Journal Pre-proof T =

TRENDS IN
FOOD SCIENCE
& TECHNOLOGY

Proteomic biomarkers of beef colour

Mohammed Gagaoua, Joanne Hughes, E.M. Claudia Terlouw, Robyn D. Warner,
Peter P. Purslow, José M. Lorenzo, Brigitte Picard

PII: S0924-2244(20)30466-0
DOI: https://doi.org/10.1016/j.tifs.2020.05.005
Reference: TIFS 2850

To appearin:  Trends in Food Science & Technology

Received Date: 28 November 2019
Revised Date: 1 May 2020
Accepted Date: 5 May 2020

Please cite this article as: Gagaoua, M., Hughes, J., Terlouw, E.M.C., Warner, R.D., Purslow,
P.P., Lorenzo, José.M., Picard, B., Proteomic biomarkers of beef colour, Trends in Food Science &
Technology (2020), doi: https://doi.org/10.1016/j.tifs.2020.05.005.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.



https://doi.org/10.1016/j.tifs.2020.05.005
https://doi.org/10.1016/j.tifs.2020.05.005

Chaperones & heat
shock proteins

2
)
4 ?D
ol <
RN % %
. 4% )
(&) C';{b ALB 2 O,
o MYH2 (10) m""” F:g-é % \%
& ACTM ACTND PEBP1  ANXAS o
o TIN  MYBPH TPS3  UBB Z:
H2AFX  FABP3 ?9
= (10) >
Q
(3] t-h- @
3 © &
n v PARK7 GPX1 O
»n O GSTP1 PRDX1 (2]
2 () PRDX2 PRDX3 T 2
- E PRDX6 SOD1 ~ @
n P4HB ENO2  PGK1 OXCT1 (1]
) ENO3  ALDH1A1 p1pgpq Q 2
o £ MDH1 Q&%A NDUFA6 - <
2% \© T, e U z @
© % GAPDH 2552‘1 BLVRB 2 »
LDH MSRA
= o Gpp1  HIBADH - sycy D Lo
X PKM %‘;“:01 GLO1 -}
o PoMi  LAPS @

AK1

(39)

. % _J
Gagaoua et al. (2020)
Proteomic biomarkers of beef colour, Trends in Foods Science & Technology




Proteomic biomarkers of beef colour

Mohammed Gagaotfg Joanne HughésE.M. Claudia Terlou#; Robyn D. Warnér
Peter P. PurslowJosé M. LorenZ Brigitte Picard

! Food Quality and Sensory Science Department, Beagahtown Food Research Centre, Ashtown,
Dublin 15, Ireland

2CSIRO Agriculture and Food, 39 Kessels Road, Caopéins, QLD, Australia
® INRAE, VetAgro Sup, UMR Herbivores, F-63122 SaBgnés-Champanelle, France

* School of Agriculture and Food, Faculty of Veterinaand Agricultural Sciences, University of
Melbourne, Parkville, VIC 3010, Australia

®> Centro de Investigacion Veterinaria de Tandil (CTVN), Universidad Nacional del Centro de la
Provincia de Buenos Aires, Tandil B7001BBO, Argeati

® Centro Tecnoldgico de la Carne de Galicia, RuaczaN® 4, Parque Tecnoldgico de Galicia, San
Cibrao das Vifas, 32900 Ourense, Spain

* To whom all correspondence should be addressed:

Dr. Mohammed GAGAOUA

Food Quality and Sensory Science Department, Teagabhtown Food Research Centre,
Ashtown, Dublin 15, Ireland; Email: gmber2001 @yalfio@RCID: 0000-0001-6913-3379

Abstract

Background: Implementation of proteomics over the last decaatelieen an important step
toward a better understanding of the complex bickdgsystems underlying the conversion of
muscle to meat. These sophisticated analyticalstbalve helped to reveal the biochemical
pathways involved in fresh meat colour and havatifled key protein biomarkers.

Scope and approach: Until recently, there have been no detailed oraaitstudies on the
role of protein biomarkers in determining meat coldlhis review presents an integromics of
recent muscle proteomic studies to investigate wayh and mechanisms of beef colour. A
database was created from 13 independent protdmemsied studies including data on five
muscles and a list of 79 proteins which were sigaiftly correlated with colour traits. The
database was subjected to a multistep analysisdimg Gene Ontology annotations, pathway
analysis and literature mining. This report disessshe key protein biomarkers and the
biological pathways associated with fresh beef wol@Biomarkers were prioritised by the
frequency of identification and the need for futuadidation experiments is discussed.

Key findings and conclusions: This review identifies six pathways involved in beelour
including energy metabolism, heat shock and oxrdasitress, myofibril structure, signalling,
proteolysis and apoptosis. The data-mining of tkedf the putative biomarkers showed that
certain proteins, such g&enolase (ENO3), Peroxiredoxin 6 (PRDX6), HSP27 RBY),
Phosphoglucomutase 1 (PGM1), Superoxide Dismuta@d() and p-calpain (CAPN1) were
consistently reported by multiple studies as bedifferentially expressed and having a
significant role in beef colour. This integromicenk proposes a list of 27 putative biomarkers
of beef colour for validation using adapted highetighput methods.

Keywords: Proteomics; Beef colour; Integromics; Biomarkdwijscle proteome; Biological
pathways.
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1. Introduction

Meat colour is critical to fresh beef marketabilday it influences consumer purchase decisions
and attractiveness at the point-of-sale. Histdycaélhe role of muscle proteins in meat colour have
been identified including the important role of rebtype (Klontet al. 1998), glycolysis and
sarcoplasmic proteins (Naat al. 2018b), oxidation and myofibrillar structure (Hheget al. 2014,
Gagaouaet al. 2017c). During the past two decades, sophistica@slliCs technologies within a
Foodomics approach have been applied by meat mstgento elucidate the biological
basis/mechanisms of meat quality traits includiofper, with varying success (Nagt al. 2017).
Proteomics can be an efficient tool to study theasyic biochemical changes taking place in the
post-mortem muscle (Jiaet al. 2007; Nair et al. 2018b). Proteomics combined with mass
spectrometry (MS) or proteomic-based techniquese able to offer increased resolving power and
capability to separate and identify a great nunmddemuscle proteins, allowing a more in-depth
study of the conversion of muscle to meat and aas®uteating qualities (Picard & Gagaoua 2020).

Proteomics is a quantitative analysis techniqueolinmg large-scale and systematic
characterization of the whole protein content (poote) present in a cell, tissue, or organism at
given moment and environmental conditions. Prote@nalysis depends on five major steps;
protein separation, identification, characterizatiguantification and functional characterization,
allowing the study of interactions between the @rt. The muscle proteome can be studied at the
level of proteins or at the peptide level aftertpno digestion, referred to as “top-down” or
“bottom-up” approach, respectively. In the formppeoach, one- (1DE) or two-dimensional (2DE)
gel electrophoresis coupled to MS is the most commnechnique for both separation and
identification of the proteins (Ohlendieck 2011¢cd&d & Gagaoua 2020). As an alternative to this
time-consuming approach, new “bottom-up” versa#iled cost-effective MS technologies with
much better sensitivity and resolution have beapg@sed (Moradiamt al. 2014) and have been
recently applied to study meat discoloration amdbiity (Yu et al. 2017a; Yuet al. 2017b). These
advancements have allowed for the identificatiom®iv potential protein biomarkers, which may
explain the large variation in, and underlying meubms of meat colour other than myoglobin
chemistry (Saydt al. 2006; Josepht al. 2012; Gagaouet al. 2017c; Nairet al. 2017; Gagaouet
al. 2018; Purslowet al. 2020). These potential biomarkers have previobsgn used to explain
different meat qualities such as tenderness (Bjttiaet al. 2012; Picard & Gagaoua 2020), pH
(Kwasiborski et al. 2008; Huanget al. 2011), water-holding capacity (Di Lucat al. 2016),
marbling and adipose tissue content (Matocal. 2016) as well as protein oxidation and other
modifications occurring ipost-mortem muscle (Lametscht al. 2003).
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Proteomics was first used to investigate fresh noe&ur in pigs (Hwang 2004) and more
recently for beef colour (Kinet al. 2008). The proteomic approach can be used toifgehe
biochemical basis of pre- and post-harvest asgdfesting colour at the point of sale and identify
predictive candidate protein biomarkers for colatability. In view of the vast amount of
information generated by subsequent beef colouepmoics trials, and the need for deciphering this
information, this integromics work gathers 79 pwetprotein biomarkers correlated with beef
colour traits (lightnessL¢), redness&*), yellowness I§*), among others) irrespective of muscle
and proteomic platform. This was generated fromliphed lists of differentially expressed proteins
that were significantly correlated with beef coldwaits from 13 recent, independent proteomic-
based studies. Therefore, this review aims to gé@ea comprehensive ranked list of candidate
biomarkers and attempts to distinguish key candidagef colour biomarkers from spurious
proteins. Consequently, these key biomarkers aaudsed in relation to the mechanistic biological

processes and pathways involved in beef colourmétation and stability.
2. Molecular and structural basis of meat colour ad evaluation methods
2.1 Meat colour definition and measurement

The colour of meat is dependent on both the chronasiributes and on the achromatic (without
colour) attributes. Chromatic and achromatic cbutions to meat colour can be derived from
measurements of reflectance on a meat surface andlescribed by the absorptioK)(and
scattering § coefficients, respectively for each attribute Ké® ratio as a combined trait for overall
colour perceived (Macdougall 1970). Each attribedetributes to the overall colour of the meat,

and together they generate the overall colour péaefor the consumer.

Chromatic attributes to meat colour are dominatgdtie contribution from myoglobin and
consequently have received much more researchtiatiewith some excellent reviews published
on oxidation rates, pigment quality and myoglobiremistry (Mancini & Hunt 2005; Faustmah
al. 2010). In the CIH-*a*b* colour space, chromatic attributes are associaitdthe rednessat)
and yellownessh¢) measurements and consequently can also be odrsadtusing ChromaCt,
saturation index) or hue anglb*( specific colour family related to wavelength) (Mver 2014).
Myoglobin, is a tetrameric heme protein that cardaa centrally located iron atom. The oxidation
or oxygenation state of this iron atom and/or tgarid attached can determine the pigment colour.
For fresh meat, this colour would be purple, redboown for deoxy- (DMb), oxy- (OMb) or

metmyoglobin (MMDb), respectively.
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2.2 Colourversus colour stability

Colour stability is usually documented by measutimg change in the predominant myoglobin
forms over time, for example by sequential measergraf R630/580 over time. Many experiments
only measure colour at one fixed time, post-blogmiand in this casd,*, a*, b* are excellent
descriptors. But in order to measure colour stgb{iind hence shelf-life, in regard to colour), the
meat samples need to be challenged to expresgioaria oxidative and colour stability, through
time, and/or packaging, including modified-atmosehgackaging. Simulated retail display is often
used and repeated measurements of the changesasumes such as R630/580 enables predictions
to be made of phenotypic and genetic contributtonthe colour stability of meat under simulated
retail display (Jacoht al. 2014). The metmyoglobin reducing activity (MRA)as indication of the

reduction process of the pigment and provides ditiadal measure of colour stability.

Achromatic contributions to meat colour are deteediby the physical and structural properties
of the muscle, and to a lesser extent the contabubf myoglobin, and have received far less
research attention than the chromatic contributi®wsne scientists, such as Macdougall (1970) and
Irie and Swatland (1992), have highlighted the ingoace of transmittance, reflectance and light
scattering in determining the achromatic propertethe meat. In the CIE*a*b* colour space,
achromatic attributes are predominantly associadédthelL*. More recently, reflectance confocal
laser scanning microscopy has also been used tdagwaly visualise structural characteristics,
while quantitatively providing an indication of hg scattering (Purslowet al. 2020). Combined,
these chromatic and achromatic attributes genérateeat colour observed by the consumer.

2.3. Mechanisms by which proteins may influence b&eolour

As discussed above, the concentration of myogldpnmotein pigment) in a given muscle
determines the rednesg-value and yellownesbk*-value of the meat surface, and also the
value. As animals mature, their muscles switch é&ndp more aerobic, with higher levels of
myoglobin and also of oxidative enzymes, hencamhscle colour changes from the white to pale-
pink colour of veal to the bright/deep red colofimmature beef. The concentration of myoglobin
also varies between muscles. Hence the darkeraledrcof the muscles containing predominantly
slow-twitch, oxidative type | fibres which contalmgher levels of myoglobin (e.dg?soas major)
compared to the paler red colour of muscles comtgipredominantly fast-twitch glycolytic type
lIb fibres (e.g.Longissimus lumborum) which contain lower levels of myoglobin. Variat® in
levels of myoglobin, oxidative enzymes and orgaase(lespecially mitochondria) would therefore

be expected to be associated with variations if dmeur.
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Conversely, the lightness of a meat surface, wiiameasured by the*, is mainly caused by
scattering of light from within the muscle struauas well as fluid on the surface (Purslewval.
2020) and to a lesser extent by the concentratidheopigment myoglobin. Both light scattering
and surface fluid are generally greater in musaligs predominantly glycolytic fibre types, which
have a tendency to exhibit a pale, weepy qualifgadealled PSE in pork, and which also occurs in
beef muscle. These predominantly fast-twitch glytol muscles will not only have lower
concentrations of myoglobin and associated enzymesyill also tend towards faster pH fathst-
mortem and lower ultimate pH, principally due to higheyadgen storage. The glycolytic rate
influencespost-mortem changes to proteins such as myosin, actin, tropand some metabolic
proteins, particularly glycolytic enzymes in thecgplasm, and thegmst-mortem protein changes
can influence the ultimate meat quality. Converselidative slow twitch fibre types generally
have lower glycogen storage and tend towards hawinighh ultimate pH, which is associated with
lower L* values, due to both reduced light scattering (Buwst al. 2020) and higher oxygen
consumption in the surface. Thus, variations irelewof glycogen and in glycolytic and oxidative
enzymes would also be expected to be associatédwariations in beef colour, but through a
different mechanism to myoglobin. Differences imtactile and metabolic properties, including
variations in pH, certainly contribute to the diffaces in both colour and colour stability of
different muscles, and different regions of musdair et al. 2018a). The principal causes of
changes in the achromatic aspects of meat coloerrttawught to be the lateral spacing of

myofilaments/myofibrils and the denaturation ofcegrlasmic proteins.
3. Database creation: literature search strategynclusion criteria and data collection

A computerized search using Pubmed.gov (NCBI), Go&gholar, Web of Science (Clarivate
Analytics) and Scopus databases was performedngiiteg to identify all relevant published
proteomics studies dealing with meat colour. Dagabavere searched from August 2018 to January
2020 for studies published from 2000 to 2020. Tlegwords used were “proteomic”, “omic”,

“proteome”,

protein”, “biomarker” and “colour”, itombination with “meat” or “muscle”. There
were no language or data restrictions, but onlyganmic studies using muscle samples (meat) were
considered. The literature search focused excllysorefull text articles published in peer-reviewed
journals to ensure the methodological quality ef skudies.

Citations selected from this initial literature sgayielded 239 articles which were subsequently
screened for eligibility (PRISMA method) to fulfihe objectives of this review and focused on
bovine meat only. Therefore, the main inclusionlgsion criteria werei) proteomics on bovine
meat (beef)ji) only proteins that were shown in the article tosklgmificantly correlatedR< 0.05)

with colour traits; andii) colour traits excluding high pH, dark-cutting oFD (Dark, Firm and
5
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Dry) meat as the mechanisms are different. Thirfemar-reviewed research articles including those
using targeted proteomics (Kist al. 2008; Joseplet al. 2012; Cantcet al. 2015; Gagaouat al.
2015; Wuet al. 2015; Nairet al. 2016; Wuet al. 2016; Gagaouet al. 2017a; Gagaouet al. 2017b;
Gagaouat al. 2017c; Yuet al. 2017a; Gagaouet al. 2018; Yanget al. 2018) fulfilled the criteria
and were used to create the database of beef dulmmarkers Table 1andTable SJ).

4. Database description

The database created includes the following detlitseach reference; study number (from 1,
the oldest to 13, the newest publication), authmalse, publication year, country of the authors, th
breed of the animals used and when possible thdegesind type, muscle, number of animals
included, colour traits/instrument/conditions of aserement and the proteomics platform used
(Table SJ1). The data collected included five muscles whidh lknown to differ in their contractile
and metabolic properties (Totland & Kryvi 1991) aheir colour stability (McKennat al. 2005)
being; L, Longissimus muscle (mixed oxido-glycolytic, highly colour-stal RA, Rectus
abdominis (mixed fast oxido-glycolytic, likely to be cololabile but not described anywhere); ST,
Semitendinosus (fast glycolytic, highly colour-stable)SM, Semimembranosus (oxido-glycolytic,
intermediate colour-stablility) andM, Psoas major (oxidative, colour-labile). These classifications
are somewhat generalised. The téromgissimus (L) refers in this review to mongissimus dorsi,

m. longissimus lumborum and m.longissimus thoracis.

The portable machines used for colour measurenienke studies were Minolta chromameter
(CR-300 and CR-400), HunterLab (labscan, XE or Xis)pand X-rite spectrophotometer handheld
devices and measuté&, a*, andb*. In addition, the specifications for light sourobserver angle,

and aperture either varied or were not given, cvest with the review of Tapg al. (2011).

Different machines, different versions of machiresd variation in the aperture size can
influence the colour measurements obtained (Wa®r4) although specifying a different
illuminant or observer angle within a machine, disuanly has a negligible influence. Some of the
studies use@* andb* values to compute hue anglet) to assess discoloration, and saturation
index (C*) to evaluate red colour intensity (AMSA 2012). @tlcolour parameters reported in
some studies were; MRA, Metmyoglobin Reducing AttivOCR, Oxygen Consumption Rate and
R630/580, surface colour stability. Ten studies teported protein abundances, but not correlation
analyses, or comparisons of muscle proteome abuedanth ageing time colour traits or
proteomics of dark cutting, were not included ie thatabase (Yet al. 2017b; Mahmoodt al.
2018; Nairet al. 2018b; Zhaikt al. 2018; Zhanget al. 2018; Hughest al. 2019; Kimet al. 2019;
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Wu et al. 2019; Wuet al. 2020). However, the results from these studiesciieel and discussed

where useful in this review.

The 13 articles retrieved and included, were secizg¢id and key information regarding the
proteins of interest (unique gene names (GN)) &ed telationshipsR< 0.05) with colour traits
were annotated by giving their Uniprot ID accessiambers, GN, full name of the proteins and the
direction of association (positive or negative) hwolour traits Table 1). Within a paper, if the
same protein was significantly correlat&s (0.05) with a trait in the same direction morentioaice
due to either different isoforms or detection undégferent conditions, it was listed only once.
Thus, the total number of 79 proteins (unique Gd)the five muscles were identified, several of

which were common for several musclegy(ire 1).

It should be noted that the selection criteria footeins identified in the 13 papers differed
somewhat; eight papers selected proteins by 1dg-twltwo-fold, orP<0.05 differences in protein
abundance between treatments. The remaining figerpaanalysed the abundance of 21 — 29 pre-
selected protein biomarkers that had been idedtiiie earlier studies. The highest number of
proteins were identified for thieongissimus muscle, due to its more frequent use, with 59qunst
across the various colour traits, and 54 of themetated withL*, a* or b* (Figure 1). The ST
muscle followed with 27 proteins (25 correlatedhait, a* or b*), the PM muscle with 19 proteins
(17 correlated with.*, a* or b*), the RA muscle with 14 proteins (12 correlatethvs*, a* or b*)
and the SM muscle with 6 proteins, correlated vy MRA and R630/580 colour trait3 4ble
1). The Venn diagram illustrates the degree of @perdmong the muscles by summarising the
similarities (common) and divergences (specific)hwm the proteins for the five muscles and for

each muscleHigure 1).

The Venn diagram oFigure 2A indicates that 73 of the 79 putative markers idiedt the
specific muscle and breed/animal type which wereetated to the coordinatég (25 proteins of
which 3 specific)a* (66 proteins of which 43 specific) amd (24 proteins of which 2 specific).
Seventeen proteins were common to the three caioordinates: HSPB6, HSPB1, CRYAB,
DNAJAL, HSPA8, HSPA2, HSPA9, ENO3, MDH1, PGM1, PRXMYH7, MYH2, MYHL1,
ACTAL, TTN and CAPN1. Within théongissimus muscle, 54 out of 59 proteins were correlated
to the coordinatet* (23 proteins with 3 specificg* (45 proteins with 25 specific) araf (23
proteins with 2 specific). Thirteen proteins weoenenon to all three coordinates: HSPB6, HSPB1,
CRYAB, DNAJA1, HSPAS8, HSPA2, HSPA9, ENO3, MDH1, PR® MYH2, ACTALl, and TTN
(Figure 2B).
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5. Mining the putative protein biomarkers of beef olour — database analysis

A computational workflow allowed aggregation of ttega from the 13 publications and creation
of the first list of putative protein biomarkerstwéef colour that was subsequently mined using web
service bioinformatics tools. The list of 79 protiwas submitted to a custom analysis using
ProteINSIDE (http://www.proteinside.org/). Protelld& obtains results from several software and

databases with a single query (Kaspeical. 2015). Using this tool, Gene Ontology (GO)
enrichment testsP¢value, Benjamini Hochberg < 0.05) were also penfed using human orthologs
to take advantage of the most complete annotati@iadble Figure S1 and Table S The

ProteINSIDE tool relies mainly on GO enrichmenttdeamong the Biological Process (BP),

Molecular Function (MF) and Cellular Component (@3)egories.

The protein-protein interactions (interactomics)badlogical function of the proteins from the
five muscles Figure 3A) or LT muscle aloneHigure 3B) were analysed using the STRING

webservice database (http://string-db.org/). Defaattings of confidence of 0.5 and 4 criteria for

linkage: Co-occurrence, experimental evidencesstieg databases and text mining were used.
Considering the limitation of the GO annotationgehes in bovine, we converted their UniprotiDs
to orthologous human EntrezGene IDs using BioManttp(//www.ensembl.org/biomart/).

Functional annotation analysis of the 79 proteirss viurther checked using the PANTHER
classification system to identify ontology categsrior the complete list of proteins and to identif
the main biological pathways. Among the 79 protewesfurther searched for secreted proteins that
may be secreted in the extracellular environmedtiamolved in interactions between cells at short
and long distances. Eight of such proteins (HSABSPAS5, GAPDH, PARK7, PRDX6, P4HB,
ALB and FGB) were revealed by ProteINSIDE tool amere highlighted in the protein networks
(Figure 3A,B) by black and red ovals, for those secreted bgsatal pathways or non-classical

pathways, respectively.
6. Six Main biological pathways associated with béeolour

The GO analyses showed that the 79 proteins cégsteto 6 distinct but strongly interconnected
biological pathwaysTable 1, Figure S2andFigure S3. These pathways are known to be related
to beef tenderness (Guillemghal. 2011; Oualiet al. 2013; Picard & Gagaoua 2020). This suggests
that the biological pathways associated with vemet in meat tenderness and meat colour are
related. The main pathways and related proteingsaed able 1 for full names of each protein):

i) Chaperones & heat shock proteinsHSPB6, HSPB1, CRYAB, DNAJAL, HSPD1, HSPAS,
HSPA2, HSPA9, HSPAS and STIP1.
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i) Catalytic, metabolism & ATP metabolic process(this pathway was organised into 3 main

sub-pathways and all the proteins are showkigare 4):

a. Glycolysis and associated pathways. PYGM, PGM1, ALDOA, TPI1, GAPDH, PGK1,
PGAM2, ENOL1, ENO2, ENO3, PKM2, LDH, PDHAL, PDHX, GP (n = 15).

b. Tricarboxylic acid cycle and associated pathways. MDH1, ACO2, HIBADH, GLUD1, IDH1,
OXCT1, ATP5F1, NDUFAG, NDUFC2, NDUFA4 (n = 10).

c. Other catalytic and ATP metabolic pathways grouping oxidoreductase, transferase, hydrolase,
lyase & kinase: CKM, ALDH1A1, ALDR1, LAP3, AK1, PCMT1, BLVRB, MSRAAHCY, GLO1
(n = 10).

iii) Oxidative stress & cell redox homeostasisPARK7, GPX1, GSTP1, PRDX1, PRDX2,
PRDX3, PRDX6, SOD1 and P4HB.

iv) Contractile & associated proteins: MLC1, MYL2, MYH7, MYH2, MYH1, CAPZB,
ACTA1L, ACTN3, TTN and MYBPH.

V) Proteolysis & associated proteinsCAPN1, CAPN2 and PSMB2.

vi) Binding, cofactor & transport proteins, signalling or apoptosis: ALB, HBB, TRIM72,
FHL1, MB, FGB, PEBP1, ANXA5, TP53, UBB, H2AFX and\BP3.

The distributions and molecular functions of thestéred groups of proteins of interest are
described for each muscleTable S4andTable S5 The presence/absence of these proteins in the
13 studies is illustrated iRigure S3 Across the muscles, the most represented furscfionthe
five muscles taken together are: proteins involuedatalytic, metabolism and ATP metabolic
processes (44.3%, 35 proteins); binding, cofactw gansport proteins, signalling or apoptosis
(15.2%, 12 proteins); chaperones and heat shodkipso(12.7%, 10 proteins) and contractile and
associated proteins (12.7%, 10 proteins). Oxidasw#ess and cell redox homeostasis, and
proteolysis and associated proteins, represent%d1(@ proteins) and 3.8% (3 proteins),
respectively. Hence; irrespective of the muscle datalytic, metabolism and ATP metabolic
process pathway dominateéBaple S5. Of the five muscled,ongissimus muscle was considered
representative (more interesting), and was chosetiustrate the functional interaction network
(Figure 5). The lack of identified biological pathways innse muscles is probably due to low
numbers of identified proteins due to the lowerespntation of some muscles across the studies.
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7. Putative protein biomarkers most frequently corelated with beef colour traits

Of the 79 protein biomarkers, 27 were reported 8 times in independent studies, generally as
being correlated with beef colour traits. Theseilgirties ranged from one protein common to 8
studies to 13 proteins identified in at least 3l&s [able 1 andFigure S3. At the top of this list,
B-enolase (ENO3) was correlated with colour trait8 istudies (Josept al. 2012; Gagaoust al.
2015; Nairet al. 2016; Wuet al. 2016; Gagaouet al. 2017a; Gagaouat al. 2017b; Gagaoue al.
2017c; Yuet al. 2017b); Peroxiredoxin 6 (PRDX6) (also found asersted protein) in 7 studies
(Gagaouat al. 2015; Wuet al. 2015; Wuet al. 2016; Gagaouet al. 2017a; Gagaouet al. 2017b;
Gagaouat al. 2017c; Yanget al. 2018); HSP27 (HSPB1, also identified as a secnetetkin) in 6
studies (Kim et al. 2008; Joseph et al. 2012; Wal.e2016; Gagaoua et al. 2017a; Gagaoua et al.
2017b; Gagaoua et al. 2017c); and 5 studies fauatdRthosphoglucomutase 1 (PGM1), Superoxide
Dismutase (SOD1) and Calpain-1 catalytic subuniptaralpain (CAPN1) were related to colour
(Table 1 and Figure S3. Eight other proteins: HSP40 (DNAJA1), HSP70-8@A8), HSP70-
Grp75 (HSPA9), Malate dehydrogenase 1 (MDH1), BEpbosphate isomerase 1 (TPI1), Lactate
dehydrogenase (LDH), Myosin-7 (MYH7) and MyosinMYH2) were reported 4 times and 13
were reported 3 times: HSP20 (HSPBGRB-crystallin (CRYAB), HSP72 (HSPA2), Pyruvate
kinase M 2 (PKM), Creatine kinase M type (CKM), Etase-bisphosphate aldolase A (ALDOA),
DJ-1 (PARKY), Peroxiredoxin 2 (PRDX2), Myosin ligbhain 1 (MLC1), Myosin-1 (MYH1)g-
Actin, (ACTA1), Myosin binding protein-H (MYBPH) ah Phosphatidylethanolamine-binding
protein 1 (PEBP1).

Of these 27 proteins, 8 belong to the catalytictamalism and ATP metabolic pathway; 7 were
chaperones and heat shock proteins; 6 were caidracid associated proteins; 4 belong to the
oxidative stress and cell redox homeostasis pathaval one protein for each of the two other
pathways. In the following sections, we discussliftehemical mechanisms which may underlie
the relationships between these proteins and lndefiic

7.1. Protein biomarkers belonging to the catalyticmetabolism & ATP metabolic pathway

Among the 8 metabolic enzymes, 6 ajigcolytic (ENO3, PGM1, TPI1, LDH, PKM, and
ALDOA) shared between the preparatory and energlgdyig phasesHigure 4A), hence indicating
the importance of this pathway in beef colour deteation. Of the two other proteins, one belongs
to the Krebs cycle (MDH1, an oxidative enzyme) émel other, CKM, is the initial pathway used
for ATP regeneration by creatine phosphate, befmeswitch to ATP generation via the glycolytic
pathway Figure 4B,C). The direction of correlation between these pnsteind colour attributes

differs according to the muscle and the colour p&tar Table 1 and Figure 5). Inversion of
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correlations occurs when the biochemical mechanismderlying the correlation has a major
contribution to the studied phenomenon but othetofs are also involved. The multifactorial and
interdependent character of the influencepadt-mortem metabolism and oxidative properties on
meat colour is well known and may explain the isi@n of correlations observed. For example,
lactate, produced under the anaerobic conditionglpdogen breakdown in thpost-mortem
muscle, may influence the redox status of the neyschich may impact meat colour (Joseph et al.
2012). Regeneration of ATP depends on glycogenkdmen and is correlated to the extent of pH
decline (Robergst al. 2004), which can also influence colour, both frarmyoglobin status and
from a structural perspective. Metabolism of ATRhs key determinant of the rate and extent of
pH fall post-mortem which, through its effect of decreasing myofilamnéattice spacing and
myofibril diameter, has a contribution to increasialues ofL* through the achromatic processes
of light scatter (Hughest al. 2019). Some proteins of this group reportedable 1, highlight that

an increase in protein abundance is associatedanddcrease ib*. This observation suggests that
the increased amounts of some glycolytic enzymedaagely not affecting.* values through this

achromatic mechanism.
7.1.1. ENO3, a robust biomarker irrespective of muscle and colour parameter

Enolase is a cytosolic enzyme involved in an inemtrate step in glycolysis and responsible for
the conversion of 2-phosphoglycerate into phospbipgruvate Figure 4). It is an important
moonlighting enzyme that is associated with stegsbhypoxic conditions and in some species has
been shown to be over-expressed under acidic ¢onsli{Didiasovaet al. 2019). Enolase is a
dimer existing in 3 isoforms, ENO1 (formed from twosubunits), ENO2 (formed from twp
subunits) and ENOS3, formed from tydosubunits. The ENO3 isoform seems to play an inambrt
role in beef colour (8 studies); ENO1 and ENO2 wanly found together in one study, where they
were negatively correlated inongissimus muscle (Gagaouat al. 2018) and in the ST muscle,
respectively (Yu et al. 2017a). In beef, ENOS3 s isoform related to tenderness (Owhhl. 2013;
Picard & Gagaoua 2020) explained by the fact thdOB is predominantly found in striated
muscles, whereas the other two isoforms are locatevhere: ENOL1 in the embryonic form of all

tissues and ENOZ2 in the neuron and neuroendodsisiges.

The consistent appearance of ENO3 in the listgatieps that vary significantly with both meat
colour and colour stability points to the importaraf this glycolytic enzyme. This may be related
to its role in glucose metabolism under hypoxic dibans (Sedoriset al. 2010) and cellular
protection during hypoxia (Wulfét al. 2012). Depending on the study, correlations betwtbe
abundance of ENO3 anb*, a*, b* and MRA are positive or negative suggesting comple

interactions between this step in glycolysis arienimechanisms affecting colour. For example,
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ENO3 patrticipates in multi-enzyme complexes presenthe sarcomere, possibly in association
with other proteinsKigure 3A,B) involved in colour, such as heat shock proteMallff et al.
2012) and contractile proteins (Hughetsal. 2014; Hughegt al. 2019). In keeping with this, Nair
et al. (2018a) comparing the inside colour-labile and thaside colour-stable regions of the
Semimembranosus (SM) muscle, found differences in the sarcoplaspnateome, including ENO3.
They suggest that differences in the contractild metabolic properties including variations in pH,
contribute to the differences in colour stabilifytloe two regions (Nair et al. 2018a).

7.1.2. PGM1, TPI1, LDH and PKM are glycolytic enzymes and are biomarkers for beef meat
colour, irrespective of the contractile and metabolic properties and colour-stability of muscles

Phosphoglucomutase 1 (PGM1), is an enzyme playingertral role in glycolysis and
glycogenesis, reversibly catalysing the conversibrglucose-1-phosphate (G-1-P) to glucose-6-
phosphate (G-6-P){gure 4). PGM1 was correlated with colour traits in 4 mascfigure 5A)
from 5 studies (Canto et al. 2015; Wu et al. 20@3&gaoua et al. 2017a; Gagaoua et al. 2017b; Yu
et al. 2017a). Correlations were negative in ST BM| and positive in RA. Considering the
Longissimus muscle in detail, PGM1 was positively relatedLto and, depending on the study,
positively or negatively witla* -values Figure 5B).

The relationships between PGM1 and several colaitstfrom different muscles and animal
types are consistent with the knowledge that glygisl during earlypost-mortem period affects
many meat quality properties including tendernessalour (Andersomet al. 2014). First, hypoxic
conditions occurring in thpost-mortem muscle, increase the abundance and the activiBGifl1,
which at least partly regulates tpest-mortem balance between G-1-P and G-6-P. The latter may
be associated to meat colour, through the effegbtdrdecline. For example, metabolite profiles,
including G-6-P in samples collected during thdyepost-mortem period (Yuet al. 2019) differed
amongst muscles which were subsequently found fi@rdin colour stability during display
(Abraham et al. 2017). Second, PGM1 undergoes posttranslationatlifioations through
phosphorylation, acetylation or methylation (Ander®t al. 2014) and the direction of associations
of PGM1 with various colour parameters could bduericed by its isoforms (Andersaat al.
2014). Earlier studies suggested that accordinguuscle, stress level of the animal or the use of
post-mortem electrical stimulation, different PGM1 isoformsrie@ate with different meat quality
indicators (Lavilleet al. 2009; Bjarnadottiet al. 2010; Andersoret al. 2014). At relatively high
levels of G-1-P, greater activity of PGM1 increa#ies rate of its conversion into G-6-P, which,
depending on the energy requirements of the caditiger used in the glycolytic pathway, or for
regeneration of NADH; the latter being an importdaterminant of meat colour stability (Mancini

& Hunt 2005; Mitacelet al. 2019). Hence, depending on the G-1-P and G-6-&hba the levels of
12
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posttranslational modifications of PGM1 and thelutet requirements for ATP, greater PGM1
activity may favour better colour stability of theeat.

Triosephosphate isomerase (TPI1) was common tadlest (Wuet al. 2015; Nairet al. 2016;
Wu et al. 2016; Gagaouet al. 2018) and 4 muscle3dble 1 andFigure 1). The relationships were
negative for ST and PM muscles, and in differeréaions forLongissimus muscle (negative with
a* and positive withb*). In addition, it had a positive relationship ttee SM muscleRigure 5).
TPI1 catalyses the reversible conversion of dihygacetone phosphate to D-glyceraldehyde 3-
phosphate Kigure 4) completing the splitting stage in first prepargtphase of glycolysis. TPI1
abundance, including its phosphorylated isoformerewpositively related to the rate of pH decline,
indicating its role irpost-mortem glycolysis and may partly explain its associatiath meat colour
(Huang et al. 2011; Gagaoua&t al. 2018; Nairet al. 2018a; Wuet al. 2019). TPI1 has also
previously been associated with beef tendernessb@zet al. 2015; Picard & Gagaoua 2020).

Lactate dehydrogenase (LDH) was significantly datesl with colour traits in 4 studies,
involving three muscles (Wet al. 2015; Gagaouat al. 2017a; Gagaouet al. 2017b; Gagaouet
al. 2017c). Specifically, LDH was positively relatexldolour parameters in the RA and ST muscles
(Figure 5) and in both directions ihongissimus (negative withL* and positive witha*). LDH
catalyzes the reversible conversion of pyruvatittate with the conversion of NADH to NAD+
(Figure 4). NADH is known to promote metmyoglobin reductiavith lower levels of NADH and
higher levels of NAD+ favouring metmyoglobin formmat (Mancini & Hunt 2005). Therefore, the
specific role that LDH may play in metmyoglobin vetion is important to understand the

consequences of colour stability of different b@vmuscles.

Pyruvate kinase M 2 (PKM) has four isoforms, twondiich, PKM1 and PKM2, predominate in
skeletal muscle . In three of the studies (Cata. 2015; Wuet al. 2015; Wuet al. 2016) PKM2
was negatively correlated with colour parameterthen ST and PM muscles, similar to the TPI1
and PGML1 enzymes, and, depending on the muscthffénent directions fot.ongissimus muscle
for a*, MRA and R630/580 parameterfaple 1 and Figure 5). PKM catalyzes the last step of
glycolysis, the dephosphorylation of phosphoenalpsite to pyruvate and a greater PKM
abundance is likely to reflect a potentially gregieoduction of pyruvateFigure 4). Pyruvate is
transported into the mitochondria and favours #generation of NADH (Ramanathan & Mancini
2010). Muscle type and many other factors influetinge glycolytic capacity of muscles which is
consistent with the differences obtained betweediss Table SJ).

7.1.3. ALDOA, a negative biomarker in colour-stable beef muscles

13



437 Fructose-bisphosphate aldolase A (ALDOA) was rdlatecolour parameters in 3 of the studies
438 (Wu et al. 2015; Nairet al. 2016; Wuet al. 2016) being negatively correlated wah and MRA
439  colour traits for the.ongissimus, SM and ST muscled &ble 1 andFigure 1). During glycolysis,
440 ALDOA catalyses the conversion of fructose 1, 6hdigphate to glyceraldehyde 3-phosphate
441  (Figure 4). Its negative association with colour parameteight partly be explained by differences
442  in muscle fibre type composition. Higher levels AEDOA may be indicative of increased
443  proportions of fast-twitch muscle fibres, hence éowxidative metabolism and higher glycolytic
444  metabolism. Any difference in oxygen consumptionymiaad to increased formation of
445  oxymyoglobin and to redder beef (higif-values) and reduced metmyoglobin (high MRA).
446  Accordingly, ALDOA has been shown to boost glycidysipon phosphoinositide 3-kinase
447  (PI3K)/Akt signalling pathway (Het al. 2016). The redistribution of ALDOA in responseRt3K

448  signalling needs coordinated action between cytetedynamics and glycolysis. According to Hu
449 et al. (2016), a number of glycolytic enzymes are assediavith the cytoskeleton, which
450 presumably are released when actin dynamics ineréasng apoptosis onset, and the change of
451  glycolytic flux appears to be primarily mediated bye mobilization of ALDOA. This is in
452  agreement with Hugheat al. (2019) who found that ALDOA affects beef colour influencing
453  light scattering of muscle fibres. In associatiothvwother metabolic enzymes, ALDOA assists in
454  the creation of cross links between adjacent aftments or in binding troponin to the thin
455  filaments, hence affecting the distance betweenfilmyis and therefore light scattering (Huglets
456  al.2019).

457 7.1.4. CKM, a positive biomarker in colour-stable beef muscles

458 Creatine kinase M type (CKM) was correlated posliiwith a*, MRA and R630/580 in the
459  Longissimus and SM muscles in 3 studies (Joseph et al. 20a#; M al. 2016; Yang et al. 2018).
460 CKM was also reported in other proteomic studiespkay an important role in beef colour
461 (Mahmood et al. 2018; Nair et al. 2018a; Zhai et2@l18). This protein has been described as a
462  biomarker of most quality traits of meat includirmpderness, drip loss, water-holding capacity and
463  pH decline (Oualet al. 2013). In striated muscles, CKM allows the transfiea phosphate group
464  from phosphocreatine to ADP to generate AHRre 4). During the first hourgost-mortem,

465 CKM allows the maintenance of ATP regenerationhautt a net production of hydrogen ions
466  (Robergs et al. 2004), and therefore is influentiathe rate of pH decline (Ouali et al. 2013).
467 During meat ageing, CKM is progressively fragmenged becomes inactive (J& al. 2007;
468 Laville et al. 2009; Bjarnadottiet al. 2010). The rate of fragmentation influences the od energy
469 depletion and pH decline, explaining its assocmatio the variability of several eating qualities of
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beef. In addition, creatine has antioxidant praopsriSestiliet al. 2011), which could lower

myoglobin oxidation in fresh beef.
7.1.5. MDH1, an oxidative enzyme biomarker of colour-stable beef muscles

Malate dehydrogenase 1 (MDH1) was correlated wiRAVIL*, a*, b* and C* parameters in
four experiments (Gagaoehal. 2015; Wuet al. 2015; Wuet al. 2016; Gagaouet al. 2018), in the
Longissimus and ST musclesT@ble 1 andFigure 5). MDH1 plays an important role in the malate—
aspartate shuttle operating between the cytosohatathondria. MDH1 also uses the reduction of
NAD™ to NADH to reversibly catalyse the oxidation oflate to oxaloacetate, in the last step of the
TCA cycle. The NADH generated can be used in tleetedn transport chain for maximal ATP
production. Thus, variations in MDH1 activity andntent may be indicative of differences in the
oxidative phosphorylation capacity of the muscld #rus of the variation in beef colour (Gagaoua
et al. 2015).

7.2. Protein biomarkers belonging to chaperones &émat shock proteins (HSPSs)

After the glycolytic enzymes, the second most ingaarfamily of biomarkers for beef colour, in
terms of number and size of correlations, are #a shock proteins (HSPs). The production of
HSPs is generally increased in cells undergoirgsstrwhich is the case of thest-mortem muscle
in which a variety of perturbations disturbs #mte-mortem homeostatic set points. Many HSPs are
chaperones that stabilise and ensure correct fpldinrnewly synthesised proteins or help refold
proteins altered by cell stress. Ubiquitin, whicksmany characteristics of a small (8kDa) HSP,
cooperates with chaperones to control protein fanatity by labelling damaged and misfolded
proteins for degradation via the proteasome (Esseal. 2004). A considerable amount of
proteasome activity is retained in muscle up t@aysgost-mortem (Lamareet al. 2002), so that the
potential for substantial interaction between H®Bvaly and proteolysis exists, as discussed in
recent studies (de Oliveighal. 2019).

HSPs have been proposed as regulators of apomieset during the conversion of muscle to
meat (Saydet al. 2006), consequently affecting proteolysis and nwpatlities (Lomiweset al.
2014a; Lomiwest al. 2014b; Picard & Gagaoua 2020). Three small HSFRP@i, HSPB6 and
CRYAB), one co-chaperone (DNAJAL) and 3 large 70k@Ps (HSPA8, HSPA9 and HSPA2)
were identified as major putative markers of bedbuar (Table 1 andFigure 5). Other studies on
beef colour proteomics also identified these sar8@4$1to be associated with colour in beef éu
al. 2017b; Mahmoodtt al. 2018; Zhanget al. 2018; Kimet al. 2019; Wuet al. 2019; Wuet al.
2020).
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HSPs are often related to sensory meat qualitiesspective of species, probably because of
their multiple roles in the underlying processeadDet al. 2013). These processes involve i)
regulation of caspases activities; ii) protectioh aellular structures against apoptosis; iii)
myofibrillar protein protection from degradation byhibition of proteolytic activity, as discussed
above; iv) refolding of denatured proteins causgdpbl decline and resultant altered protease
activity; and last but not least v) maintenancetloé correct conformation of proteins and
preservation of their biological functions (Pulfoedal. 2008; Oualiet al. 2013). The following

sections focus on features that deserve partiati@ntion.
7.2.1. HSPB1 isthe top biomarker of beef colour among the small HSPs

HSP27 (HSPB1) is the only small HSP correlatedolowr traits [*, a*, b*, C* and R630/580)
in two musclesl{ongissimus and RA) across 6 studies (Kim et al. 2008; José¢h. €012; Wu et
al. 2016; Gagaoua et al. 2017a; Gagaoua et al.l2@&gaoua et al. 2017c). The correlations with
all colour traits were positive in the RA muscledain different directions in théongissimus
muscle depending on the colour trait and animaéAyeed T(able 1 and Figure 5). Two other
studies also reported this protein to be relateteef colour (Mahmood et al. 2018; Kim et al.
2019).

The positive and negative relationships observedth@ Longissimus may be related to
differences in the pre-slaughter stress level & #mimal and/or the type of HSP27 isoform
involved (Oualiet al. 2013; Picard & Gagaoua 2020). In skeletal mudd¢®&?B1 as well as HSPB6
and CRYAB protect against ischemia, hypertensiuesst and metabolic dysfunction (Dre&tal.
2010). They have the capacity to bind to myofibfilemiweset al. 2014b), thereby protecting
skeletal muscle through structural protein compeX®r example, increased CRYAB levels were
associated with delayed myofibril degradation irefowith ultimate pH < 5.7. Their role in
protection against stress-induced denaturation ofahe proteins may partly explain their
relationship with meat colour (Gagaoeh al. 2015; Gagaouat al. 2017c). Particularly, the
prevention of denaturation of sarcoplasmic protend myosin, would affect reflectance, light
scattering and myoglobin, thereby influencing allotir coordinates (Hughes al. 2014; Hughest
al. 2019; Purslowet al. 2020). For example, through their action, the otida of light scattering
would result in a loweL* as developed in the following sub-section. Otfézcts may be related
to their ability to influence the redox status bétcell. For example, an increase in HSPs content
has been associated with lower oxidative stressldenf the cells, as indicated by lower levels of

thiobarbituric acid reactive species (Jamretest. 2009).
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7.2.2. Specific negative associations of HSPswith Lightness (L*) in Longisssmus muscle

The 7 HSPs biomarkers mentioned above were caetebaith L*, a* and b* parameters in
Longissimus muscle Figure 5), and all correlations with* were negative. However, they were in
different directions foa* (negative for HSPB1 and HSPB6, positive for CRYABJAJAL and
HSPA9, and different directions for HSPA8 and HSPAAdb* (different directions apart from
HSPB6, which was always positivejigure 5B). The consistently negative associations between
HSPs and_* in Longissimus muscle are partly explained by their high expressiothis muscle
(Guillemin et al. 2011). As indicated above, their relationship withmay be explained by their
protective action on structural proteins (Pulfotdhke 2008; Lomiwes et al. 2014a; Lomiwes et al.
2014b), including under conditions of apoptosiscé&tely, HSPs have also been implicated in dark
cutting beef (Mahmood et al. 2018). HSPs appear thigplay a major role in colour development at
least through their protective action against protkenaturation, affecting reflectance and light
scattering and other aspects of beef colour.

7.3. Protein biomarkers belonging to contractile &associated proteins

Ten myofibrillar proteins, in the contractile andsaciated proteins group, were correlated to
colour traits, 6 of which were shortlisted basedtua criteria described above. Most of them were
myosin proteins/subunits (MYH1, MYH2, MYH7 and MLE Inyosin-binding proteins (MYBPH)
or actin (ACTAL) Table 1 andFigure S3. The proteolytic degradation of myosin heavy &glt
chains, binding proteins and actin plays a cemtial in muscle to meat conversion (Huff-Lonergan
et al. 2010). During proteolysis, these myofibril prowiare degraded by endogenous muscle
proteases, includingi-calpain (see section 7.5), cathepsins and casp@»eali et al. 2013).
Ultrastructural changes in the muscle take place @sult of proteolytic degradation and influence
not only the meat texture, but also colour aspegus]y due to the effects on the light scattering
arising from the structural elements (Hugletsal. 2014). The extent of the structural proteins
denaturation and degradation during post-mortem process is influenced by the rigor temperature,
and rate and extent of pH decline, and affectptbeein density along the sarcomere. For example,
myosin degradation influences further myofilameaitite spacing and muscle fibre shrinkage,

which impacts also light scattering.

The correlation of the 3 myosin heavy chain isofomwith colour traits may further reflect the
role of metabolic enzymes in colour determinati®Mariations in the abundance of myosin
isoforms, glycolytic enzymes and proteolysis arghly interconnected. For example, red, slow-
twitch, fibres have greater amounts of mitochondeiyme systems allowing oxygen consumption

and electron transport chain located in mitocha@amanathan & Mancini 2018; Mitacekal.
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2019). Meat colour depends strongly on glycolytativaty, oxygen consumption and reductive
enzyme activity in th@ost-mortem muscle. Muscle fibre type proportions differ asrosuscles and
breeds and this may explain the different direcidound for the correlations. In addition to
differences in enzymes and associated mitochondmgigen consumption, reducing capacity
through enzymatic and non-enzymatic mechanismderdiit muscle fibre types also contain
different amounts of pigment other than myoglobif, glycogen and lipids, which may also
influence meat colour (Klorgt al. 1998; Ramanathan & Mancini 2018). Furthermore,aimount

of free water and structural modifications causgdhe proteolytic processes following apoptosis
and consequently, light reflectance and scatteproperties of the meat differ according to fibre
type (Hugheset al. 2014; Purslowet al. 2020). Hence, the complex relationship between
myofibrillar proteins and colour are explained I tmany direct (myofibrillar protectioversus
degradation) and indirect (differences in propsrtéthe different muscle fibre types and degree of

interconnectedness with other pathways) interast{@igure 3A,B).
7.4. Protein biomarkers belonging to oxidative stres & cell redox homeostasis

Skeletal muscles are major oxygen-consuming tissglsaracterized by a high rate of
mitochondrial respiration, hence presenting an atbV risk of reactive oxygen species (ROS)
production. The production of ROS post-mortem muscle has been described as a pivotal event
during muscle-to-meat conversion including a majeterminant of surface colour, by influencing
both the lipid and protein fractions (Oualial. 2013; Sierra & Olivan 2013). Several protective an
endogenous scavenger agents defend the cell agaidative stress and play a role in meat colour.
The present review identified peroxiredoxins (PRDX13, and 6), superoxide dismutase (SOD1),
DJ-1 (encoded byARK7 gene) and the thioredoxin system, as determinaht:eat colour,
particularly colour stability, which may be expladthby their ability to scavenge ROS and reduce
oxidized proteins by means of their active site #edglutathione system.

7.4.1. Peroxiredoxins are potential biomarkers of beef colour

Peroxiredoxin 6 (PRDX6) belongs to the peroxireddl@mily and is a unique member (Fisher
2017), because it has three enzymatic activitie@sgbeeroxidase, phospholipase A2 (PLA2) and
acyl transferase activity. PRDX6 was the secondstaptlisted and important putative biomarker of
beef colour in this review. It was identified asexreted proteinF{gure 3A,B) and significant in 7
of the studies (Gagaowhal. 2015; Wuet al. 2015; Wuet al. 2016; Gagaouet al. 2017a; Gagaoua
et al. 2017b; Gagaouat al. 2017c; Yanget al. 2018) and in 4 muscle3dble 1 andFigure 1).
Similar to PGM1, PRDX6 was negatively correlatedhwadolour traits for the ST and PM muscles,
in both directions for thé&ongissimus muscle (negative with* andb* and positive witha*) and
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positive for the RA muscleF{gure 5). The PLA2 (phospholipase A2) of PRDX6 is believede
activated during cellular stress and triggers RO&dugction; the enhanced oxidative activity
increases contractile function (Gostgal. 2006). The positive relationship between Peroxixaus
and redness, shown by the positive correlationsdmt PRDX6, PRDX1, PRDX2 and PRDX3 and
a*-values in thd.ongissimus muscle, may be related to their different funcsioirst, they may act
as antioxidants, protecting OxyMb from attacks bgroxides (Wanget al. 2003). Second,
peroxiredoxins may inhibit lipid oxidation, and s@guently myoglobin oxidation (Faustmetral.
2010; Josepkt al. 2012). Finally, PRDX6 may counteract processestpithg meat discoloration
by competing with myoglobin for oxygen or produds oxidative stress reactions. PRDX6 is
further implicated in a variety of cellular processincluding metabolism, apoptosis and ageing
(Fisher 2017) and was proposed as a potential blenaf beef tenderness (Jeh al. 2009;
Guilleminet al. 2011; Picard & Gagaoua 2020).

The other protein shortlisted, PRDX2, was correlateopposite directions for tHeongissimus
(positive, colour-stable) and PM (negative, coltabile) muscles in 3 studies (Joseph et al. 2012;
Wu et al. 2016; Yang et al. 2018). PRDX2 has alsenbidentified as a candidate biomarker
responsible for meat tenderness @ial. 2007; Malheirost al. 2019) and as a main indicator of
oxidative stress (Wost al. 2012). The mechanisms probably involve the aniti@atkve properties
of the protein.

7.4.2. SOD1, a biomarker regardiess of the colour-stability of muscles

Superoxide dismutase (SOD1), was correlated iru8ies with meat colour traits (Gagaoeta
al. 2015; Wuet al. 2016; Gagaouet al. 2017b; Gagaouet al. 2017c; Gagaouet al. 2018) and in
2 muscles Table 1 and Figure 1). Correlations were positive for the PM muscle andthe
opposite direction foa* andb* colour coordinates of theongissimus muscle Figure 5). SOD1 is
a member of a ubiquitous family of metalloenzymiest teliminate excess ROS, thus preventing
damage caused by free radicals in cells (Vatel. 2010). It allows fast dismutation of,Qo O,
and HO,. SOD1 has been identified as a biomarker of meaghness (Grabeet al. 2015;
Malheiroset al. 2019; Picard & Gagaoua 2020).

7.4.3. DJ-1 (PARKY), a negative biomarker of colour-stable beef muscles

DJ-1 (also called PARKY), another secreted protelated to oxidative stress, was negatively
correlated witha*, MRA andC* in theLongissimus and PM muscles in 3 studies, irrespective of
animal type or breed (Wet al. 2015; Gagaouat al. 2017c; Yanget al. 2018). Other studies also
reported DJ-1 to be a meat colour biomarker (Mahinetoal. 2018; Nair et al. 2018a). Studies on
pork identified DJ-1 as a negative markeadf(Sayd et al. 2006) arld® (Kwasiborski et al. 2008).
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DJ-1 has a key role in scavenging mitochondrigDHand limiting mitochondrial fragmentation.
During oxidative stress, DJ-1 is re-localized frtma cytosol to the mitochondria (Jueral. 2009).
As indicated above, due to their role in oxygen stonption and their reducing capacity,
mitochondria play a major role in meat colour (Raathan & Mancini 2018). It is therefore likely
that DJ-1 plays a role in meat colour via mitoch@ag@rotection, probably by interacting with other
pathways, particularly heat shock proteins (Wual. 2020) and energy metabolism (Picard &
Gagaoua 2020). DJ-1 has also been shown to bedadtabeef tenderness (&aal. 2007; Jiaet al.
2009; Mahmoodtt al. 2018; Malheirogt al. 2019; Picard & Gagaoua 2020).

7.5. CAPN1 and PEBP1 as protein biomarkers of beeblour

The proteolytic enzyme p-calpain (CAPN1) and phasiplglethanolamine-binding protein 1
(PEBP1) were related to colour in 5 and 3 studespectively Table 1 andFigure S3. The role
of CAPNL1 in meat tenderization has been extensistlgied (Huff-Lonergamt al. 2010). PEBP1
is a serine protease inhibitor also known as Ria&de-inhibitory protein (Hengst al. 2001), but
may also be a calpain substrate (Caiead. 2006).

CAPN1 was mostly positively, but also negativelgrrelated inLongisssmus and RA muscles
with L*, a*, b*, C* andh* (Table 1 and Figure 5). CAPN1 degrades structural proteins and is
therefore likely to influence light reflectance aschttering. The effect of CAPN1 on meat colour
maybe influenced by HSPs, due to their protectot®a against structural proteins denaturation as
described above (Gagaoua et al. 2017c). In ansthdy, we found that the abundance of HSPAS8
and of CAPN1 were positively correlated with eatiheo as well as with the*, a* andb* colour
coordinates (Gagaouat al. 2015). One hypothesis is that inducible large HBRid u-calpain

interact in their influence on some meat colouapaters (Gagaowh al. 2015).

The relationship between PEBP1 and colour ofltbiegissimus and SM muscles in 3 studies
(Canto et al. 2015; Nair et al. 2016; Wu et al. @0a&ppears to be independent of proteolysis,
apoptosis, cell migration or signalling pathways agreement with the networks of proteins shown
in Figure 3A,B. An increase in the abundance of PEBP1 has begorted in tough meat
(Mahmood et al. 2018) and in colour-labilengissimus steaks (Canto et al. 2015). In a previous
study on pork.ongissimus muscle, we found negative correlations betweenFPE&ndL* anda*
values (Kwasiborski et al. 2008). The role of PEB#®determining beef colour may also be related
to its interactions with many multifunctional prote and involvement in the coordination of
cytoskeleton changes and energy metabolism (Sapeer& Jonic 2020). This is also consistent

with the observed relationship between PEPB1 amdggnmetabolismKigure 3A,B). However,
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the exact mechanism by which PEBP1 may affect w@atir is not clear and further investigations

are needed, starting with validation of PEPB1 b®aarker of beef colour.
8. Conclusion and future perspectives

It is a challenging task to improve the beef colamd colour stability duringpost-mortem
storage and retail display. This integrative woekiewed the several biological pathways that are
involved in meat colour development, including eyemetabolism, heat shock proteins and
oxidative stress, myofibril structure, signallingproteolysis and apoptosis. The pathways
underpinning meat colour are similar to those vegently described for beef tenderness, but with
differences in the extent or impact of each pathvizmergy metabolism, particularly glycolytic and
associated mechanisms seem to be, as expectedafheand predominant pathway impacting beef
colour, and these pathways have previously beewrsho influence not only beef colour, but also
other quality traits such as tenderness, pH anédmetlding capacity. The use of metabolomics as
a novel tool has been proposed, to allow bettegetarg and identification of the potential
biomarkers of the different energy metabolism patysy which are related to colour enabling a
deeper understanding of the underlying mechanidgdestification of these biomarkers would
provide future opportunities fgare- and post-mortem interventions that could improve the visual
appearance and meat quality generated for the owrswhile addressing problematic meat colour
issues for cattle producers and meat processobalflo Furthermore, this comprehensive review
showed that by combining and comparing results mfimber of proteomic studies (integromics) a
high-throughput quantitative analysis of proteipmssion, modifications, and interactions can be

achieved.

Apart from the role of energy metabolism in deterimg meat colour, the novelty in this
research indicated that integromics can be usedldntify the important role of the proteins
associated with oxidative stress, cell redox anadtrection, and particularly their interactions, in
beef colour. The contractile and associated prestessociated with beef colour are proposed to
have their influence through the changes to mustcleture which would influence light scattering
from structural elements and the paleness of that merface. The oxidative/redox proteins are
proposed to have a role in the onset of oxidagiosi-mortem hence influencing beef colour, and

importantly, colour stability during storage anthrkedisplay.

Finally, the value of the information obtained Imstreview would serve as a one-stop-reference
by proposing a comprehensive list of biomarkerd theserve particular attention in regards to
muscle-to-meat conversion and the impact on bekfucoln the future, accurate quantification

techniques of proteins such as selected reactiamtonmg (SRM), multiple reaction monitoring
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(MRM) or sequential window acquisition of all thetical spectra (SWATH) could be used to

validate the shortlisted top 27 biomarkers revealgthis integrative work.
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Table 1. List of the 79 putative protein biomarkers by biologica family reported in the 13 proteomic-based
studies to be significantly correlated beef color traits."

Protein biomarker names (genes)

UniProt Accession

Meat color traits

Muscles Direction?

References

Chaperones & heat shock proteins

Lightness (L*)
Y ellowness (b*)

Gagaouaet a. 2017a
Gagaouaet a. 2017a

Chroma (C*) - Gagaouaet a. 2017a
Hsp20 (HSPB6) 014558 Lightness (L*) L - Gagaouaet al. 2017¢
Chroma (C*) - Gagaouaet al. 2017c
Redness (a*) + Gagaouaet a. 2018a
Chroma (C*) + Gagaouaet a. 2018a
Lightness (L*) L - Kim et al. 2008
Redness (a*) L - Kimet al. 2008
Redness (a*) L - Wu et d. 2016
Redness (a*) L - Gagaouaet a. 2017a
Redness (a*) L - Gagaouaet al. 2017c
Hep27 (HSPBI) 04792 Y ellowness (b*) L - Gagaouaet al. 2017c
R630/580 L + Joseph et d. 2012
Y ellowness (b*) L + Gagaouaet a. 2017b
Chroma (C*) L + Gagaouaet a. 2017b
Lightness (L*) RA + Gagaouaet a. 2017a
Lightness (L*) - Gagaouaet al. 2015
Redness (a*) - Gagaouaet a. 2017b
i *
oy GRS SR e S ot
Y ellowness (b*) + Gagaouaet al. 2015
Chroma (C*) + Gagaouaet al. 2015
Lightness (L*) - Gagaouaet a. 2017a
Lightness (L*) - Gagaouaet a. 2017b
Lightness (L*) - Gagaouaet al. 2017c
Y ellowness (b*) - Gagaouaet al. 2017c
Hsp40 (DNAJAL) P31689 Chroma (C*) L - Gagaouaet al. 2017c
Hue angle (h*) - Gagaouaet al. 2017c
Redness (a*) + Gagaouaet al. 2015
Y ellowness (b*) + Gagaouaet al. 2015
Chroma (C*) + Gagaouaet al. 2015
Redness (a*) ST Yueta.2017a
Hsp60 (HSPD1) P10809 Redness (a*) L + Wu et d. 2016
MRA L Wu et a. 2016
Redness (a*) PM - Wu et d. 2016
MRA PM - Wu et d. 2016
Lightness (L*) L - Gagaouaet al. 2015
Redness (a*) L - Gagaouaet al. 2015
Y ellowness (b*) L - Gagaouaet a. 2017b
Hsp70-8 (HSPA8) P11142 Lightness (L*) L - Gagaoua et a. 2017b
Redness (a*) L - Gagaouaet a. 2017b
Chroma (C*) L - Gagaouaet al. 2017c
Redness (a*) L + Gagaouaet al. 2017¢
Y ellowness (b*) L + Gagaouaet al. 2015
Chroma (C*) L + Gagaouaet al. 2015
Lightness (L*) L - Gagaouaet al. 2015
Redness (a*) RA - Gagaouaet a. 2017a
Y ellowness (b*) RA - Gagaouaet a. 2017a
Chroma (C*) RA - Gagaouaet a. 2017a
Heat shock-related 70 kDa protein 2 P54652 Redness (a*) L + Gagaouaet a. 2017b
Hsp72 (HSPA2) - Chroma (C*) L + Gagaouaet a. 2017b
Redness (a*) L + Gagaouaet al. 2015
Y ellowness (b*) L + Gagaouaet al. 2015
Chroma (C*) L + Gagaouaet al. 2015
Hue angle (h*) L + Gagaouaet a. 2017a




Table 1. Continued.

Lightness (L*) L - Gagaouaet al. 2015
Y ellowness (b*) L - Gagaouaet al. 2015
Y ellowness (b*) L - Gagaouaet a. 2017b
Stress-70 protein, mitochondrial also P38646 Y ellowness (b*) RA + Gagaouaet a. 2017a
Hsp70-Grp75 (HSPA9) - Redness (a*) L + Gagaouaet a. 2017a
Y ellowness (b*) L + Gagaouaet a. 2017a
Chroma (C*) L + Gagaouaet a. 2017a
Chroma (C*) L + Gagaouaet al. 2017c
Endoplasmic reticulum chaperone BiP MRA
(HSPAS) P11021 Redness (a%) PM - Wu et al. 2016
Stress-induced-phosphoprotein 1 (STIP1) P31948 R630/580 L + Joseph et al. 2012
Catalytic, metabolism & ATP metabolic process
A. Glycolysis and associated pathways
Redness (a*) ST - Wu et d. 2015
Redness (a*) L + Wu et d. 2016
Glycogen phosphorylase (PYGM) P11217 MRA L + Wu et d. 2016
Redness (a*) PM - Wu et d. 2016
MRA PM - Wu et al. 2016
Redness (a*) ST - Yueta.2017a
Redness (a*) L + Canto et al. 2015
R630/580 L + Canto et al. 2015
Lightness (L*) L + Gagaouaet a. 2017a
Hue angle (h*) L + Gagaouaet a. 2017a
Phosphoglucomutase 1 (PGM1) F36871 Y ellowness (b*) RA + Gagaouaet a. 2017a
Redness (a*) L - Gagaouaet al. 2017c
Hue angle (h*) L + Gagaouaet al. 2017c
Redness (a*) PM - Wu et d. 2016
MRA PM - Wu et a. 2016
Redness (a*) ST Wu et d. 2015
Fructose-bisphosphate aldolase A PO40T75 MRA ST i Wu et d. 2015
(ALDOA) - Redness (a*) L Wu et a. 2016
MRA SM Nair et a. 2016
Redness (a*) ST - Wu et d. 2015
MRA ST - Wu et a. 2015
Redness (a*) L - Wu et d. 2016
. . MRA L - Wu et a. 2016
Triosephosphate isomerase 1 (TPI1) P60174 Redness (a*) PM i Wu et a. 2016
MRA SM + Nair et a. 2016
R630/580 SM + Nair et a. 2016
Y ellowness (b*) L + Gagaouaet a. 2018a
Redness (a*) + Canto et al. 2015
Sg;;igigiéﬁgﬁ;ﬂe PO4406 R630/580 L + Canto et dl. 2015
Redness (a*) - Wu et d. 2016
Phosphoglycerate kinase 1 (PGK1) P0O0558 MRA L + Wu et d. 2016
Phosphoglycerate mutase 2 (PGAM2) P15259 '\R/IGR3€ /580 SM - Nair et a. 2016
Redness (a*) L + Joseph et al. 2012
Redness (a*) ST - Yuetal.2017a
MRA SM - Nair et al. 2016
R630/580 SM - Nair et al. 2016
Lightness (L*) L + Gagaoua et a. 2015
Y ellowness (b*) L - Gagaoua et a. 2015
Chroma (C*) L - Gagaoua, 2015
Enolase 3 (ENO3) P13929 Hue angle (h*) L + Gagaoua et d. 2017a
Chroma (C*) RA + Gagaoua et d. 2017a
Lightness (L*) L - Gagaoua et a. 2017b
Y ellowness (b*) L + Gagaoua et a. 2017c
MRA L + Wu et a. 2016
Redness (a*) PM + Wu et a. 2016
MRA PM + Wu et a. 2016
Redness (a*) PM - Wu et . 2016



Table 1. Continued.

Enolase 1 (ENOL1) P06733 Lightness (L*) L - Gagaouaet a. 2018a
Enolase 2 (ENO2) P09104 Redness (a*) ST - Yuetal. 2017
Redness (a*) ST - Wu et d. 2015
MRA ST - Wu et d. 2015
Redness (a*) L - Wu et d. 2016
. MRA L - Wu et d. 2016
Pyruvate kinase M 2 (PKM2) Fl4618 Redness (a*) PM - Wu et d. 2016
MRA PM - Wu et d. 2016
Redness (a*) L + Canto et al. 2015
R630/580 L + Canto et al. 2015
Redness (a*) ST + Wu et d. 2015
MRA ST + Wu et a. 2015
Lactate dehydrogenase (LDH) P0O0338 Lightness (L*) RA + Gagaouaet a. 2017a
Redness (a*) L + Gagaouaet a. 2017b
Lightness (L*) L - Gagaouaet al. 2017c
Redness (a*)
Pyruvate dehydrogenase (PDHA1) P08559 RE30/580 L + Joseph et al. 2012
Pyruvate defydrogenase protein X 000330 Redness (a*) PM + Wu et d. 2016
component (PDHX)
Glycerol-3-phosphate dehydrogenase Redness (a*)
P21 .
[NAD(+)] (GPD1) 695 MRA L + Wu et d. 2016
. Tricarboxylic acid cycle and associated pathways
MRA ST - Wu et a. 2015
MRA L - Wu et a. 2016
Redness (a*) L - Wu et a. 2016
Malate dehydrogenase 1 (MDH1) P40925 Redness (a*) L + Gagaoua et d. 2015
Chroma (C*¥) L + Gagaoua, 2015
Lightness (L*) L + Gagaoua et d. 2018a
Y ellowness (b*) L - Gagaoua et a. 2018a
f\Acgggte hydratase, mitochondria Q99798 Redness (a*) PM . Joseph et al. 2012
3-hydroxyisobutyrate dehydrogenase, Chroma (C*)
mitochondrial (HIBADH) Palsyy OCR L * Yangetdl. 2018
Glutamate dehydrogenase 1,
mitochondrial (GLUDZ) PO367 MRA L ; vangetal. 2018
Lightness (L*) RA -
Redness (a*) L +
Isocitrate dehydrogenase (IDH1) 075874 Chroma (C*) L + Gagaouaet a. 2017a
Redness (a*) RA +
Chroma (C*) RA -
Succinyl-CoA:3-ketoacid-coenzyme A
P * :
transferase (OXCT1) P55809 Redness (a*) ST + Yueta.2017a
. Redness (a*) ST Yueta.2017a
ﬁ;gj’ggzﬁ EQ?PZOF??'EX subunit B1, P24539 Redness (a*) L + Wu et al. 2016
MRA L Wu et d. 2016
NADH dehydrogenase [ubiquinoneg] 1 N
alpha subcomplex subunit 6 (NDUFAG) 56556 Redness (a) ST * Yueta. 20172
NADH dehydrogenase [ubiquinong] 1 N
subunit C2 (NDUFC2) E9PQ53 Redness (a*) ST + Yuetal.2017a
Cytochrome ¢ oxidase subunit NDUFA4 "
(NDUFAZ) 000483 Redness (a*) ST + Yuetal. 2017a
C. Other catalytic and ATP metabolic pathways grouping oxidoreductase, transferase, hydrolase, lyase & kinase
Redness (a*) L Joseph et al. 2012
L MRA SM Nair et a. 2016
Creatine kinase M type (CKM) P06732 R630/580 M ¥ Nair et al. 2016
MRA L Yang et a. 2018
Redness (a*) + Wu et d. 2016
. MRA + Wu et d. 2016
Retina dehydrogenase 1 (ALDH1A1) P00352 Redness () L N Gagaouaet . 2018a

Hue angle (h*) - Gagaouaet a. 2018a



Table 1. Continued.

Aldose reductase (ALDR1) P15121 Redness (a*) L + Joseph et al. 2012
*
Cytosol aminopeptidase 3 (LAP3) P28338 I\R/lesz% (@) ST + Wu et d. 2015
*
Adenylate kinase isoenzyme 1 (AK1) PO0568 I\RﬂesX% @) L + Wu et d. 2016
Protein-L-isoaspartate O- .
methyltransferase (PCMT1) P22061 Redness (a*) ST Yueta.2017a
Flavin reductase (NADPH) (BLVRB) P30043 Redness (a*) ST + Yueta.2017a
Redness (a*) Wu et d. 2016
Mitochondrial peptide methionine MRA Wu et d. 2016
sulfoxide reductase (MSRA) 9UJ68 R630/580 L " Joseph et al. 2012
MRA Joseph et al. 2012
Redness (a*) L +
Adenosylhomocysteinase (AHCY) P23526 MRA L * Wu et d. 2016
4 4 - Redness (a*) PM - '
MRA PM -
*
L actoylglutathione lyase (GLO1) 004760 sle:g&‘s (@) L + Wu et al. 2016
Oxidative stress & cell redox homeostasis
Redness (a*) ST Wu et d. 2015
MRA ST Wu et a. 2015
DJ1 (PARK?) Q99497 Redness (a*) L - Gagaouaet a. 2017b
Chroma (C*) L Gagaouaet a. 2017b
Redness (a*) L Yang et a. 2018
Glutathione peroxidase 1 (GPX1) PO7203 Redness (a*) ST - Yuetal. 2017a
*
Glutathione S-transferase P (GSTP1) P09211 I\RﬂegX% (@) PM - Wu et d. 2016
*
Peroxiredoxin 1 (PRDX1) 06830 sle:g&‘s (@) L + Wu et dl. 2016
R630/580 L + Joseph et al. 2012
Redness (a*) L + Wu et d. 2016
MRA L + Wu et al. 2016
Peroxiredoxin 2 (PRDX2) P32119 Chroma (C*) L + Yang et a. 2018
OCR L + Yang et a. 2018
Redness (a*) PM - Wu et d. 2016
MRA PM - Wu et al. 2016
. . . Redness (a*) L + Yang et a. 2018
:er;j;?:;x('ggggdem peroxide P30048 MRA L 4 Yang et d. 2018
MRA PM - Wu et al. 2016
Redness (a*) ST - Wu et d. 2015
MRA ST - Wu et d. 2015
Redness (a*) L + Gagaouaet a. 2015
Y ellowness (b*) RA + Gagaouaet a. 2017a
Hue angle (h*) RA + Gagaouaet a. 2017a
Redness (a*) RA + Gagaouaet a. 2017a
Y ellowness (b*) L - Gagaouaet a. 2017b
. . Chroma (C*) L - Gagaouaet a. 2017b
Peroxiredoxin & (PRDX6) 30041 Lightness (L*) L - Gagaouaet al. 2017b
OCR L + Yang et a. 2018
Redness (a*) L + Yang et a. 2018
Chroma (C*) L + Yang et a. 2018
Redness (a*) L + Gagaouaet al. 2017c
Chroma (C*) L + Gagaouaet al. 2017c
Hue angle (h*) L - Gagaouaet al. 2017c
MRA PM - Wu et d. 2016




Table 1. Continued.

Redness (a*) L - Gagaouaet al. 2015
Y ellowness (b*) L - Gagaouaet a. 2017b
Redness (a*) L + Gagaouaet a. 2018a
. . Y ellowness (b*) L + Gagaouaet a. 2018a
Superoxide Dismutase (SOD1) Poodat Chroma (C*) L + Gagaouaet a. 2018a
Redness (a*) L - Gagaouaet al. 2017c
Redness (a*) PM + Wu et d. 2016
MRA PM + Wu et al. 2016
Protein disulfide-isomerase (P4HB) PO7237 Redness (a*) PM - Wu et d. 2016
Contractile & associated proteins
Redness (a*) Canto et al. 2015
- } Y ellowness (b*) Gagaouaet a. 2017b
Myosinlight chain 1 (MLC1) Q15049 Y ellowness (b*) L " Gagaouaet al. 2017c
Chroma (C*) Gagaouaet al. 2017c
*
Myosin regulatory light chain 2, (MYL2) P10916 Ezgggéa ) L + Canto et al. 2015
Redness (a*) ST - Yueta.2017a
Lightness (L*) L - Gagaouaet al. 2015
Y ellowness (b*) L + Gagaouaet al. 2015
Myosin-7 (MYH7) P12883 Chroma (C*) L + Gagaouaet al. 2015
Lightness (L*) RA - Gagaouaet a. 2017a
Y ellowness (b*) L + Gagaouaet a. 2017a
Lightness (L*) L - Gagaouaet a. 2017b
Lightness (L*) L + Gagaoua et a. 2015
Hue angle (h*) RA - Gagaoua et a. 2017a
Chroma (C*) L - Gagaoua et a. 2017a
Chroma (C*¥) RA + Gagaoua et d. 2017a
Lightness (L*) L Gagaoua et a. 2017b
Myosin-2 (MYH2) QUK X2 Y ellowness (b*) L - Gagaoua et a. 2017b
Chroma (C*) L - Gagaoua et a. 2017b
Redness (a*) L + Gagaoua et a. 2017c
Y ellowness (b*) L + Gagaoua et a. 2017c
Chroma (C*¥) L + Gagaoua et a. 2017¢c
Hue angle (h*) L - Gagaoua et a. 2017¢c
Lightness (L*) RA + Gagaouaet a. 2017a
Y ellowness (b*) L + Gagaouaet a. 2017b
. Chroma (C*) L + Gagaouaet a. 2017b
Myosin-1 (MYH1) P12882 Redness (a*) L - Gagaoua et al. 2018a
Y ellowness (b*) L - Gagaouaet a. 2018a
Chroma (C*) L - Gagaouaet a. 2018a
F-actin-capping protein subunit beta PATTSE Redness (a*) L i Gagaouaet al. 2017b
(CAPZB) - Chroma (C*) Gagaouaet a. 2017b
Lightness (L*) L - Gagaouaet al. 2015
Lightness (L*) RA - Gagaouaet a. 2017a
Hue angle (h*) RA + Gagaouaet a. 2017a
. Lightness (L*) L - Gagaouaet a. 2018a
Actin, alpha skeletal muscle (ACTA1) P68133 Redness (a*) L i Gagaouact dl. 2018a
Y ellowness (b*) L - Gagaouaet a. 2018a
Chroma (C*) L - Gagaouaet a. 2018a
Hue angle (h*) L - Gagaouaet a. 2018a
Alpha-actinin-3 (ACTN3) QOl119 Y ellowness (b*) L - Gagaouaet a. 2018a
Lightness (L*) -
* +
Titin (TTN) BWZ42 szﬂgﬁg‘s zb*) L i Gagaouaet a. 2018a
Chroma (C*) +
Lightness (L*) L + Gagaouaet al. 2015
Y ellowness (b*) L - Gagaouaet al. 2015
N . Chroma (C*) L - Gagaouaet al. 2015
Myosin binding protein-H (MYBPH) Q13203 Hue angle (h*) L i Gageouaet . 2017a
Lightness (L*) RA - Gagaouaet a. 2017a
Hue angle (h*) L - Gagaouaet al. 2017c



Table 1. Continued.

Proteolysis & associated proteins

Lightness (L*) L - Gagaouaet al. 2015
Y ellowness (b*) L + Gagaouaet al. 2015
Chroma (C*) L + Gagaouaet al. 2015
Redness (a*) RA + Gagaouaet a. 2017a
} . ) Chroma (C* RA + Gagaouaet a. 2017a
Calpain-1 catalytic subunit (CAPN1) Po7384 Yell own;s zb*) L + ngaoua eta.2017b
Y ellowness (b*) L - Gagaouaet a. 2018a
Hue angle (h*) L - Gagaouaet a. 2018a
Lightness (L*) L + Gagaouaet al. 2017c
Chroma (C*) L + Gagaouaet al. 2017¢
Calpain-2 catalytic subunit (CAPN2) P17655 Ic_:lrirc]:;?(sc(k) ) L + Gagaouaet a. 2017¢
Proteasome subunit beta type-2 (PSMB2) P49721 Redness (a*) ST - Yueta.2017a
Binding, cofactor & transport proteins, signaling or apoptosis
Redness (a*) ST Wu et d. 2015
: MRA ST Wu et a. 2015
Serum albumin (ALB) Poz768 Redness (a*) PM ; Wu et dl. 2016
MRA PM Wu et d. 2016
Hemogl obin subunit beta (HBB) P68871 Redness (a*) ST + Yueta.2017a
Tripartite motif-containing protein 72 67MUS Lightness (L¥) L i Gagaouaet . 2018a
(TRIM72) QBZMUS
Lightness (L*) -
Four and ahaf LIM domains 1 (FHL1) 13642 Redness (a*) L + Gagaouaet a. 2018a
Chroma (C*) +
Redness (a*) L -
. MRA L -
Myoglobin (MB) P02144 Redness (a*) PM N Wu et al. 2016
MRA PM +
Fibrinogen beta chain (FGB) P02675 Redness (a*) ST + Yuetal.2017a
Redness (a*) L - Canto et al. 2015
Phosphatidyl ethanol amine-binding P30086 R630/580 L Canto et al. 2015
protein 1 (PEBP1) - U Redness (a*) L + Wu et d. 2016
MRA SM - Nair et a. 2016
. MRA ST Wu et d. 2015
Annexin AS (ANXAS) 08758 Redness (a*) PM ; Wu et d. 2016
Lightness (L*) Gagaouaet a. 2017b
Cellular tumor antigen p53 (TP53) P04637 Hue angle (h*) L + Gagaouaet a. 2017b
Y ellowness (b*) Gagaouaet al. 2017c
Polyubiquitin-B (UBB) POCGA7 sle:z&‘s @) L + Wu et d. 2016
k
Histone H2AX (H2AFX) P16104 Eﬂe':’n";?éf) ) L + Gagaouaet a. 2017c
Fatty acid-binding protein (FABP3) P05413 MRA L + Wu et d. 2016

! Papers that reported protein abundances only or comparisons between ageing times of meat and effect on
meat color (9 studies) were not included in thislist, but those proteins were cited in the manuscript.

? (+) positively related; (-) negatively related.

Abbreviations: L: Longissimus muscle (the term Longissimus signifies in this review m. longissimus dorsi,
m. longissimus lumborum and m. longissimus thoracis); RA: Rectus abdominis; ST: Semitendinosus, SM:
Semimembranosus, PM: Psoas major; MRA: Metmyoglobin reducing activity; OCR: Oxygen consumption

rate; R630/580: a reflectance ratio indicating the oxymyoglobin to metmyoglobin levels.



Figure captions

Figure 1. Venn diagram summarizing the distribution of tH& putative markers among the 5
muscles: L: Longissmus muscle RA: Rectus abdominis; ST: Semitendinosus, SM:
Semimembranosus and PM: Psoas major. The total number of proteins for each muscleivemgin
white circles near each muscle abbreviation narhe. flumber of proteins specific to muscle or
common among muscle is given in black bold typerattars. The corresponding gene names of
the proteins are given for each situation and dieffails of the proteins and their UniprotiDs are

given inTable 1.

Figure 2. Venn diagrams summarizird) 73 proteins from the 79 putative markers across al
breed/animal types and musclead B) 54 proteins from 59 putative markers lodngissimus
muscle identified to be correlated withf, a*, b* beef colour coordinates. For the full protein
names and UniprotIDs refer i@ble 1. The total number of proteins for each colour domate is
given in white circles near each colour paramdtbe numbers of proteins specific to each colour
trait or common among the colour traits are giverblack bold type characters. Only 6 proteins
(STIP1, PGAM2, PGK1, HIBADH, GLUD1 and FABP3) wartet yet identified to be correlated to
L*a*b* colour coordinates in the whole metadata. Thergi@®d red proteins in bold character
represent positive and negative relationships ifledtirrespective of the identified factors from a
minimum of two studiesTable 1 andFigure S3). The common proteins to the three colour traits i

A and B are given at the right of the Venn diagrams

Figure 3. STRING functional interaction network&) Protein-protein network linking the proteins
(n = 79) identified by proteomic studies to be tatato beef colour traits from the five muscles
(Table 1). The interaction map was generated from a webdagarch of the STRING database

(http://string-db.org/). Default settings of corditte of 0.5 and 4 criteria for linkage: Co-

occurrence, experimental evidences, existing dagband text mining were used. The secreted

proteins (n = 8) as revealed by ProteINSIDE tottp{hwww.proteinside.org/) are shown by ovals

in black (n = 3, proteins secreted by classicahyays) and red (n = 5, proteins secreted by non-
classical pathways) for each protef).Protein-protein network linking thHeongissimus proteins (n
= 59) identified by proteomic studies to be relatedoeef colour traitsT@able 1). The secreted

proteins (n = 4) as revealed by ProteINSIDE tottp{hwww.proteinside.org/) are shown by ovals

red (proteins secreted by non-classical pathways¢dch protein. Considering the limitation of the
GO annotation of genes in bovine, we convertedr thémiprotIDs to orthologous human
EntrezGene IDs using BioMart_(http://www.ensemigl/biromart/). Colour code symbols and

description of the 79 proteins identified in STRIM&abase are given irable S3.



Figure 4. Simplified metabolic role and localisation of tB& proteins belonging to catalytic,
metabolism & ATP metabolic process that is thedatgathway of putative biomarkers identified
in this integromics study. The proteins were catisgd into three main sub-pathways that Aje
Glycolysis and associated pathways (surroundeckipoin blue): PYGM, PGM1, ALDOA, TPI1,
GAPDH, PGK1, PGAM2, ENO1, ENO2, ENO3, PKM2, LDH, RB1, PDHX, GPD1 (n = 15);
B) Tricarboxylic acid cycle and associated pathwaysrounded proteins in green): MDH1, ACO2,
HIBADH, GLUD1, IDH1, OXCT1, ATP5F1, NDUFAG6, NDUFC2NDUFA4 (n = 10); andC)
Other catalytic and ATP metabolic pathways groupmrgloreductase, transferase, hydrolase, lyase
& kinase (surrounded proteins in orange): CKM, ALDX, ALDR1, LAP3, AK1, PCMT1,
BLVRB, MSRA, AHCY, GLO1 (n = 10). For the full prein names and UniprotIDs refer T@ble

1

Figure 5. A summary by biological family and muscle or byEciolour coordinate of the direction
of the correlations between the putative marketb laaef colour traitsA) Correlations by muscle
within the 79 proteins whatever the colour tr&). Correlations by colour coordinaté*@*b*)
within the 54 proteins of.ongissmus muscle alone (the muscle that have the high nurober
proteins and considered as a reference in thatites). The negative correlations are highlighted i
red, the positive in blue and those that are ba&fative and positive are highlighted in yellow
colour. For more details of these latter corretaigboth positive and negative) referTiable 1.
The 3 sub-pathways of the “catalytic, metabolismA&P metabolic process” are separated by
roman numerald;: Glycolysis and associated pathwalls; Tricarboxylic acid cycle and associated
pathways;l11: Other catalytic and ATP metabolic pathways grogpiidoreductase, transferase,

hydrolase, lyase & kinase.
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Highlights

Proteomicsis arapidly growing area of muscle foods characterization

Biomarkers of beef colour are reviewed and categorized into 6 biological pathways
79 putative biomarkers of beef colour were identified from 5 different muscles

27 putative biomarkers of beef colour were proposed for validation

B-enloase (ENO3) is a generic biomarker irrespective of muscle type and colour trait



