRDX6, but rather, glutathione (Fisher 2017). This protein may be involved in 

meat tenderization following different scenarios. First, as PRDX6 is a bi-functional protein it 

may have anti-oxidative effects in post-mortem muscle through the activation of its PLA2 site 

(phospholipase A2) during ROS production (Gong et al. 2006). Second, this PLA2 group has 
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the capacity to hydrolyze phosphatidylcholine, a basic phospholipid present on the outer leaflet 

of the membrane (Manevich et al. 2009). One of the hallmarks of apoptosis onset is the 

inversion of the polarity of the membrane by the externalization of phosphatidylserine from the 

inner-to-outer part of the cell and the internalization of phosphatidylcholine to the inner part by 

a flip-flop process (Martin et al. 1995; Ouali et al. 2013). This process may modify the fluidity 

of the cell membrane making it more permeable to ions such as Ca
2 +

, thereby increasing the 

activity of calcium-dependent proteases such as μ-calpain (Gutiérrez & Ownby 2003; Gagaoua 

et al. 2015b). Third, this process may neutralize the protons generated by glycolysis, hence 

decelerating the rate of pH decline (Sorrell et al. 2016). This was supported by a study in which 

low pH45min was associated with high PRDX6 (Gagaoua et al. 2015c). PRDX6 might further 

play a role through its PLA2 activity via the catalysis of the hydrolysis of the acyl group at the 

sn-2 position of glycerophospholipids, with specific link for phosphatidylcholine to release free 

fatty acids and a lysophospholipid (Fisher 2017). Further, earlier studies reported that PLA2 

catalyzes the hydrolysis of membrane phospholipids and their oxidation (Domínguez et al. 

2019) leads to the loss of cell integrity, which is one of the main factors inducing drip loss in 

meat (Lambert et al. 2001). Finally, PRDX6 is correlated with several beef color traits (Gagaoua 

et al. 2020b) and marbling (Gagaoua et al. 2020a).  

SOD1 is localized in the sarcoplasm and mitochondrial intermembrane space. It is an 

antioxidant enzyme from a ubiquitous family of metalloenzymes that has similar functions to its 

counterparts described above. For example, it allows a fast dismutation of O
2−

 to O2 and H2O2. 

Also, SOD1 eliminates excess ROS, thus preventing damage caused by free radicals in the cells 

(Vacek et al. 2010). Our integromics meta-analysis revealed that SOD1 is a biomarker for 

tenderness in bulls, steers and cows (Figure 6), and in a negative direction in three studies, 

which is in line with the findings of Grabez et al. (2015) in Semitendinosus muscle. However, 

the association was positive in two studies included in the meta-analysis. The potential reasons 

behind this inversion of direction are not yet fully understood and further data using accurate 

methods are needed. It should also be mentioned that SOD1 was observed as a biomarker of 

color in beef (Gagaoua et al. 2020b). 

3.5. Biomarkers from other pathways 

Thirty-six proteins belong to the regulation of cellular processes, involving binding, 

apoptosis and transport proteins, with only 10 of them identified in more than two studies 

(Table 1 and Figure 2). Only one protein, carbonic anhydrase 3 (CA3), was identified 4 times 

and only for steers and bulls. The other proteins are of interest, but as they do not fulfill our 
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criteria, they will not be discussed further and the full details are available in the respective 

papers from which they were retrieved (Table 1 and Table S1) as well as the supplementary 

data provided on the GO and QTL analyses (Tables S3-S6). CA3 was earlier described as a 

marker of cell detoxification (Ouali et al. 2013). The waste metabolites produced by the 

different pathways described above, especially energy metabolism, may be partly catalyzed by 

CA3. CA3 is involved in the regulation of the cellular pH in the living cell (Duda et al. 2005). 

For example, it can convert CO2 to bicarbonate. In the post-mortem muscle this could explain, at 

least in part, the discontinuity of pH decline (Ouali et al. 2006; D'Alessandro et al. 2012a; Ouali 

et al. 2013; Gagaoua et al. 2015c). 

4. Conclusions 

In our quest for protein biomarkers of beef tenderness over the last fifteen years resulted in 

the identification of a number of proteins implicated in tenderization that belong to different, but 

interconnected pathways. This integromics meta-analysis highlighted the degree of their 

interconnectedness and the relevance (in the order of importance) of muscle contractile and 

structure proteins, energy metabolism proteins, heat stress proteins and oxidative stress proteins 

in the determination of beef tenderness. Interestingly most of these pathways and proteins 

directly or indirectly impinge on apoptosis onset in post-mortem muscle. The data gathered by 

this study demonstrated how protein dynamics across these different metabolic pathways are 

associated with the development of tenderness early post-mortem and during the ageing process. 

It seems that metabolism of ATP that is a key determinant of the rate and extent of pH decline 

post-mortem, contributes significantly to tenderness development via effects on enzyme activity, 

as well as through its influence on reducing myofilament lattice spacing and myofibril diameter. 

In this sense, a caveat on the results of the analysis is the potential for protein influence to be 

distorted by factors such as the chilling rate and the impact on sarcomere shortening. One aspect 

not explored in this meta-analysis concerns the polymorphisms and post-translational 

modifications of the proteins we retrieved. A more detailed investigation of the impact of 

different protein isoforms (proteoforms) is therefore warranted to further this understanding of 

the transformation of muscle into meat. In fact, in the future proteomics should further focus on 

the study of proteoforms to decipher further unknowns including the meat matrisome 

(extracellular matrix (ECM) proteome and ECM-associated proteins) and the meat degradome 

(global appraisal of the proteases and protease-substrate repertoires). This is easier said than 

done, owing to the number of operational and technical challenges that arise when investigating 

proteoforms. Finally, this integromics study revealed the power of data integration, and has led 
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to the identification of a robust panel of 33 proteins that warrant further exploration and 

validation as biomarkers of beef tenderness. For beef industry, the expectation is that the 

shortlisted protein biomarkers will help inform carcass management systems for delivering 

consistency in beef tenderness while at the same time leading to the development of prediction 

equations enabling rapid evaluation of beef tenderness potential. 
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Figure captions 

Figure 1. PRISMA flow-chart showing the screening strategy used to identify eligible papers 

to build the dataset of putative protein biomarkers for beef tenderness. Number (n) in brackets 

refers to the number of articles. 

Figure 2. Categorization of the 124 identified proteins. A) Ranking of the 124 putative 

protein biomarkers of beef tenderness, regardless of the animal category, by the number of 

identifications across the 28 proteomic-based studies. The proteins identified ≥ 4 times across 

all of the studies (n = 33) are in a white box and in bold font, those identified 3 (n = 12) or 2 

times (n = 19) are in a grey box and those identified one time only (n = 60) are in a yellow 

box. The proteins are categorized and highlighted by different colors according to their 

biological pathways (see Table 1). Blue, Muscle contraction, structure and associated 

proteins; orange, Energy metabolism proteins; red, Heat Shock Proteins; green, Oxidative 

stress proteins; purple, Proteolysis; and black/grey, Regulation of cellular processes, binding, 

apoptosis and transport proteins. The rank order distribution of the shortlisted robust 

biomarkers based on the number of their identification among the 28 proteomic-based studies 

(33 proteins, identified ≥ 4 times across all studies) are highlighted in the insert in the top 

right of the white box. In this graph, four rectangles with a gradient color from the top, 

enclose the proteins identified > 15 times (in red, ACTA1 and HSPB1) down to those 

identified < 6 times (palest clear yellow rectangle). The full protein names and the direction of 

their association with beef tenderness are given in Table 1. B – C) Pie charts highlighting the 

distribution of the protein biomarkers by biological pathway for B) all the proteins (n = 124) 

and C) the 64 shortlisted proteins that were identified > 2 times. 

Figure 3. Interconnectedness of beef tenderness protein biomarkers. Protein-protein 

interaction (PPI) network linking the shortlisted 64 protein biomarkers (cut-off ≥ 2 times) 

from the 28 proteomic-based studies (see Table 1). The interaction map was generated from 

the web-based search STRING database (https://string-db.org/). Default settings of confidence 

of 0.6 and 4 criteria for linkage: Co-occurrence, experimental evidence, existing databases 

and text mining were used. The proteins identified >10 times among the 28 proteomic-based 

experiments are shown by black asterisks. The glycolytic enzymes within the energy 

metabolism pathway are shown by small yellow circles on the nodes of the corresponding 

proteins. Network statistics are: number of nodes: 64; number of edges: 412; average node 

degree: 12.9; average local clustering coefficient: 0.633; expected number of edges: 71 and 

PPI enrichment p-value: < 1.0e
-16

.  

Figure 4. Networks of pathways and process enrichment cluster analysis based on the 64 

shortlisted protein biomarkers using Metascape® (https://metascape.org/). A) The network 

diagram is constructed with each enrichment GO term as a node and the similarity of the node 

as the edge. The nodes are colored by cluster ID, where nodes that share the same cluster ID 

are usually close to each other. B) Functional enrichment network constructed by nodes 

representing terms with the best p-values from each of the Top20 clusters (Table 2 and Figure 

S1), with the constraint that there are no more than 15 terms per cluster and no more than 250 

terms in total and edges connecting terms with a similarity > 0.3 (the thickness of the edge 
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represents the similarity score). Each circle node represents one enriched term, where its size 

is proportional to the number of proteins (gene names) falling into that term and its color 

represents cluster identity. Kappa scores were used as the similarity metric when performing 

hierarchical clustering on the enriched terms. Cluster annotations are shown color-coded and 

the name of the four first terms (most significant; Table 2) are given on the network layout. 

Figure 5. GO pathway enrichment and clustering. A) Protein overlap analysis. Circos plot 

illustrating the degree of overlap among the five animal categories (bulls, cows, steers, heifers 

and bulls+steers) based on the 64 shortlisted protein biomarkers of beef tenderness (cut-off ≥ 

2 times) from the 28 proteomic-based studies (Table 1). Each outside arch represents each 

animal category with a different color. On the inside, the  dark orange color represents the 

proteins that appear in multiple lists and the light orange color represents proteins that are 

unique to that protein list; and purple lines link the same protein (gene names) that are shared 

by the input. The number in parentheses near each animal category represents the total 

number of proteins in that category. B) Hierarchical Heatmap clustering indicating the first 20 

enriched GO terms (further details Table 2). The enrichment of Gene Ontology (GO) and 

Kyoto Encyclopedia of Genes and Genomes (KEGG) were analyzed by Metascape® 

(https://metascape.org/). Shown by a black rectangle, the GO analysis suggests that “muscle 

contraction”, “ATP metabolic process”, “muscle structure development”, “leucocyte 

activation involved in immune response” and “oxidative stress” are associated with beef 

tenderness determination, across all animal categories. The heatmap is colored by the p-values 

are indicated by color, where grey cells indicate the lack of significant enrichment, palest 

brown indicates a low p-value and darkest brown indicates a high p-value. 

Figure 6. Venn diagram and its extension on an Upset plot showing the overlap and 

distribution of the 64 shortlisted proteins (identification with cut-off ≥ 2) among the five 

animal categories. Numbers of identified proteins shared among the different animal 

categories are indicated in the top bar chart and written with different colors according to their 

biological pathways (Table 1); blue, Muscle contraction, structure and associated proteins; 

orange, Energy metabolism proteins; red, Heat Shock Proteins; green: Oxidative stress 

Proteins; and black, Regulation of cellular processes, binding, apoptosis and transport 

proteins. The specific overlaps are indicated by the black solid dots below each bar chart. The 

proteins in bold font and underlined are those that were identified ≥ 10 times. All the proteins 

in bold font were identified ≥ 4 times and < 10 times. The proteins identified 2 and 3 times are 

in italic. Total identifications found for each animal category are indicated in the horizontal 

left bar graph as „set size‟. The common proteins (ACTA1, MYH7 and CKM) and (TNNC1 

and HSPA1A) framed with a rectangles were identified, across all animal categories and 

gender, respectively.  

Figure 7. Scatter plot categorizing the 64 putative protein biomarkers (cut-off ≥ 2 times) by 

their theoretical molecular weight (Mw) versus isoelectric point (pI). 

The two variables were computed with “Compute pI/Mw tool” at the ExPASy server 

(https://web.expasy.org/compute_pi/) using bovine Uniprot IDs (Table 1). The proteins 

identified less than 4 but ≥ 2 times identification are in italics. All the proteins are given in 

different colors according to their biological pathways (Table 1): blue, Muscle contraction, 
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structure and associated proteins; orange, Energy metabolism proteins; red, Heat Shock 

Proteins; green, Oxidative stress Proteins; and black, Regulation of cellular processes, 

binding, apoptosis and transport proteins. Rectangles with the same color for the biological 

pathways emphasized the proteins to highlight the distribution and overlap between the 

pathways based on pI and Mw. The horizontal brackets highlight the multimodality of pI 

distribution, and also show that there are very low fractions of proteins with pI close to 7.4. In 

addition, a horizontal yellow line indicates a molecular weight of 30 kDa, to illustrate the 

different proteins present at that position. The average pI ± SD (standard deviation) and 

coefficient of variation (CV), in percentage, of the group of proteins belonging to the same 

biological pathway were computed and are shown at the top right with color corresponding to 

biological pathway.  

 

Figure 8. Simplified metabolic role and localization of the 29 proteins belonging to the 

“energy metabolism & ATP metabolic process” that is the second pathway of putative 

biomarkers identified in this integromics meta-analysis. The proteins (enzymes) surrounded 

with rectangles were categorized into three main sub-pathways that are A) Glycolysis and 

associated pathways (n = 13); B) Tricarboxylic acid (Krebs) cycle and associated pathways (n 

= 11); and C) Other catalytic and ATP metabolic pathways (n = 5). For the full names of the 

proteins and their UniprotIDs refer to Table 1.  The proteins that were identified with cut-off 

≥ 2 (n = 19, with 11 from glycolysis) are shown with solid rectangles and dark orange 

background and those identified only one time (n = 10) are with dashed rectangles and clear 

orange background. 

 

Figure 9. Localization, in the sarcomere, of the 35 proteins belonging to “muscle contraction, 

structure and associated proteins” pathway retrieved from the 28 proteomics-based 

experiments in Longissimus muscle. The proteins in the 4 compartments (thick filament, thin 

filament, M-band, z-disc) of the sarcomere are given by their gene names (see Table 1 for 

details of the full protein names and their Uniprot IDs). The proteins that were identified with 

cut-off ≥ 2 are in bold and the robust shortlisted proteins with cut-off ≥ 4 are indicated in blue.  
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Table 1. List of the 124 putative protein biomarkers of beef tenderness by biological family gathered from the 28 proteomic-based experiments reported in 22 studies. 

Bovine 

Uniprot ID 
Full protein name 

Gene 

name 

Experiments (Exp.) a 

#Σp 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Muscle contraction, structure and associated proteins b (n = 35) – Z-disc related proteins (n = 14) are marked with asterisks. 

P68138 Actin, alpha skeletal muscle ACTA1*  ●  ■ ♦   ■  ■ ●  ♦  ♦ ● ● ● ♦ ●  ♦  ● ● ● ♦  18 

Q9BE40 Myosin-1 MYH1    ■  ●     ♦ ■    ● ●     ● ■ ■    ● 10 

A0JNJ5 Myosin light chain 1/3, skeletal muscle isoform MYL1    ●    ■ ● ■ ♦  ●  ●   ●      ●    ● 10 

Q8MKI3 Troponin T, fast skeletal muscle TNNT3     ●  ●  ♦       ■  ●   ● ■  ● ■  ■  10 

Q9BE39 Myosin-7 MYH7    ■  ■      ■   ●  ●   ●  ●       7 

Q0VBZ1 Myosin binding protein H MYBPH      ■     ■    ■     ■  ■ ■      6 

F1MR86 Four and a half LIM domains protein 1 FHL1*     ■   ●         ●   ●        ■ 5 

Q0P571 Myosin regulatory light chain 2, skeletal muscle isoform MYLPF    ♦    ♦     ●     ● ●          5 

Q8MKH6 Troponin T, slow  TNNT1         ■ ●        ●         ■ ■ 5 

P79136 F-actin-capping protein subunit beta CAPZB*                    ●  ■    ■ ●  4 

P63315 Troponin C, slow skeletal and cardiac muscles TNNC1    ● ♦           ●    ●         4 

F6QIC1 Troponin I, fast skeletal muscle TNNI2     ●  ●           ● ■          4 

O62654 Desmin DES*      ●            ●    ■       3 

Q9BE41 Myosin-2 MYH2    ■   ●         ●             3 

Q5KR47 Tropomyosin alpha-3 chain TPM3    ■         ●       ●         3 

Q3SZE5 Myosin regulatory light chain 2, ventricular/cardiac muscle  MYL2    ♦                ●     ■    3 

Q148H2 Myosin light chain 6B MYL6B   ●       ●        ●           3 

P85100 Myosin light chain 3 MYL3                  ●      ●   ●  3 

Q0III9 Alpha-actinin-3 ACTN3*                 ■   ■         2 

Q4U0T9 Cysteine and glycine-rich protein 3 CSRP3*    ■                ●         2 

A4FV78 Kelch-like protein 41 KLHL41     ●               ●         2 

Q8SQ24 Myozenin-1 MYOZ1*                ■    ■         2 

P60712 Actin, cytoplasmic 1 ACTB*                  ●           1 

Q32KS3 F-actin-capping protein subunit alpha CAPZA3*                           ●   1 

Q3ZC55 Alpha-actinin-2 ACTN2*                 ●            1 

E1BE25 Filamin-C FLNC*                    ●         1 

Q2KJH4 WD repeat-containing protein 1 WDR1                           ■  1 

F1N0W6 Myozenin-3 MYOZ3*                    ■         1 

Q3SX40 PDZ and LIM domain protein 7 PDLIM7*                    ■         1 

Q5E9E1 PDZ and LIM domain protein 1 PDLIM1*                    ■         1 

E1BPV6 Smoothelin-like protein 1 SMTNL1                    ●         1 

A0JNC0 Tropomodulin-1 TMOD1                    ■         1 

F1N789 Vinculin VCL                    ■         1 

P02453 Collagen alpha-1(I) chain COL1A1        ■                     1 

P02465 Collagen alpha-2(I) chain COL1A2        ■                     1 
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Table 1. Continued. 

Bovine 
Uniprot ID 

Full protein name 
Gene 

name 

Experiments (Exp.) a 

#Σp 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Energy metabolism b (n = 29) – Glycolytic enzymes (n = 13) are marked with asterisks.  

Q9XSC6 Creatine kinase M-type CKM    ♦ ●  ● ● ● ●      ●  ■ ♦ ●       ●  11 

Q3ZC09 Beta-enolase ENO3*      ■  ●    ●   ■  ● ■     ● ●  ■ ■ ● 11 

P10096 Glyceraldehyde-3-phosphate dehydrogenase GAPDH*    ♦ ♦  ●   ●  ●      ■ ♦       ■   8 

Q9XSJ4 Alpha-enolase ENO1*         ●        ■     ■ ● ●  ●   6 

Q08DP0 Phosphoglucomutase-1 PGM1*         ●          ♦   ■ ●  ■  ■  6 

Q5E956 Triosephosphate isomerase TPI1*         ●        ● ■   ● ■ ●      6 

Q3T145 Malate dehydrogenase, cytoplasmic MDH1   ●        ●           ■      ● 4 

A6QLL8 Fructose-bisphosphate aldolase A ALDOA*              ●   ●  ● ■         4 

Q3ZC87 Pyruvate kinase PKM*     ●  ●       ♦    ●           4 

P19858 L-lactate dehydrogenase A chain LDHA*           ■ ●  ●               3 

Q32KV0 Phosphoglycerate mutase 2 PGAM2*            ●      ■  ■         3 

P79334 Glycogen phosphorylase PYGM*     ■            ●     ■       3 

Q9XSG3 Isocitrate dehydrogenase [NADP] cytoplasmic IDH1               ♦         ●     2 

Q5EA88 Glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic GPD1*                    ■ ●        2 

P48644 Retinal dehydrogenase 1 ALDH1A1                 ●           ■ 2 

P00570 Adenylate kinase isoenzyme 1 AK1     ●             ●           2 

P00829 ATP synthase subunit beta, mitochondrial ATP5F1B    ♦               ●          2 

P31800 Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1    ●         ●                2 

P15690 NADH-ubiquinone oxidoreductase 75 kDa subunit  NDUFS1     ●                      ●  2 

P11966 Pyruvate dehydrogenase E1 component subunit beta PDHB*                        ●     1 

Q3ZBD7 Glucose-6-phosphate isomerase GPI*                    ■         1 

P31039 Succinate dehydrogenase [ubiquinone]  SDHA ●                            1 

P16116 Aldo-keto reductase family 1 member B1 AKR1B1                     ■        1 

P11179 DLST component of 2-oxoglutarate dehydrogenase complex DLST        ●                     1 

P33097 Aspartate aminotransferase, cytoplasmic GOT1                    ●         1 

A2VDR2 Acyl-CoA-binding domain-containing protein 6 ACBD6             ●                1 

P11024 NAD(P) transhydrogenase, mitochondrial NNT                    ●         1 

Q148N0 2-oxoglutarate dehydrogenase, mitochondrial OGDH                    ●         1 

P22292 Mitochondrial 2-oxoglutarate/malate carrier protein SLC25A11                    ●         1 
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Table 1. Continued. 

Bovine 
Uniprot ID 

Full protein name 
Gene 

name 

Experiments (Exp.) a 

#Σp 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Heat Shock Proteins b (n = 11) – small HSPs (n = 3) are marked with asterisks. 

Q3T149 Heat shock protein beta-1 HSPB1* ♦ ■   ●    ♦ ●   ♦  ■ ■ ● ●    ♦ ● ■ ♦ ♦ ♦ ■ 17 

Q148F8 Heat shock protein beta-6 HSPB6*    ●  ■   ● ♦ ■      ■ ●    ●    ♦ ■ ■ 11 

Q27975 Heat shock 70 kDa protein 1A HSPA1A        ■ ●  ■  ●    ● ●  ● ●   ●     9 

P02510 Alpha-crystallin B chain CRYAB*    ♦  ●   ●        ● ●        ● ■ ■ 8 

P19120 Heat shock cognate 71 kDa protein HSPA8         ■      ■  ● ● ●     ●     6 

Q27965 Heat shock 70 kDa protein 1B HSPA1B         ●     ■       ■ ■ ■ ■     6 

Q3ZCH0 Stress-70 protein, mitochondrial HSPA9   ■   ●               ■  ■    ●  5 

P62261 14-3-3 protein epsilon YWHAE         ●            ● ■     ●  4 

Q3ZBZ8 Stress-induced-phosphoprotein 1 STIP1                          ■   1 

P34933 Heat shock-related 70 kDa protein 2 HSPA2                      ■       1 

Q3ZCI9 T-complex protein 1 subunit theta CCT8  ■                           1 

Oxidative stress Proteins b (n = 11) 

Q5E946 Protein/nucleic acid deglycase DJ-1 PARK7    ■        ●    ■  ■ ●    ■   ● ■   8 

O77834 Peroxiredoxin-6 PRDX6   ●   ■      ●   ●       ■       5 

P00442 Superoxide dismutase [Cu-Zn] SOD1         ■      ■  ● ●    ■       5 

P54149 Mitochondrial peptide methionine sulfoxide reductase MSRA                     ●  ● ●     3 

P28801 Glutathione S-transferase P GSTP1                    ■     ●    2 

P41976 Superoxide dismutase [Mn], mitochondrial SOD2                  ■           1 

Q5E947 Peroxiredoxin-1 PRDX1                  ●           1 

Q9BGI3 Peroxiredoxin-2 PRDX2                  ●           1 

P38657 Protein disulfide-isomerase A3 PDIA3                        ■     1 

Q3ZCL8 SH3 domain-binding glutamic acid-rich-like protein 3 SH3BGRL3         ■                    1 

P02666 Beta-casein CSN2         ●                    1 

Proteolysis b (n = 2) 

Q5E9K0 Proteasome subunit beta type-2 PSMB2                          ●    1 

Q5E9F9 26S proteasome regulatory subunit 7 PSMC2                           ●   1 
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Table 1. Continued. 

Bovine 

Uniprot ID 
Full protein name Gene name 

Experiments (Exp.) a 

#Σp 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Other pathways: regulation of cellular processes, binding, apoptosis and transport proteins b (n = 36) 

Q3SZX4 Carbonic anhydrase 3 CA3         ♦ ●  ●      ■           4 

P02769 Serum albumin ALB      ●               ■  ■       3 

P02070 Hemoglobin subunit beta HBB    ●          ●      ●         3 

P62958 Histidine triad nucleotide-binding protein 1 HINT1   ■                 ●         2 

Q32PH8 Elongation factor 1-alpha 2 EEF1A2     ●               ●         2 

P68002 Voltage-dependent anion-selective channel protein 2 VDAC2     ●               ●         2 

A1A4R1 Histone H2A type 2-A HIST2H2AA3     ●     ■                    2 

P11116 Galectin-1 LGALS1     ●    ■                     2 

E1BE77 Tripartite motif-containing protein 72 TRIM72                 ■       ■     2 

P67939 Cellular tumor antigen p53 TP53               ●       ■       2 

F1MX12 Ankyrin repeat domain 2 ANKRD2                        ●     1 

P50397 Rab GDP dissociation inhibitor beta GDI2                          ●   1 

Q5EA80 Geranylgeranyl transferase type-2 subunit alpha RABGGTA                          ■   1 

Q32PA8 Mth938 domain-containing protein AAMDC   ■                          1 

Q32KP9 Nuclear transport factor 2 NUTF2                    ●         1 

P45879 Voltage-dependent anion-selective channel protein 1 VDAC1     ●                        1 

Q29443 Serotransferrin TF        ■                     1 

Q3SZV7 Hemopexin HPX                    ■         1 

A1L578 Caveolae-associated protein 1 CAVIN1                    ■         1 

A5PJR4 Adenylosuccinate synthetase isozyme 1 ADSS1                    ■         1 

E1BAJ4 Starch-binding domain-containing protein 1 STBD1                    ■         1 

A5PJL2 ATP-sensitive inward rectifier potassium channel 15 KCNJ15         ●                    1 

P62157 Calmodulin-2 CALM2         ●                    1 

P10790 Fatty acid-binding protein, heart FABP3         ●                    1 

E1BCR0 SHC-transforming protein 4 SHC4         ●                    1 

Q17R06 Ras-related protein Rab-21 RAB21          ●                   1 

P18493 Poly [ADP-ribose] polymerase 1 PARP1          ●                   1 

E1BKY0 Zinc finger protein 197 ZNF197          ●                   1 

F1MPW8 Zinc finger homeobox protein 4 ZFHX4          ●                   1 

F1MUI0 Huntingtin-interacting protein 1-related protein HIP1R          ●                   1 

F1MZT3 M-phase phosphoprotein 9 MPHOSPH9          ●                   1 

Q3SYT8 NADPH--cytochrome P450 reductase POR         ■                    1 

P02192 Myoglobin MB         ■                    1 

P79134 Annexin A6 ANXA6         ■                     1 

Q3MHL4 Adenosylhomocysteinase AHCY                      ■       1 

Q9TU34 Inositol 1,4,5-trisphosphate receptor type 1 ITPR1  ■                           1 
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a
 The proteins from the 28 proteomic-based experiments (datasets) were retrieved from 22 studies that are categorized in the order of their year of publication: 

Exp.1_Sensory_Bulls (Morzel et al. 2008); Exp.2_WBSF_Bulls+Steers (Kim et al. 2008); Exp.3_WBSF_Bulls (Jia et al. 2009); Exp.4_WBSF_Steers (Zapata et al. 

2009); Exp.5_WBSF_Bulls (Laville et al. 2009); Exp.6_WBSF_Bulls+Steers (Guillemin et al. 2011); Exp.7_WBSF_Bulls (Sierra et al. 2012); Exp.8_WBSF_Bulls 

(Bjarnadottir et al. 2012); Exp.9_WBSF_Bulls (D'Alessandro et al. 2012b); Exp.10_WBSF_Bulls (D'Alessandro et al. 2012a); Exp.11_WBSF+Sensory_Bulls 

(Picard et al. 2014); Exp.12_WBSF_Steers (Zhao et al. 2014); Exp.13_WBSF_Bulls (Carvalho et al. 2014); Exp.14_WBSF_Bulls (Baldassini et al. 2015); 

Exp.15_WBSF_Cows (Gagaoua et al. 2017a); Exp.16_WBSF_Cows (Beldarrain et al. 2018); Exp.17_WBSF+Sensory_Bulls (Gagaoua et al. 2018b); 

Exp.18_WBSF_Steers ((Malheiros et al. 2019); Exp.19_WBSF_Bulls+Steers (Silva et al. 2019); Exp.20_WBSF+Sensory_Heifers (Boudon et al. 2020); 

Exp.21_WBSF_Steers (Picard & Gagaoua 2020a); Exp.22_WBSF_Bulls (Picard & Gagaoua 2020a); Exp.23_WBSF_Cows (Picard & Gagaoua 2020a); 

Exp.24_WBSF_Cows (Picard & Gagaoua 2020a); Exp.25_Sensory_Bulls (Picard & Gagaoua 2020a); Exp.26_Sensory_Bulls (Picard & Gagaoua 2020a); 

Exp.27_Sensory_Bulls (Picard & Gagaoua 2020a) and Exp.28_WBSF_Cows (Gagaoua et al. 2020a). Sensory means the evaluation of tenderness using trained 

sensory panelists and WBSF means the use of an instrumental method based on Warner-Bratzler Shear force for the analysis of the meat steaks from different animal 

categories (bulls, steers, mix of bulls and steers, heifers or cows). 

b
 The proteins in the rows shown with blue dots “●” had highest abundance in tender meat (positive, ↑ up-abundance), those in red squares “■” had the lowest 

abundance in tender meat (negative, ↓ down-abundance) and those in orange diamonds “♦” are in both positive and negative directions (↔) due to either different 

isoforms or detection under different conditions such as breed or tenderness measurement or ageing time used in the experiment. Details can be found in each study 

for the 15 proteins in this situation when both directions are observed.  

#Σp: highlights the sum or the total number of studies where a unique gene name (protein) was reported. Numbers in front bold character in each intense yellow box 

are those identified with cut-off ≥ 4 times and those reported 2 or 3 times are in normal character with slight colored yellow box. The proteins identified one time 

only are left blank. The rows of the gene names corresponding to proteins with cut-off ≥ 4 are also colored in gray.  
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Table 2. Top  20 clusters with their representative enriched terms (one per cluster) using the 64 putative proteins biomarkers of beef tenderness 

identified with a cut-off ≥ 2 among the 28 independent proteomic-based studies comparing the five animal categories.  

Pattern 
a 

Gene Ontology Category Description Count 
b 

%
c 

Log10(P)
d 

Log10(q)
e 

■■■■■ GO:0006936 GO Biological Processes muscle contraction 26 40.62 -30.36 -26.05 

■■■■■ GO:0046034 GO Biological Processes ATP metabolic process 21 32.81 -23.74 -20.12 

■■■■■ GO:0061061 GO Biological Processes muscle structure development 17 26.56 -11.88 -9.49 

■■■■■ GO:0006979 GO Biological Processes response to oxidative stress 14 21.88 -10.89 -8.59 

■■■■■ GO:0061077 GO Biological Processes chaperone-mediated protein folding 6 18.18 -9.72 -7.63 

■■■■■ GO:0015980 GO Biological Processes energy derivation by oxidation of organic compounds 10 15.62 -8.5 -6.29 

■■■■■ R-HSA-2262752 Reactome Gene Sets Cellular responses to stress 12 21.05 -8.02 -6.13 

■■■■■ GO:0016999 GO Biological Processes antibiotic metabolic process 6 18.18 -7.27 -5.45 

■■■■■ GO:0006081 GO Biological Processes cellular aldehyde metabolic process 5 15.15 -7.22 -5.41 

■■■■■ GO:0006089 GO Biological Processes lactate metabolic process 4 7.02 -7.08 -5.28 

■■■■■ GO:0030036 GO Biological Processes actin cytoskeleton organization 8 34.78 -6.84 -5.07 

■■■■■ GO:0002366 GO Biological Processes leukocyte activation involved in immune response 12 18.75 -6.51 -4.38 

■■■■■ R-HSA-445355 Reactome Gene Sets Smooth Muscle Contraction 4 7.02 -5.62 -4.03 

■■■■■ GO:1903580 GO Biological Processes positive regulation of ATP metabolic process 4 6.25 -5.1 -3.09 

■■■■■ GO:0009611 GO Biological Processes response to wounding 9 14.06 -4.08 -2.16 

■■■■■ GO:0050848 GO Biological Processes regulation of calcium-mediated signaling 3 13.04 -3.94 -2.57 

■■■■■ hsa03018 KEGG Pathway RNA degradation 3 9.09 -3.8 -2.44 

■■■■■ GO:0071417 GO Biological Processes cellular response to organonitrogen compound 8 12.5 -3.76 -1.87 

■■■■■ hsa04530 KEGG Pathway Tight junction 4 9.3 -3.63 -2.29 

■■■■■ GO:0031333 GO Biological Processes negative regulation of protein complex assembly 4 7.02 -3.38 -2.07 
a
 The colour code used to distinguish the protein lists among the five animal categories are in the following order ■ Bulls; ■ Bulls + Steers; ■ Cows; ■ Heifers and ■ 

Steers, where the term is found statistically significant, i.e., multiple colours indicate a pathway/process that is shared across multiple lists. 
b
 The number of protein names from the shortlisted 64 putative protein biomarkers of beef tenderness with membership in the given ontology term. 

c
 Percentage of protein among the shortlisted 64 putative protein biomarkers of beef tenderness that are found in the given ontology term (only input genes with at 

least one ontology term annotation are included in the calculation). 
d 
The p-value in log base 10. 

e
 The multi-test adjusted p-value in log base 10. An adjusted (Benjamini–Hochberg corrected) p-value < 0.05 was considered as the threshold for statistical 

significance. 
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Table 3. List of the Quantitative trait loci (QTL) of beef tenderness (sensory and shear force) and their chromosomes (Chr.) from the list of the 64 

putative protein biomarkers with cut-off ≥ 2.  

QTL linked 

to QTLdb 
a 

Gene Name (# of 

identification) 
b Full protein Name  Biological process  

UniProt ID 

(bovine) 
Chromosome 

c 

Tenderness 

score 

(n = 4) 

VDAC2 (2) Voltage-dependent anion-selective channel protein 2 Ion transport (Calcium) and apoptosis  P68002 Chr.28 

GSTP1 (2) Glutathione S-transferase P Glutathione metabolic process and oxidative stress P28801 Chr.29 

TNNT3 (10) Troponin T, fast skeletal muscle Muscle contraction, structure Q8MKI1 Chr.29 

PYGM
 d

 (3) Glycogen phosphorylase, muscle form Energy metabolism P79334  Chr.29 

Shear force 

(n = 15) 

PYGM 
d 
(3) Glycogen phosphorylase, muscle form Energy metabolism P79334  Chr.29 

LDHA (3) L-lactate dehydrogenase A chain Energy metabolism P19858 Chr.29 

CSRP3 (2) Cysteine and glycine-rich protein 3 Muscle contraction, structure Q4U0T9 Chr.29 

TNNC1 (4) Troponin C, slow skeletal and cardiac muscles Muscle contraction, structure P63315 Chr.22 

MYL3 (3) Myosin light chain 3 Muscle contraction, structure P85100 Chr.22 

UQCRC1 (2) Cytochrome b-c1 complex subunit 1, mitochondrial Energy metabolism P31800  Chr.22 

ATP5F1B (2) ATP synthase subunit beta, mitochondrial Energy metabolism P00829 Chr.5 

MYL6B (3) Myosin light chain 6B Muscle contraction, structure Q148H2 Chr.5 

HSPA9 (6) Stress-70 protein, mitochondrial Chaperone: cellular response to unfolded protein Q3ZCH0 Chr.7 

HSPA8 (6) Heat shock cognate 71 kDa protein Chaperone: cellular response to unfolded protein P19120 Chr.15 

PGM1 (6) Phosphoglucomutase-1 Energy metabolism Q08DP0 Chr.3 

ALDH1A1 (2) Retinal dehydrogenase 1 Oxidation-reduction process and apoptosis  P48644 Chr.8 

CA3 (4) Carbonic anhydrase 3 Bicarbonate transport & Oxidative stress Q3SZX4 Chr.14 

EEF1A2 (2) Elongation factor 1-alpha 2 Protein biosynthesis and apoptosis  Q32PH8 Chr.13 

MYL2 (3) Myosin regulatory light chain 2, ventricular/cardiac muscle  Muscle contraction, structure Q3SZE5 Chr.17 
a 

ProteQTL tool included in ProteINSIDE (http://www.proteinside.org/) interrogates a public library of published QTL in the Animal QTL Database 

(https://www.animalgenome.org/QTLdb/) that contains cattle QTL and association data curated from published scientific articles.  
b
 Between brackets are the number of identification of the protein across proteomics-based studies. For example, TNNT3 that is Troponin T, fast skeletal muscle was identified in 10 

independent proteomics experiments and considered as a robust biomarker of beef tenderness as it belong to the panel of the 33 shortlisted biomarkers with cut-off ≥ 4.  
c
 Eleven chromosomes grouped the 18 proteins (genes) from which 10 were in three chromosomes that are: 5 genes in Chr.29 (GSTP1, TNNT3, PYGM, LDHA and CSRP3), 3 genes in 

Chr.22 (TNNC1, MYL3 and UQCRC1) and 2 genes in Chr.5 (ATP5F1B and MYL6B). 
d
 PYGM is the only protein found in the same Chr.29 whatever the tenderness traits (sensory by trained panelists and instrumental method by Warner-Bratzler shear force).  
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Highlights  

 Beef tenderness proteomics studies published during the last decade are gathered and analyzed  

 124 protein biomarkers of beef tenderness were retrieved from 28 independent proteomics experiments 

 Protein biomarkers of beef tenderness belong to 6 interconnected biological pathways 

 64 biomarkers were identified with a cut-off ≥ 2 and 33 robust biomarkers were shortlisted with a cut-off ≥ 4 

 Muscle structure, energy metabolism and heat stress are the main pathways underpinning beef tenderness 
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