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Abstract 

 Color of retail fresh beef is the most important quality influencing the consumers’ 

purchase decisions at the point of sale. Discolored fresh beef cuts are either discarded or 

converted to low-value products, before the microbial quality is compromised, resulting in huge 

economic loss to meat industry. The interinfluential interactions between myoglobin, small 

biomolecules, proteome, and cellular components in postmortem skeletal muscles govern the 

color stability of fresh beef. This review examines the novel applications of high-throughput 

tools in mass spectrometry and proteomics to elucidate the fundamental basis of these 

interactions and to explain the underpinning mechanisms of fresh beef color. Advanced 

proteomic research indicates that a multitude of factors endogenous to skeletal muscles critically 

influence the biochemistry of myoglobin and color stability in fresh beef. Additionally, this 

review highlights the potential of proteome components and myoglobin modifications as novel 

biomarkers for fresh beef color. 

 

Significance: 

Color of retail fresh beef is the most important quality influencing the consumers’ 

purchase decisions at the point of sale. Discolored fresh beef cuts are either discarded or 

converted to low-value products, before the microbial quality is compromised, resulting in huge 

economic loss to meat industry. The interinfluential interactions between myoglobin, small 

biomolecules, proteome, and cellular components in postmortem skeletal muscles govern the 

color stability of fresh beef. High-throughput tools in mass spectrometry and proteomics are 

exploited to elucidate the fundamental basis of these interactions and to explain the 
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underpinning mechanisms of fresh beef color. Advanced proteomic research also highlights the 

potential of proteome components and myoglobin modifications as novel biomarkers for fresh 

beef color. The novel findings from proteomic studies would help engineering innovative 

strategies to improve fresh beef color, minimize food waste, and maximize the economic 

competitiveness of global meat industry. 

 

Keywords: beef color; mitochondrial proteome; myoglobin; post-translational modifications; 

proteome biomarkers; sarcoplasmic proteome  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



4 

 

1. Introduction 

 Color of retail fresh meat is the most important quality trait influencing the consumers’ 

purchasing decisions at the point of sale [1, 2]. Fresh red meats inevitably undergo discoloration 

during refrigerated retail display and storage. Consumers often consider discolored meats as 

unwholesome, leading to rejection and condemnation of otherwise safe and nutritious food 

products [2]. Discolored red meats are often discarded or converted to low-value products 

causing huge economic loss to meat industry. Approximately 2.5% of retail fresh beef in the US 

is discarded due to discoloration leading to annual revenue loss of USD 3.73 billion to the beef 

industry [3]. In addition to the revenue loss and food waste, this leads to wastage of valuable 

resources (land, water, feed, labor, and energy) used to raise cattle and thus negatively affects 

environment. 

A multitude of exogenous and endogenous factors in the production, processing, and 

retailing value chain influence the color and color stability of fresh red meats [4, 5, 6]. The 

reciprocal and interinfluential interactions of myoglobin with cellular components and small 

biomolecules in the muscle food matrix govern the color and appearance of fresh meats [7, 8, 9, 

10, 11, 12, 13, 14, 15, 16, 17, 18]. Additionally, ultrastructure and biophysical properties of 

muscle contribute to meat color [19, 20].  

Numerous qualitative and quantitative methods (biochemical, chemical, physical, and 

optical) are applied to evaluate color and changes in color of meat and meat products [21]. In this 

perspective, the biochemical mechanisms governing the interactions of myoglobin with small 

biomolecules, sarcoplasmic proteome, and mitochondria in fresh beef were extensively studied 

in the last two decades employing cutting-edge analytical tools in proteomics and mass 

spectrometry. Integration of data-driven proteomic approach and traditional meat color 
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evaluation strategies has provided valuable means to explain fundamental bases of color 

phenomena in fresh meats [2, 18, 22, 23, 24]. Furthermore, the abundance (increased or 

decreased) of various proteome components can be correlated with meat quality traits through 

metabolic pathways, thus allowing the innovative use of these proteins as biomarkers for meat 

color [25, 26, 27]. This review will focus on the applications of mass spectrometry and 

proteomics to explain the emerging roles of myoglobin modifications, sarcoplasmic proteome, 

and mitochondria in fresh beef color stability. 

 

2. Myoglobin modifications and beef discoloration 

 The role of lipid oxidation in off-flavor and rancidity development in meat has been 

known for more than a century, whereas its role in fresh meat discoloration is relatively new. 

Oxidation of muscle lipids generate reactive products such as aldehydes and ketones resulting in 

rancidity in fresh meats. The biological mechanisms preventing oxidative damage of 

macromolecules cease at the harvest of food animals, whereas the oxidative reactions continue in 

the complex matrix of postmortem skeletal muscle [17]. The oxidation of lipids and myoglobin 

in muscle foods are interinfluential [13, 14, 28], and the oxidation of one promotes the other 

leading to deterioration of both flavor as well as color quality [12]. 

 

The advances in proteomics and mass spectrometry have characterized the mechanistic 

interactions between reactive lipid oxidation products and myoglobin leading to fresh meat 

discoloration. Research using model systems documented that the covalent modifications of 

histidine residues in myoglobins of beef [29, 30, 31, 32, 33, 34], horse [32, 35], and pork [30, 31, 

36] by reactive aldehydes are responsible for lipid oxidation-induced meat discoloration. These 
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studies concluded that the adduction of reactive aldehydes at the proximal (i.e., position 93) and 

distal (i.e., position 64) histidines, which are critical to myoglobin functionality [14], 

compromises the heme protein’s redox stability and accelerates the formation of brown 

metmyoglobin. 

 

From a practical perspective, dietary antioxidants, such as vitamin E, have been exploited 

in animal production to prevent lipid oxidation and concomitant discoloration in fresh red meats 

[37]. As a free radical scavenger, lipid-soluble vitamin E inhibits oxidation of polyunsaturated 

fatty acids in cell membranes [38], and the increased tissue levels of vitamin E have been 

reported to minimize oxidation of membrane lipids and myoglobin. Numerous studies have 

documented increased color and lipid stability of fresh beef from cattle fed a supranutritional 

level of vitamin E in finishing diet [39, 40, 41, 42, 43, 44]. In contrast, a color stabilizing effect 

was not evident in vitamin E-supplemented pork, although lipid oxidation was minimized [45, 

46, 47]. Pork generally has a greater proportion of unsaturated fatty acids than beef. Pork lipids, 

being more unsaturated, could undergo lipid oxidation more readily than beef lipids. This, in 

turn, could result in a decline in color stability in pork, which could be prevented by dietary 

vitamin E. The findings that vitamin E supplementation improved beef color stability [39, 40, 41, 

42, 43, 44], but had no impact on pork color [45, 46, 47] indicated that the susceptibility of beef 

and pork myoglobins to lipid oxidation is different. 

 

The species-specific effect of vitamin E on beef and pork color has been extensively 

studied using proteomic tools [30, 31] in model systems containing 4-hydroxynonenal (a reactive 

aldehyde product of lipid oxidation) and myoglobin. Suman et al. [30] examined the fundamental 
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basis of previously reported differences in pork and beef color stability in the presence of lipid 

oxidation products and observed that at meat storage conditions (pH 5.6 and 4°C), beef 

myoglobin is more susceptible to aldehyde adduction than its pork counterpart. Tandem mass 

spectrometric analyses indicated that while beef myoglobin formed both mono- and di-adducts 

with 4-hydroxynonenal after 3 days incubation at meat storage conditions, pork myoglobin 

formed only mono-adducts with 4-hydroxynonenal. Furthermore, while four histidines were 

adducted in beef myoglobin by 4-hydroxynonenal, only two histidine residues in pork myoglobin 

were adducted. Beef myoglobin was susceptible to nucleophilic attack by reactive lipid oxidation 

products at a greater degree than pork myoglobin. These findings suggested that the primary 

structure of beef myoglobin increases its susceptibility to reactive lipid oxidation products. 

Additional investigations [31] characterized the kinetics of 4-hydroxynonenal adduction in beef 

and pork myoglobins through quantitative proteomic techniques. The myoglobin peptides 

adducted by 4-hydroxynonenal were isotope-labelled and quantified, and mass spectrometric 

data indicated that while histidines 88 and 81 in beef myoglobin (in close vicinity to the heme 

pocket) were readily adducted by 4-hydroxynonenal, histidine 36 in pork myoglobin was the 

most reactive to the aldehyde. These findings suggested that preferential adduction of lipid 

oxidation products to histidines 88 and 81 in beef myoglobin can change the three-dimensional 

structure and conformation of the heme protein, making the heme accessible to the prooxidants 

and thereby leading to discoloration in fresh meats. Noticeably, these proteomics investigations 

[30, 31] demonstrated that lipid oxidation is more critical to color stability in fresh beef than in 

fresh pork and also explained why dietary vitamin E did not improve fresh pork color stability. A 

side-by-side comparison of 4-hydroxynonenal adduction sites identified in myoglobins from 

various meat species (Figure 1) indicated that at meat storage conditions (pH 5.6 and 4°C) beef 
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myoglobin is more susceptible to lipid oxidation products than the myoglobins from pig, horse, 

chicken, ostrich, and emu [29, 30, 31, 34, 48, 49, 50].  

From a different perspective, mass spectrometric studies [51] reported that the adduction 

of 4-hydroxynonenal to lactate dehydrogenase inactivates this enzyme and can compromise 

metmyoglobin reduction, which in turn increases fresh beef discoloration. Subsequent 

investigations [52] demonstrated that pre-incubation of beef myoglobin with 4-hydroxynonenal 

resulted in covalent modifications of the heme protein and decreased non-enzymatic 

metmyoglobin reduction at meat storage pH (pH 5.6) and physiological pH (pH 7.4). 

Additionally, these results demonstrated that the covalent binding of 4-hydroxynonenal with 

myoglobin decreased the ability of heme to accept electrons and undergo reduction. Together, 

these studies indicated that the exposure to lipid oxidation products compromises metmyoglobin 

reduction systems in postmortem muscles and thus accelerate beef discoloration. 

 

Canto et al. [53] identified multiple protein spots with similar molecular weight and 

different isoelectric pH in two-dimensional electrophoresis gels as beef myoglobin, suggesting 

the possibility of post-translational modifications in myoglobin during post-mortem aging. Post-

translational modifications (such as phosphorylation, methylation, carboxymethylation, 

acetylation, and alkylation) influence structure and function of proteins in biological systems 

[54]. While previous investigations on myoglobin modifications focused on covalent 

modifications induced by lipid oxidation products in in-vitro model systems, Wang et al. [55] 

examined in-situ post-translational modifications in myoglobin and their impact on color 

stability of beef longissimus lumborum muscles during post-mortem aging, employing two-

dimensional electrophoresis and tandem mass spectrometry. Multiple post-translational 
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modifications (phosphorylation, methylation, carboxymethylation, acetylation, and 4-

hydroxynonenal alkylation) were detected in beef myoglobin. The amino acids susceptible to 

phosphorylation were serine, threonine, and tyrosine, whereas other post-translational 

modifications were detected in lysine, arginine, and histidine residues. Additionally, distal 

histidine (position 64), critical to heme stability, was found to be alkylated. Overall, post-

translational modifications in myoglobin increased with aging with a concomitant decrease in 

surface redness of steaks. The aging-induced post-translational modifications, especially those 

occurring close to hydrophobic heme pocket, could disrupt tertiary structure of myoglobin and 

compromise color stability of fresh beef. Additional studies [56] examined the effect of dietary 

supplementation of vitamin E on myoglobin post-translational modifications in beef longissimus 

lumborum. Mass spectrometric data identified differential occurrence of post-translational 

modifications (such as acetylation, methylation, dimethylation, and trimethylation) in myoglobin 

from vitamin E-supplemented and control cattle. Moreover, a lower number of amino acids were 

modified in myoglobin from vitamin E-supplemented animals than in the myoglobin from 

control animals suggesting that vitamin E supplementation decreased post-translational 

modifications in beef myoglobin, thereby improving myoglobin redox stability and beef color 

stability. The aforementioned studies [55, 56] highlighted the usefulness of myoglobin post-

translational modifications as novel biomarkers for fresh beef color stability.  

 

3. Sarcoplasmic proteome influences fresh beef color stability 

Sarcoplasmic proteome comprises soluble proteins and enzymes interacting with 

myoglobin in muscle food matrix and represents about 30% of the total proteins in skeletal 

muscles. Due to their ability to interact directly with myoglobin, sarcoplasmic proteins play an 
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important role in color stability of fresh meats [57]. Last two decades witnessed extensive studies 

employing cutting-edge tools in proteomics to characterize the roles of sarcoplasmic proteome 

components in variations in fresh beef color stability due to muscle source, aging, and diet. 

These studies established a sound foundation for engineering novel (pre- and post-harvest) 

strategies for improving fresh beef color stability.  

 

3.1. Muscle-specific beef color stability 

Individual muscles in food animals have specific anatomical locations as well as 

physiological functions, leading to differences in biochemistry, structure, and metabolism. As a 

result, beef muscles demonstrate significant variations in post-mortem biochemistry and color 

stability. Myoglobin oxidation and surface discoloration in beef cuts are muscle-specific. Based 

on color stability and biochemical attributes, muscles in a beef carcass are categorized as color-

stable and color-labile [58, 59]. Extensive studies have documented intermuscular [60, 61, 62, 

63, 64, 65, 66, 67, 68, 69] and intramuscular [70, 71] variations in beef color stability. 

 

3.1.2. Intermuscular variations 

Joseph et al. [72] examined the differential abundance of sarcoplasmic proteome in beef 

longissimus lumborum (a color-stable muscle) and psoas major (a color-labile muscle) to explain 

how proteome components influence muscle-specific beef color stability. Sixteen differentially 

abundant proteins were identified in longissimus lumborum and psoas major, including 

glycolytic enzymes, antioxidant proteins and chaperones. The proteins demonstrating positive 

correlation with redness (aldose reductase, creatine kinase, and β-enolase) and color stability 

(peroxiredoxin-2, peptide methionine sulfoxide reductase, and heat shock protein-27 kDa) were 
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overabundant in longissimus lumborum compared to psoas major. The increased levels of 

glycolytic enzymes can regenerate reducing equivalents (NADH), which in turn can improve 

myoglobin redox stability and color stability in beef longissimus lumborum. The results also 

suggested that the overabundance of sarcoplasmic proteins functioning as antioxidants, to inhibit 

lipid and myoglobin oxidation, can be attributed to the greater color stability in longissimus 

lumborum than in psoas major. Similar results were reported in longissimus lumborum and psoas 

major from Holstein cattle [73], in which an overabundance of proteins with antioxidant, 

protection, and repair functions in longissimus lumborum contributed to its increased color 

stability, while the overabundance of proteins involved in tricarboxylic acid cycle and 

mitochondrial electron transport chain in psoas major led to a low color stability. 

 

Clerens et al. [74] compared the proteomic and peptidomic profiles of four beef muscles 

(semitendinosus, longissimus thoracis et lumborum, psoas major, and infraspinatus) exhibiting 

differences in color stability and documented that 24 protein spots were different among the 

muscles. The differentially abundant proteins included myoglobin, hemoglobin, glycolytic 

enzymes, contractile proteins, and serum albumin. These findings on muscle-specific proteome 

profile agreed with the previous reports and reiterated the critical role of muscle proteome on 

beef color. 

 

Wu et al. [75] examined the changes in the muscle-specific changes in the sarcoplasmic 

proteome during the aging of beef longissimus lumborum and psoas major from Chinese Luxi 

cattle. Muscle-specific changes were observed in color stability, with longissimus lumborum 

being more color stable than psoas major, along with proteome during aging. Several enzymes 
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associated with glycolysis were more in longissimus lumborum than in psoas major during aging 

and have contributed to the greater color stability of longissimus lumborum. 

 

The relationship between proteome biomarkers and color traits in the longissimus 

thoracis and rectus abdominis muscles from the Protected Designation of Origin Maine-Anjou 

beef cattle has been examined [76]. While several biomarkers (metabolism enzymes, heat shock 

proteins, antioxidant proteins, and structural proteins) and color traits were correlated, a muscle-

dependent relationship was evident with more proteins related to the color parameters in rectus 

abdominis than in longissimus thoracis muscle. In agreement with previous findings, heat shock 

proteins were strongly associated with color traits in both muscles. The association of metabolic 

enzymes, heat shock proteins, antioxidant proteins, and myofibrillar proteins with color traits 

highlighted the importance of biological pathways in beef color stability. 

 

The proteome profiles of longissimus thoracis from forty-three Charolais bulls were 

examined to explore biological mechanisms governing beef color [78]. Variations in color 

existed among the carcasses, and numerous proteins correlated with color attributes (lightness, 

redness, yellowness, chroma, and hue). Of specific, the proteins positively correlated to redness 

included aldehyde dehydrogenase, heat shock protein, superoxide dismutase, and Four and a half 

LIM domains 1. Among the 16 proteins correlated to color, Four and a half LIM domains 1 and 

tripartite motif-containing 72 were for the first time associated with beef color. 

 

Nair et al. [78] examined the changes in the sarcoplasmic proteome of beef muscles with 

differential color stability (longissimus lumborum, psoas major, and semitendinosus) during 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



13 

 

postmortem aging for 21 days. Color attributes and sarcoplasmic proteome profile were 

influenced by muscle source and aging. Proteomic profiling identified 135 protein spots 

differentially abundant between the muscles and aging time suggesting muscle-specific changes 

during aging. Of these spots, 49 protein spots were differentially abundant with aging, whereas 

86 spots were differentially abundant in three muscles. Interestingly, multiple protein spots were 

identified as the same protein in suggesting possible post-translational modifications. The 

network of protein-protein interactions (Figure 2) generated using the STRING database [79] 

using the differentially abundant proteins in beef psoas major, longissimus lumborum, and 

semitendinosus [72, 78] at different postmortem aging periods highlighted the critical roles of 

glycolytic and metabolic enzymes as well as antioxidant proteins in muscle-specific variations in 

beef color. 

 

3.1.2. Intramuscular variations 

 Beef semimembranosus is a large round muscle exhibiting intramuscular variations in 

color (i.e., two-toned color). Based on the visual appearance/color and the location within the 

carcass, this sizeable beef muscle can be separated to inside and outside regions [70, 71]. The 

outside region of semimembranosus is darker and color-stable, whereas the inside region is 

lighter and color-labile [70]. Due to its internal location within the beef carcass, the inside 

portion of semimembranosus chills at a slower rate than its outside counterpart, leading to 

variations in temperature and pH within the same muscle [70]. The differential rates of 

temperature fall and pH decline during postmortem chilling could compromise metmyoglobin 

reducing mechanisms leading to the intramuscular variations in color stability of beef 

semimembranosus [71]. 
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Proteomic tools have been utilized to examine the fundamental basis of intramuscular 

variations in color stability of beef semimembranosus at 48 h postmortem [80] and after aging 

for 21 days [81]. The investigations by Nair et al. [80] documented an increased abundance of 

glycolytic enzymes (fructose-bisphosphate aldolase A,  phosphoglycerate mutase 2, and beta-

enolase) in the sarcoplasmic proteome of inside semimembranosus region (48 h postmortem), 

which could contribute to a rapid pH drop during early postmortem when the carcass temperature 

is still high. A high temperature-low pH combination in early postmortem skeletal muscles 

denatures muscle proteins resulting in a pale, soft, and exudative-like condition in beef [82, 83]. 

Additional proteomic investigations [81] on wet-aged beef semimembranosus observed that 

multiple proteins involved in glycolysis and energy metabolism (triosephosphate isomerase, β-

enolase, and creatine kinase M-type) were more abundant in outside region than in inside region 

after 21 days. The impact of aging on sarcoplasmic proteome was greater extent in outside region 

than in inside region of beef semimembranosus. The network of interactions (Figure 3), 

generated using the STRING database [79], of 9 differentially abundant proteins in outside and 

inside regions of beef semimembranosus [80, 81] emphasized the critical roles of glycolytic and 

metabolic enzymes in intramuscular variations in beef color stability.  

 

 

3.2. Aging- and storage- induced changes in sarcoplasmic proteome 

The influence of cattle genetics and postmortem aging time on the changes in 

sarcoplasmic proteome and meat quality was studied in the longissimus muscles from 

Romagnola × Podolian, Podolian, and Friesian bulls [84]. While beef from Podolian cattle was 
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the darkest and the reddest, Friesian beef was the lightest and had the least redness. The 

proteomic data indicated that sarcoplasmic proteome underwent changes during aging and the 

aging-induced changes in proteome were influenced by breed. These findings suggested the 

potential of sarcoplasmic proteome components as biomarkers for breed-specific beef color 

stability. 

 

While previous proteomic studies were focused on muscles on or after 24 h postmortem, 

Gagaoua et al. [85] evaluated the relationships between protein biomarkers and color 

development in early post-mortem (i.e., < 24 h) longissimus thoracis muscle of Young Blond 

d’Aquitaine Bulls. Principal component analysis and regression analysis revealed that color 

attributes at 24 h postmortem were correlated with protein biomarkers, which were involved in 

apoptosis, antioxidant, and chaperone activities. The positive correlation of redness with malate 

dehydrogenase, peroxiredoxin, and HSP is explained by the antioxidant effect of these proteins 

on color by promoting myoglobin redox stability in post-mortem beef muscles.  

 

The changes in color attributes and sarcoplasmic proteome during postmortem aging of 

semitendinosus from Chinese Luxi yellow cattle were evaluated in an attempt to identify 

predictors of discoloration [86]. Surface discoloration and changes in sarcoplasmic proteome 

components were observed during storage. Among the differentially abundant proteins, 

triosephosphate isomerase, L-lactate dehydrogenase A chain isoform, fructose-bisphosphate 

aldolase A isoform, peroxiredoxin-6, and pyruvate kinase isozymes M1/M2 isoform were highly 

correlated to meat color and were suggested as biomarkers for discoloration during post-mortem. 
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Poleti et al. [87] characterized muscle proteome of longissimus thoracis (from Nellore 

cattle) demonstrating variations in pH. The high (pH ≥ 6.0) and normal (pH < 5.8) ultimate pH 

muscle groups also exhibited variations in color during aging for 14 days, and more than 60 

proteins (involved in metabolic processes and muscle contraction) were differentially abundant 

between the two groups. The protein Histone H2A.J exhibited strong correlations with redness 

and yellowness on day 7 of aging suggesting that this protein may be exploited as a biomarker 

for color in aged beef. Kim et al. [88] quantified the peptides derived from proteome of beef 

psoas major and longissimus lumborum muscles during 21 days aging in an attempt to identify 

proteins associated with meat color as well as other quality traits. More than 40 proteins, 

predominantly sarcoplasmic proteins (myoglobin, glycolytic enzymes, and antioxidant proteins), 

exhibited a muscle-specific degradation pattern during aging. These muscle-dependent 

proteolytic changes could contribute to the variations in color between the two muscles observed 

during aging. 

 

3.3. Pre-harvest factors influence sarcoplasmic proteome profile and beef color  

Pre-harvest factors such as animal genetics, management, and diet influence color 

stability of fresh beef, possibly through modulating the biochemical pathways in muscles. 

Investigations have attempted to characterize the changes in sarcoplasmic proteome to explain 

the underlying mechanisms for the diet and animal effects on beef color. The influence of 

genetics on beef color stability is well documented, and the animal-to-animal variations have 

been reported in color stability of longissimus lumborum [89, 90]. The proteome basis of animal-

to-animal variations were studied by profiling the sarcoplasmic proteome of longissimus 

lumborum steaks (i.e. color-labile and color-stabile steaks) from beef carcasses demonstrating 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



17 

 

variations in retail color stability [53]. Color-stable longissimus steaks exhibited over-abundance 

of multiple glycolytic enzymes, which positively correlated to redness and color stability. The 

over-abundance of glycolytic enzymes contributes to improved color stability in the color-stable 

longissimus steaks through regeneration of NADH, which is necessary for enzymatic and non-

enzymatic metmyoglobin reduction in post-mortem beef muscles.  

 

The impact of vitamin E supplementation on beef proteome profile was examined [91]. 

The sarcoplasmic proteome profiles of beef longissimus lumborum muscle from heifers that 

received 1,000 IU vitamin E supplementation for 89 days prior to harvest and those from control 

heifers receiving no vitamin E supplementation were compared. Mass spectrometric analyses 

identified 5 differentially abundant proteins that were over-abundant in control animals. The 

differentially abundant proteins were antioxidant proteins (thioredoxin-dependent peroxide 

reductase, peroxiredoxin-6, and serum albumin) and glycolytic enzymes (beta-enolase and 

triosephosphate isomerase). These proteomic data suggested that the strong antioxidant activity 

of vitamin E in beef skeletal muscles led to less expression of antioxidant proteins and 

antioxidant-related proteins. 

 

Antonelo et al. [92] analyzed the proteome basis for the biological variations in color of 

longissimus thoracis muscle Angus x Nellore crossbred steers that differed in growth rate (high 

vs. low) and finishing system (feedlot vs, pasture). Finishing system and growth rate influenced 

the proteome profile, which correlated with color stability. Proteome profiling identified 16 

protein spots differentially abundant among steers from different finishing and growth rate. The 

differentially abundant proteins were associated with in two major clusters (i.e., energy 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



18 

 

metabolism and muscle structure) that are involved in glycolysis, carbon metabolism, amino acid 

biosynthesis, and muscle contraction pathways. Additionally, several differentially abundant 

proteins correlated with color, and these results also suggested the potential of two proteins 

(phosphoglucomutase-1 and phosphoglycerate mutase-2) as novel biomarkers for beef color. 

 

4. Mitochondrial proteome contributes to beef color stability  

 The important role of mitochondria in fresh beef color stability became increasingly 

evident in the past 2 decades [15, 16]. In postmortem muscles, mitochondria remain functional 

and are involved in biological mechanisms governing myoglobin redox chemistry [93, 94, 95]. 

Mitochondrial content and degradation influence muscle-specific beef color stability, with color-

stable longissimus lumborum having lower mitochondrial content than the color-labile psoas 

major at the beginning of aging and display [96, 97]. However, the decrease in mitochondrial 

content during retail display was more rapid in beef psoas than in the longissimus suggesting 

muscle-specific variations in mitochondrial degradation [97]. Additional studies [98] 

documented that oxygen consumption and metmyoglobin reducing activity decreased more 

rapidly in mitochondria isolated from beef psoas than those from longissimus. From a different 

perspective, Zhai et al. [99] documented that dietary supplementation of vitamin E, an 

antioxidant known to improve beef color, to heifers decreased the abundance of mitochondrial 

proteins involved in oxidative metabolism and ATP generation in post-mortem longissimus 

muscle. The strong antioxidant protection by vitamin E may have resulted in low expression of 

metabolic proteins in mitochondrial proteome, leading to low mitochondrial activity and low 

oxidative stress. Together, these studies indicated the criticality of mitochondrial proteome to 

biochemistry of fresh beef color [17].  
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The differential abundance of mitochondrial proteome and its influence on color stability 

was investigated in color-stable longissimus lumborum and color-labile psoas major beef 

muscles during retail display [100]. While seven differentially abundant proteins were identified 

on day 3 in the two muscles, mitochondria could not be isolated from psoas major on day 6 

because of extensive degradation. Additionally, 7 mitochondrial proteins were more abundant in 

longissimus on day 3 than on day 6 of retail display. The differentially abundant mitochondrial 

proteins included enzymes, binding proteins, and proteins involved in biosynthesis pathways. 

The protein-protein interaction network (Figure 4), generated using the STRING database [79], 

of differentially abundant proteins in the mitochondrial proteome of beef psoas major and 

longissimus lumborum steaks indicated the importance of mitochondrial proteome and metabolic 

pathways in muscle- and aging-dependent variations in beef color stability. 

 

5. Proteome biomarkers for color in beef longissimus muscle 

For a better management of meat quality, proteomic strategies have been further 

exploited beyond the objective of unveiling the underlying mechanisms and post-mortem 

changes in relation with color development as discussed above. The tools in proteomics have 

been applied successfully for identifying potential candidate biomarkers to explain and/or predict 

the variability in various meat quality traits [101], including beef color stability [22, 26, 72]. The 

discovery of biomarkers is considered a major ongoing challenge as well as a valuable outcome, 

for which proteomics is used to evaluate, predict, and monitor meat quality near line or at line. 
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Studies employing proteomics revealed the correlation between differential abundance of 

several proteins and beef color traits. Previous studies revealed that numerous metabolic and 

antioxidant proteins in the sarcoplasmic and/or myofibrillar proteome are critically involved in 

the biochemical mechanisms governing fresh beef color stability and suggested that these 

proteins could be exploited as biomarkers for beef color [25, 26, 53, 76, 77]. Based on a 

literature data-mining review, the proposed protein biomarkers from 13 proteomic studies were 

gathered using an integromics approach in a repertoire of 79 candidate biomarkers of which 59 

were from beef longissimus muscle (Gagaoua et al., 2020). The proteins were found to belong to 

six interconnected molecular pathways (Figure 5A): (1) catalytic, metabolism and ATP 

metabolic process; (2) contractile and associated proteins; (3) chaperones and heat shock 

proteins; (4) oxidative stress and cell redox homeostasis; (5) proteolysis and associated proteins; 

and (6) binding, cofactor and transport proteins, signaling or apoptosis. An in-depth analysis of 

this beef color proteomics repertoire that gathered the proteins correlated with instrumental color 

parameters (L*, a*, and b* values) of fresh beef (Figure 5B) further allowed to shortlist 27 

protein candidate biomarkers (indicated by solid black circles in the Figure 5A) for future 

evaluation. These shortlisted proteins were reported 3–8 times in 13 independent proteomics 

studies. The proteins have different string of correlations, from which certain can be correlated 

negatively, positively, or in both direction depending on a number of factors behind each 

experiment. Nonetheless, it is beyond the scope of this review to discuss the direction of the 

proteins’ correlations with beef color. 

 

From the shortlisted 27 proteins, the top biomarkers was β-enolase (ENO3) identified in 

8 studies, followed by Peroxiredoxin 6 (PRDX6) in 7 studies, HSP27 (HSPB1) in 6 studies, 
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Phosphoglucomutase 1 (PGM1), Superoxide Dismutase (SOD1) and Calpain-1 catalytic subunit 

or μ-calpain (CAPN1) in 5 studies. Additional biomarkers included eight proteins reported 4 

times: HSP40 (DNAJA1), HSP70-8 (HSPA8), HSP70-Grp75 (HSPA9), Malate dehydrogenase 1 

(MDH1), Triosephosphate isomerase 1 (TPI1), Lactate dehydrogenase (LDH), Myosin-7 

(MYH7) and Myosin-2 (MYH2); and 13 others reported 3 times: HSP20 (HSPB6), αB-crystallin 

(CRYAB), HSP72 (HSPA2), Pyruvate kinase M 2 (PKM), Creatine kinase M type (CKM), 

Fructose-bisphosphate aldolase A (ALDOA), DJ-1 (PARK7), Peroxiredoxin 2 (PRDX2), Myosin 

light chain 1 (MLC1), Myosin-1 (MYH1), α-Actin, (ACTA1), Myosin binding protein-H 

(MYBPH) and Phosphatidylethanolamine-binding protein 1 (PEBP1). These proteins are 

indicated by solid black circles in the protein-protein interaction network to highlight the 

pathways they belong to (Figure 5A). 

 

An in-depth analysis of the biochemical pathways governing beef color demonstrated that 

similar mechanisms are shared with tenderness, however glycolysis and associated energy 

metabolic pathways are dominant in color while muscle structural and contractile proteins were 

central to tenderness [26, 102]. With respect to the enriched Gene Ontology (GO) terms using 

the 59 protein biomarkers, the bioinformatics analyses using Metascape® platform revealed 20 

enriched and significant terms (Figure 5C). The dominating GO terms can be considered as 

molecular signatures driving beef color development and they are dominated by “generation of 

precursor metabolites and energy” and “muscle system process”, followed by “response to 

oxidative stress”, “protein refolding” and “hexose biosynthetic process” (Figure 5C). The 

comparison of the lists of protein candidate biomarkers of L*, a*, and b* relevant to enriched 

GO terms generated a heatmap revealing the common pathways and specific pathway to each 
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color parameter (Figure 5D). This is the first time such a heatmap comparison is done for beef 

color parameters. The heatmap revealed that molecular signatures such as “protein refolding”, 

“muscle system process”, “generation of precursor metabolites and energy”, “response to 

oxidative stress”, and “regulation of intrinsic apoptotic signaling pathway” are common to L*, 

a*, and b* values (Figure 5D). 

 

These results highlighted the power of proteomics and integrative studies in revealing the 

underlying mechanisms of beef color stability. Furthermore, the findings suggested feeding the 

proposed biomarker proteins into the pipeline of biomarker discovery to proceed with their 

evaluation under experimental and real-life conditions. These novel biomarkers would further 

provide future opportunities for pre- and post-harvest interventions that could improve the visual 

appearance and color stability critical to the consumer acceptance, while addressing problematic 

issues in beef color relevant to global beef producers, processors, and retailers. 

 

6. Conclusions 

 Postmortem skeletal muscles are biologically active during aging as well as retail display, 

and the components of muscle proteome are critically involved in the cellular mechanisms 

governing meat color. Numerous endogenous and exogenous factors modulate proteome profile 

and myoglobin stability in beef muscles, ultimately contributing to variations in fresh color. The 

applications of novel tools in proteomics and mass spectrometry have enabled researchers to 

explain the role of proteome in beef color stability. Innovative results highlighted the criticality 

of myoglobin modifications, muscle proteome components, metabolic pathways and proteome 

biomarkers in beef color biochemistry. The findings from proteomic studies would help 
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engineering innovative processing strategies to improve fresh beef color, minimize food waste, 

and maximize the economic competitiveness of global meat industry. Furthermore, coupling the 

other emerging disciplines in omics (such as genomics, metabolomics, integromics, and 

bioinformatics) with proteomics will contribute to expanding the body of knowledge in meat 

color biochemistry. Future research need to focus on strategies to seamlessly integrate powerful 

analytical tools in various omics disciplines to a single platform to address the perpetual 

problems in beef color. 

 

Acknowledgements 

 This work is supported by the National Institute of Food and Agriculture, U.S. 

Department of Agriculture, Hatch-Multistate Project 7003954.

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



24 

 

References 

 

[1] R.A. Mancini, M. Hunt, Current research in meat color. Meat Sci. 71 (2005) 100-121, 

https://doi.org/10.1016/j.meatsci.2005.03.003. 

[2] R. Ramanathan, M.C. Hunt, R.A. Mancini, M.N. Nair, M.L. Denzer, S.P. Suman, G.G. 

Mafi, Recent updates in meat color research: Integrating traditional and high 

throughput approaches, Meat Muscle Biol. 4 (2020a) 7, 1–24, 

https://doi.org/10.22175/mmb.9598. 

[3] R. Ramanathan, L.H. Lambert, M.N. Nair, B. Morgan, R. Feuz, G. Mafi, M. Pfeiffer, 

Economic loss, amount of beef discarded, natural resources wastage, and 

environmental impact due to beef discoloration, Meat Muscle Biol. 6(2022) 13218, 1–

8, https://doi.org/10.22175/mmb.13218. 

[4] C. Faustman, R.G. Cassens, The biochemical basis for discoloration in fresh meat: A 

review, J. Muscle Foods. 1 (1990) 217–243, https://doi.org/10.1111/j.1745-

4573.1990.tb00366.x. 

[5] S.P. Suman, M.C. Hunt, M.N. Nair, G. Rentfrow, Improving beef color stability: 

Practical strategies and underlying mechanisms, Meat Sci. 98 (2014) 490–504, 

https://doi.org/10.1016/j.meatsci.2014.06.032. 

[6] N.E. Neethling, S.P. Suman, G.O. Sigge, L.C. Hoffman, M.C. Hunt, Exogenous and 

endogenous factors influencing color of fresh meat from ungulates, Meat Muscle Biol. 

1 (2017) 253–275, https://doi.org/10.22175/mmb2017.06.0032. 

[7] J.B. Fox, Chemistry of meat pigments, J. Agr. Food Chem. 14 (1996) 207–210, 

https://doi.org/10.1021/jf60145a003. 

[8] G.C. Giddings, The basis of color in muscle foods, CRC Crit. Rev. Food Sci. Nutr. 9 

(1977) 81–114. 

[9] D.J. Livingston, W.D. Brown. The chemistry of myoglobin and its reactions, Food 

Technol.-Chicago. 35 (1981) 244–252. 

[10] S.C. Seideman, H.R. Cross, G.C. Smith, P.R. Durland, Factors associated with fresh 

meat color: A review, J. Food Quality. 6 (1984) 211–237, 

https://doi.org/10.1111/j.1745-4557.1984.tb00826.x. 

[11] M. Renerre, Review: Factors involved in the discoloration of beef meat. Int. J. Food 

Sci. Technol. 25 (1990) 613-630, https://doi.org/10.1111/j.1365-2621.1990.tb01123.x.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



25 

 

[12] C. Faustman, Q. Sun, R. Mancini, S.P. Suman, Myoglobin and lipid oxidation 

interactions: Mechanistic bases and control, Meat Sci. 86 (2010) 86–94, 

https://doi.org/10.1016/j.meatsci.2010.04.025. 

[13] M.P. Richards, Redox reactions of myoglobin. Antioxid. Redox Sign. 18 (2013) 2342–

2351, https://doi.org/10.1089/ars.2012.4887. 

[14] S.P. Suman, P. Joseph, Myoglobin chemistry and meat color, Annu. Rev. Food Sci. 

Technol. 4 (2013) 79–99, https://doi.org/10.1146/annurev-food-030212-182623. 

[15] R. Ramanathan, R.A. Mancini, Role of mitochondria in beef color: A review, Meat 

Muscle Biol. 2 (2018) 309–320, https://doi.org/10.22175/mmb2018.05.0013. 

[16] R. Ramanathan, M.N. Nair, M.C. Hunt, S.P. Suman, Mitochondrial functionality and 

beef colour: A review of recent research, S. Afr. J. Anim. Sci. 49 (2019) 9, 

https://doi.org/10.4314/sajas.v49i1.2. 

[17] R. Ramanathan, S.P. Suman, C. Faustman, Biomolecular interactions governing fresh 

meat color in post-mortem skeletal muscle: A review, J. Agr. Food Chem. 68 (2020b) 

12779–12787, https://doi.org/10.1021/acs.jafc.9b08098. 

[18] S.P. Suman, R. Ramanathan, M.N. Nair, Advances in fresh meat color stability. In: 

Peter Purslow, editor. New Aspects of Meat Quality, Chapter 7. Woodhead 

Publishing. 2022, pp. 139–161, https://doi.org/10.1016/B978-0-323-85879-3.00030-1 

[19] J.M. Hughes, F.M. Clarke, P.P. Purslow, R.D. Warner, Meat color is determined not 

only by chromatic heme pigments but also by the physical structure and achromatic 

light scattering properties of the muscle. Compr. Rev. Food Sci. F. 19 (2020) 44–63, 

https://doi.org/10.1111/1541-4337.12509 

[20] P.P. Purslow, R.D. Warner, F.M. Clarke, J.M. Hughes, Variations in meat colour due 

to factors other than myoglobin chemistry; a synthesis of recent findings (invited 

review). Meat Sci. 159 (2020) 107941, https://doi.org/10.1016/j.meatsci.2019.107941 

[21] D.A. King, M.C. Hunt, S. Barbut, J.R. Claus, D.P. Cornforth, P. Joseph, Y.H.B. Kim, 

G. Lindahl, R. A. Mancini, M. N. Nair, K. J. Merok, A. Milkowski, A. Mohan, F. 

Pohlman, R. Ramanathan, C. R. Raines, M. Seyfert, O. Sorheim, S.P. Suman, M. 

Weber, American Meat Science Association Guidelines for Meat Color Measurement. 

Meat Muscle Biol. 6 (2023) 12473, https://doi.org/10.22175/mmb.12473  

[22] P. Joseph, M.N. Nair, S.P. Suman. Application of proteomics to characterize and 

improve color and oxidative stability of muscle foods, Food Res. Int. 76 (2015) 938–

945, https://doi.org/10.1016/j.foodres.2015.05.041. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



26 

 

[23] M.N. Nair, C. Zhai, 2020. Application of proteomic tools in meat quality evaluation. 

In Meat Quality Analysis. Academic Press. (2020) 353–368.  

https://doi.org/10.1016/B978-0-12-819233-7.00019-7 

[24] P.P. Purslow, M. Gagaoua, R.D. Warner, Insights on meat quality from combining 

traditional studies and proteomics, Meat Sci. 174 (2021) 108423, 

https://doi.org/10.1016/j.meatsci.2020.108423 

[25] M. Gagaoua, E.C. Terlouw, B. Picard, The study of protein biomarkers to understand 

the biochemical processes underlying beef color development in young bulls. Meat 

Sci. 134 (2017a) 18–27, https://doi.org/10.1016/j.meatsci.2017.07.014 

[26] M. Gagaoua, J. Hughes, E.C. Terlouw, R.D. Warner, P.P. Purslow, J.M. Lorenzo, B. 

Picard, B. Proteomic biomarkers of beef colour, Trends Food Sci. Tech. 101 (2020) 

234–252, https://doi.org/10.1016/j.tifs.2020.05.005 

[27] C. Zhai, E.J. Huff-Lonergan, S.M. Lonergan, M.N. Nair, E. Huff-Lonergan, E. 

Housekeeping proteins in meat quality research: Are they reliable markers for internal 

controls in western blot? A mini review. Meat Muscle Biol. 6 (2021) 1–15, 

https://doi.org/10.22175/mmb.11551 

[28] C.P. Baron, H.J. Andersen, Myoglobin-induced lipid oxidation. A review, J. Agr. Food 

Chem. 50(2002), 3887–3897, https://doi.org/10.1021/jf011394w. 

[29] A.L. Alderton, C. Faustman, D.C. Liebler, D.W. Hill, Induction of redox instability of 

bovine myoglobin by adduction with 4-hydroxy-2-nonenal, Biochem. 42 (2003) 4398–

4405, https://doi.org/10.1021/bi0271695. 

[30] S.P. Suman, C. Faustman, S.L. Stamer, D.C. Liebler, Redox instability induced by 4-

hydroxy-2-nonenal in porcine and bovine myoglobins at pH 5.6 and 4 °C, J. Agr. Food 

Chem. 54 (2006) 3402–3408, https://doi.org/10.1021/jf052811y. 

[31] S.P. Suman, C. Faustman, S.L. Stamer, D.C. Liebler, Proteomics of lipid oxidation-

induced oxidation of porcine and bovine oxymyoglobins, Proteomics. 7 (2007) 628–

640, https://doi.org/10.1002/pmic.200600313. 

[32] S. Yin, C. Faustman, N. Tatiyaborworntham, R. Ramanathan, N.B. Maheswarappa, 

R.A. Mancini, P. Joseph, S.P. Suman, Q. Sun, Species-specific myoglobin oxidation, 

J. Agr. Food Chem. 59 (2011) 12198–12203, https://doi.org/10.1021/jf202844t. 

[33] R. Ramanathan, R.A. Mancini, S.P. Suman, M.E. Cantino, Effects of 4-hydroxy-2-

nonenal on beef heart mitochondrial ultrastructure, oxygen consumption, and 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



27 

 

metmyoglobin reduction, Meat Sci. 90 (2012) 564–571, 

https://doi.org/10.1016/j.meatsci.2011.09.017 

[34] M.N. Nair, S.P. Suman, S. Li, P. Joseph, C.M. Beach, Lipid oxidation-induced 

oxidation in emu and ostrich myoglobins, Meat Sci. 96 (2014) 984–993, 

https://doi.org/10.1016/j.meatsci.2013.08.029. 

[35] C. Faustman, D.C. Liebler, T.D. McClure, Q.R. Sun, a,ß-Unsaturated aldehydes 

accelerate oxymyoglobin oxidation, J. Agr. Food Chem. 47 (1999) 3140–3144, 

https://doi.org/10.1021/jf990016c. 

[36] S. Lee, A.L. Phillips, D.C. Liebler, C. Faustman, Porcine oxymyoglobin and lipid 

oxidation in vitro, Meat Sci. 63 (2003) 241–247, https://doi.org/10.1016/s0309-

1740(02)00076-1. 

[37] C. Faustman, W.K.M. Chan, D.M. Schaefer, A. Havens, Beef color update: the role 

for vitamin E. J. Anim. Sci. 76 (1998) 1019–1026, 

https://doi.org/10.2527/1998.7641019x. 

[38] J.L. Buttriss, A.T. Diplock, The relationship between α-tocopherol and phospholipid 

fatty acids in rat liver subcellular membrane fractions. BBA- Lipid Lipid Met. 962 

(1988) 81–90, https://doi.org/10.1016/0005-2760(88)90098-7. 

[39] C. Faustman, R.G. Cassens, D.M. Schaefer, D.R. Buege, S.N. Williams, K.K. 

Scheller, Improvement of pigment and lipid stability in Holstein steer beef by dietary 

supplementation with vitamin E, J. Food Sci. 54 (1989) 858–862, 

https://doi.org/10.1111/j.1365-2621.1989.tb07899.x. 

[40] R.N. Arnold, K.K. Scheller, S.C. Arp, S.N. Williams, D.R. Buege, D.M. Schaefer, 

Effect of long-or short-term feeding of α-tocopheryl acetate to Holstein and crossbred 

beef steers on performance, carcass characteristics, and beef color stability, J. Anim. 

Sci. 70 (1992) 3055–3065, https://doi.org/10.2527/1992.70103055x. 

[41] S.K. Sanders, J.B. Morgan, D.M. Wulf, J.D. Tatum, S.N. Williams, G.C. Smith, G. C. 

Vitamin E supplementation of cattle and shelf-life of beef for the Japanese market, J. 

Anim. Sci. 75 (1997) 2634–2640, https://doi.org/10.2527/1997.75102634x. 

[42] M.P. Lynch, J.P. Kerry, D.J. Buckley, C. Faustman, P.A. Morrissey, Effect of dietary 

vitamin E supplementation on the colour and lipid stability of fresh, frozen and 

vacuum-packaged beef, Meat Sci. 52 (1999) 95–99, https://doi.org/10.1016/S0309-

1740(98)00153-3. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



28 

 

[43] H.N. Zerby, K.E. Belk, J.N. Sofos, L.R. McDowell, G.C. Smith, Case life of seven 

retail products from beef cattle supplemented with alpha-tocopheryl acetate. J. Anim. 

Sci. 77 (1999) 2458-2463, https://doi.org/10.2527/1999.7792458x. 

[44] M. Delosiere, D. Durand, C. Bourguet, E.C. Terlouw, Lipid oxidation, pre-slaughter 

animal stress and meat packaging: Can dietary supplementation of vitamin E and plant 

extracts come to the rescue? Food Chem. 309 (2020) 125668, 

https://doi.org/10.1016/j.foodchem.2019.125668. 

[45] M.C. Lanari, D.M. Schaefer, K.K. Scheller, Dietary vitamin E supplementation and 

discoloration of pork bone and muscle following modified atmosphere packaging, 

Meat Sci. 41 (1995) 237–250, https://doi.org/10.1016/0309-1740(95)00006-7. 

[46] J.E. Cannon, J.B. Morgan, G.R. Schmidt, J.D. Tatum, J.N. Sofos, G.C. Smith, R.J. 

Delmore, S.N. Williams, Growth and fresh meat quality characteristics of pigs 

supplemented with vitamin E, J. Anim. Sci. 74 (1996) 98–105, 

https://doi.org/10.2527/1996.74198x. 

[47] A.L. Phillips, C. Faustman, M.P. Lynch, K.E. Govoni, T.A. Hoagland, S.A. Zinn, 

Effect of dietary α-tocopherol supplementation on color and lipid stability in pork, 

Meat Sci. 58 (2001) 389–393, https://doi.org/10.1016/S0309-1740(01)00039-0. 

[48] B.M. Naveena, C. Faustman, N. Tatiyaborworntham, S. Yin, R. Ramanathan, R.A. 

Mancini, Detection of 4-hydroxy-2-nonenal adducts of turkey and chicken myoglobins 

using mass spectrometry. Food Chem. 122 (2010) 836–840, 

https://doi.org/10.1016/j.foodchem.2010.02.062 

[49] F. Kiyimba, T.S. Belem, M.N. Nair, J. Rogers, S.D. Hartson, G.G Mafi, D.L. 

VanOverbeke, R. Ramanathan, Effects of oxygen partial pressure on 4-hydroxy-2-

nonenal induced oxymyoglobin oxidation, Meat Muscle Biol. 3 (2019) 1, 

https://doi.org/10.22175/mmb2019.07.0025. 

[50] F.M. Viana, Y. Wang, S. Li, C.A. Conte-Junior, J. Chen, H. Zhu, S.P. Suman, Thermal 

instability induced by 4-hydroxy-2-nonenal in beef myoglobin, Meat Muscle Biol. 

4(2020) 18, 1–7, https://doi.org/10.22175/mmb.9479. 

[51] R. Ramanathan, R.A. Mancini, S.P. Suman, C.M. Beach, Covalent binding of 4-

hydroxy-2-nonenal to lactate dehydrogenase decreases NADH formation and 

metmyoglobin reducing activity, J. Agr. Food Chem. 62 (2014) 2112–2117, 

https://doi.org/10.1021/jf404900y. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



29 

 

[52] N.N. Elroy, J. Rogers, G.G. Mafi, D.L. VanOverbeke, S.D. Hartson, R. Ramanathan, 

R., 2015. Species-specific effects on non-enzymatic metmyoglobin reduction in vitro. 

Meat Sci. 105 (2015) 108–113, https://doi.org/10.1016/j.meatsci.2015.03.010 

[53] A.C.V.C.S. Canto, S.P. Suman, M.N. Nair, S. Li, G. Rentfrow, C.M. Beach, T.J.P. 

Silva, T.L. Wheeler, S.D. Shackelford, A. Grayson, R.O. McKeith, D.A. King. 

Differential abundance of sarcoplasmic proteome explains animal effect on beef 

Longissimus lumborum color stability, Meat Sci. 102 (2015) 90–98, 

https://doi.org/10.1016/j.meatsci.2014.11.011. 

[54] M.M. Muller, Post-translational modifications of protein backbones: unique functions, 

mechanisms, and challenges. Biochemistry-US, 57 (2018) 177–185, 

https://doi.org/10.1021/acs.biochem.7b00861 

[55] Y. Wang, S. Li, G. Rentfrow, J. Chen, H. Zhu, S.P. Suman, Myoglobin post-

translational modifications influence color stability of beef longissimus lumborum, 

Meat Muscle Biol. 5 (2021) 15, 1–21, https://doi.org/10.22175/mmb.11689. 

[56] Y. Wang, S. Li, J. Chen, H. Zhu, B.N. Harsh, D.D. Boler, A.C. Dilger, D.W. Shike, 

S.P. Suman, Supranutritional supplementation of vitamin E influences myoglobin 

post-translational modifications in postmortem beef longissimus lumborum muscle, 

Meat Muscle Biol. 6 (2022), https://doi.org/10.22175/mmb.13541. 

[57] M. Renerre, F. Dumont, P. Gatellier, Antioxidant enzyme activities in beef in relation 

to oxidation of lipid and myoglobin. Meat Sci. 43 (1996) 111–121, 

https://doi.org/10.1016/0309-1740(96)84583-9. 

[58] D.A. Ledward, Metmyoglobin formation in beef muscles as influenced by water 

content and anatomical location, J. Food Sci. 36 (1971) 138–140, 

https://doi.org/10.1111/j.1365-2621.1971.tb02055.x. 

[59] I.M. Reddy, C.E. Carpenter, Determination of metmyoglobin reductase activity in 

bovine skeletal muscles, J. Food Sci. 56 (1991) 1161–1164, 

https://doi.org/10.1111/j.1365-2621.1991.tb04724.x. 

[60] D.A. Ledward, Post-slaughter influences on the formation of metmyoglobin in beef 

muscles, Meat Sci. 15 (1985) 149–171, https://doi.org/10.1016/0309-1740(85)90034-

8. 

[61] M.C. Hunt, H.B. Hedrick, Profile of fiber types and related properties of five bovine 

muscles. J. Food Sci. 42 (1977) 513–517, https://doi.org/10.1111/j.1365-

2621.1977.tb01535.x. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



30 

 

[62] M. O’Keeffe, D.E. Hood, Biochemical factors influencing metmyoglobin formation in 

beef from muscles of differing colour stability, Meat Sci. 7 (1982) 209–228, 

https://doi.org/10.1016/0309-1740(82)90087-0. 

[63] M. Renerre, R. Labas, Biochemical factors influencing metmyoglobin formation in 

beef muscles. Meat Sci. 19 (1987) 151–165, https://doi.org/10.1016/0309-

1740(87)90020-9. 

[64] D.L. Madhavi, C.E. Carpenter, Aging and processing affect color, metmyoglobin 

reductase and oxygen consumption of beef muscles, J. Food Sci. 58 (1993) 939–942, 

https://doi.org/10.1111/j.1365-2621.1993.tb06083.x. 

[65] D.R. McKenna, P.D. Mies, B.E. Baird, K.D. Pfeiffer, J.W. Ellebracht, J.W. Savell, 

Biochemical and physical factors affecting discoloration characteristics of 19 bovine 

muscles, Meat Sci. 70 (2005) 665–682, https://doi.org/10.1016/j.meatsci.2005.02.016. 

[66] M. Seyfert, R.A. Mancini, M.C. Hunt, J. Tang, C. Faustman, M. Garcia, Color 

stability, reducing activity, and cytochrome c oxidase activity of five bovine muscles, 

J. Agr. Food Chem. 54 (2006) 8919–8925, https://doi.org/10.1021/jf061657s. 

[67] Y.H. Kim, J.T. Keeton, S.B. Smith, L.R. Berghman, J.W. Savell, Role of lactate 

dehydrogenase in metmyoglobin reduction and color stability of different bovine 

muscles, Meat Sci. 83 (2009) 376–382, https://doi.org/10.1016/j.meatsci.2009.06.009. 

[68] R.A. Mancini, S.P. Suman, M.K.R. Konda, R. Ramanathan, Effect of carbon 

monoxide packaging and lactate enhancement on the color stability of beef steaks 

stored at 1°C for 9 days, Meat Sci. 81 (2009) 71–76, 

https://doi.org/10.1016/j.meatsci.2008.06.021. 

[69] A.C.V.C.S. Canto, B.R.C. Costa-Lima, S.P. Suman, M.L.G. Monteiro, F.M. Viana, 

A.P.A.A. Salim, M.N. Nair, T.J.P. Silva, C.A. Conte-Junior, Color attributes and 

oxidative stability of longissimus lumborum and psoas major muscles from Nellore 

bulls, Meat Sci. 121 (2016) 19–26, http://dx.doi.org/10.1016/j.meatsci.2016.05.015. 

[70] L.M. Sammel, M.C. Hunt, D.H. Kropf, K.A. Hachmeister, C.L. Kastner, D.E. 

Johnson, Influence of chemical characteristics of beef inside and outside 

semimembranosus on color traits. J. Food Sci. 67 (2002a) 1323–1330, 

https://doi.org/10.1111/j.1365-2621.2002.tb10282.x 

[71] L.M. Sammel, M.C. Hunt, D.H. Kropf, K.A. Hachmeister, D.E. Johnson, Comparison 

of assays for metmyoglobin reducing ability in beef inside and outside 

semimembranosus muscle. J. Food Sci. 67 (2002b) 978–984, 

https://doi.org/10.1111/j.1365-2621.2002.tb09439.x 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



31 

 

[72] P. Joseph, S.P. Suman, G. Rentfrow, S. Li, C.M. Beach. Proteomics of muscle-specific 

beef color stability, J. Agr. Food Chem. 60 (2012) 3196–3203, 

https://doi.org/10.1021/jf204188v. 

[73] Q. Yu, W. Wu, X. Tian, F. Jia, L. Xu, R. Dai, X. Li, Comparative proteomics to reveal 

muscle-specific beef color stability of Holstein cattle during post-mortem storage, 

Food Chem. 229 (2017a) 769–778, https://doi.org/10.1016/j.foodchem.2017.03.004 

[74] S. Clerens, A. Thomas, J. Gathercole, J.E. Plowman, T.Y. Yu, A.J. Grosvenor, S.R. 

Haines, P. Dobbie, K. Taukiri, K. Rosenvold, J.M. Dyer. Proteomic and peptidomic 

differences and similarities between four muscle types from New Zealand raised 

Angus steers, Meat Sci. 121 (2016) 53–63, 

https://doi.org/10.1016/j.meatsci.2016.05.014 

[75] W. Wu, Q.Q. Yu, Y. Fu, X.J. Tian, F. Jia, X.M. Li, R.T. Dai, Towards muscle-specific 

meat color stability of Chinese Luxi yellow cattle: A proteomic insight into post-

mortem storage. J. Proteome, 147 (2016) 108–118, 

https://doi.org/10.1016/j.jprot.2015.10.027 

[76] M. Gagaoua, S. Couvreur, G. Le Bec, G. Aminot, B. Picard, Associations among 

protein biomarkers and pH and color traits in longissimus thoracis and rectus 

abdominis muscles in protected designation of origin Maine-Anjou cull cows. J. Agr. 

Food Chem. 65 (2017) 3569–3580, https://doi.org/10.1021/acs.jafc.7b00434 

[77] M. Gagaoua, M. Bonnet, L. De Koning, B. Picard, 2018. Reverse Phase Protein array 

for the quantification and validation of protein biomarkers of beef qualities: The case 

of meat color from Charolais breed. Meat Sci. 145 (2018) 308–319, 

https://doi.org/10.1016/j.meatsci.2018.06.039 

[78] M.N. Nair, S. Li, C.M. Beach, G. Rentfrow, S.P. Suman, Changes in the sarcoplasmic 

proteome of beef muscles with differential color stability during postmortem aging, 

Meat Muscle Biol. 2 (2018a) 1–17, https://doi.org/10.22175/mmb2017.07.0037. 

[79] D. Szklarczyk, A. Franceschini, S. Wyder, K. Forslund, D. Heller, J. Huerta-Cepas, M. 

Simonovic, A. Roth, A. Santos, K.P. Tsafou, M. Kuhn, P. Bork, L.J. Jensen, C.v. 

Mering, STRING v10: Protein–protein interaction networks, integrated over the tree of 

life. Nucleic Acids Res. 43 (2015) D447–D452, https://doi.org/10.1093/nar/gku1003 

[80] M.N. Nair, S.P. Suman, M.K. Chatli, S. Li, P. Joseph, C.M. Beach, G. Rentfrow. 

Proteome basis for intramuscular variation in color stability of beef semimembranosus, 

Meat Sci. 113 (2016) 9–16, https://doi.org/10.1016/j.meatsci.2015.11.003. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



32 

 

[81] M.N. Nair, S. Li, C.M. Beach, G. Rentfrow, S.P. Suman, Intramuscular variations in 

color and sarcoplasmic proteome of beef semimembranosus during postmortem aging, 

Meat Muscle Biol. 2 (2018b) 92–101, https://doi.org/10.22175/mmb2017.11.0055. 

[82] Y.H.B. Kim, R.D. Warner, K. Rosenvold, Influence of high pre-rigor temperature and 

fast pH fall on muscle proteins and meat quality: A review. Anim. Prod. Sci. 54 (2014) 

375–395, https://doi.org/10.1071/AN13329 

[83] R.D. Warner, F.R. Dunshea, D. Gutzke, J. Lau, G. Kearney, Factors influencing the 

incidence of high rigor temperature in beef carcasses in Australia. Anim. Prod. Sci. 54 

(2014) 363–374, https://doi.org/10.1071/AN13455 

[84] R. Marino, M. Albenzio, A. Della Malva, M. Caroprese, A. Santillo, A. Sevi, Changes 

in meat quality traits and sarcoplasmic proteins during aging in three different cattle 

breeds. Meat Sci. 98 (2014) 178–186, http://dx.doi.org/10.1016/j.meatsci.2014.05.024 

[85] M. Gagaoua, E.C. Terlouw, D. Micol, A. Boudjellal, J.F. Hocquette, B. Picard, 

Understanding early post-mortem biochemical processes underlying meat color and 

pH decline in the Longissimus thoracis muscle of young Blond d’Aquitaine bulls 

using protein biomarkers. J. Agr. Food Chem. 63 (2015) 6799–6809, 

https://doi.org/10.1021/acs.jafc.5b02615. 

[86] W. Wu, X.G. Gao, Y. Dai, Y. Fu, X.M. Li, R.T. Dai, Post-mortem changes in 

sarcoplasmic proteome and its relationship to meat color traits in M. semitendinosus of 

Chinese Luxi yellow cattle. Food Res. Int. 72 (2015) 98-105, 

https://doi.org/10.1016/j.foodres.2015.03.030 

[87] M.D. Poleti, C.T. Moncau, B. Silva-Vignato, A.F. Rosa, A.R. Lobo, T.R. Cataldi, J.A. 

Negrao, S.L. Silva, J.P. Eler, J.C. de Carvalho Balieiro, Label-free quantitative 

proteomic analysis reveals muscle contraction and metabolism proteins linked to 

ultimate pH in bovine skeletal muscle, Meat Sci. 145 (2018) 209–219, 

https://doi.org/10.1016/j.meatsci.2018.06.041 

[88] G.D. Kim, S.Y. Lee, E.Y. Jung, S. Song, S.J. Hur, Quantitative changes in peptides 

derived from proteins in beef tenderloin (psoas major muscle) and striploin 

(longissimus lumborum muscle) during cold storage. Food Chem. 338 (2021a) 

128029. https://doi.org/10.1016/j.foodchem.2020.128029 

[89] D.A. King, S.D. Shackelford, L.A. Kuehn, C.M. Kemp, A.B. Rodriguez, R.M. 

Thallman, T.L. Wheeler, Contribution of genetic influences to animal-to-animal 

variation in myoglobin content and beef lean color stability. J. Anim. Sci. 88 (2010) 

1160–1167, https://doi.org/10.2527/jas.2009-2544 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



33 

 

[90] D.A. King, S.D. Shackelford, T.L. Wheeler, Relative contributions of animal and 

muscle effects to variation in beef lean color stability. J. Anim. Sci. 89 (2011) 1434–

1451, https://doi.org/10.2527/jas.2010-3595 

[91] H.M. Kim, S.P. Suman, Y. Wang, S. Li, C.M. Beach, M.N. Nair, C. Zhai, B.N. Harsh, 

D.D. Boler, A. Dilger, D.W. Shike, Vitamin E influences proteome profile of beef 

longissimus lumborum muscle. Fleischwirtschaft Int. 4 (2021b) 65–69. 

[92] D.S. Antonelo, J.F. Gómez, S.L. Silva, M. Beline, X. Zhang, Y. Wang, B. Pavan, L.A. 

Koulicoff, A.F. Rosa, R.S. Goulart, S. Li, Proteome basis for the biological variations 

in color and tenderness of longissimus thoracis muscle from beef cattle differing in 

growth rate and feeding regime, Food Res. Int. 153 (2022) 110947, 

https://doi.org/10.1016/j.foodres.2022.110947 

[93] J. Tang, C. Faustman, T.A. Hoagland, R.A. Mancini, M. Seyfert, M.C. Hunt, 

Postmortem oxygen consumption by mitochondria and its effects on myoglobin form 

and stability. J. Agr. Food Chem. 53 (2005) 1223–1230, 

https://doi.org/10.1021/jf048646o 

[94] K.M. Belskie, C.B. Van Buiten, R. Ramanathan, R.A. Mancini, Reverse electron 

transport effects on NADH formation and metmyoglobin reduction. Meat Sci. 105 

(2015) 89–92, https://doi.org/10.1016/j.meatsci.2015.02.012 

[95] R.M. Mitacek, Y. Ke, J.E. Prenni, R. Jadeja, D.L. VanOverbeke, G.G. Mafi, R. 

Ramanathan, Mitochondrial degeneration, depletion of NADH, and oxidative stress 

decrease color stability of wet-aged beef longissimus steaks, J. Food Sci. 84 (2019) 

38–50, https://doi.org/10.1111/1750-3841.14396. 

[96] A. Mohan, M.C. Hunt, S. Muthukrishnan, T.J. Barstow, T.A. Houser, Myoglobin 

redox form stabilization by compartmentalized lactate and malate dehydrogenases. J. 

Agr. Food Chem. 58 (2010) 7021–7029, https://doi.org/10.1021/jf100714g  

[97] Y. Ke, R.M. Mitacek, A. Abraham, G.G. Mafi, D.L. VanOverbeke, U. Desilva, R. 

Ramanathan, Effects of muscle-specific oxidative stress on cytochrome c release and 

oxidation-reduction potential properties, J. Agr. Food Chem. 65 (2017) 7749–7755, 

https://doi.org/10.1021/acs.jafc.7b01735. 

[98] R.A. Mancini, K. Belskie., S.P. Suman, R. Ramanathan, Muscle-specific 

mitochondrial functionality and its influence on fresh beef color stability. J. Food Sci. 

83 (2018) 2077–2082, https://doi.org/10.1111/1750-3841.14219  

[99] C. Zhai, S.P. Suman, M.N. Nair, S. Li, X. Luo, C.M. Beach, B.N. Harsh, D.D. Boler, 

A.C. Dilger, D.W. Shike, Supranutritional supplementation of vitamin E influences 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



34 

 

mitochondrial proteome profile of post-mortem longissimus lumborum from feedlot 

heifers. S. Afr. J. Anim. Sci. 48 (2018) 1140–1147, 

https://www.ajol.info/index.php/sajas/article/view/183158 

[100] R. Ramanathan, M.N. Nair, Y. Wang, S. Li, C.M. Beach, R.A. Mancini, K. Belskie, 

S.P. Suman, Differential abundance of mitochondrial proteome influences the color 

stability of beef longissimus lumborum and psoas major muscles. Meat Muscle Biol. 5 

(2021) 16, 1–16, https://doi.org/10.22175/mmb.11705 

[101] M. Gagaoua, B. Picard, Proteomics to explain and predict meat quality. In: Peter 

Purslow, editor. New Aspects of Meat Quality, Chapter 14. Woodhead Publishing. 

2022, pp. 393–431, https://doi.org/https://doi.org/10.1016/B978-0-323-85879-

3.00023-4 

 

[102] M. Gagaoua, E. M. C. Terlouw, A. M. Mullen, D. Franco, R. D. Warner, J. M. 

Lorenzo, P. P. Purslow, D. Gerrard, D.L. Hopkins, D. Troy, B. Picard, Molecular 

signatures of beef tenderness: Underlying mechanisms based on integromics of protein 

biomarkers from multi-platform proteomics studies. Meat Sci. 172 (2021) 108311. 

https://doi.org/10.1016/j.meatsci.2020.108311   

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



35 

 

Figure 1: Heat map on species-specificity of 4-hydroxynonenal alkylation at histidine residues in 

myoglobin at pH 5.6. The red color indicate histidines adducted by 4-hydroxynonenal, green 

color represents unadducted histidines, and the white color represent missing histidine residues 

due to species-specific differences in myoglobin primary structure. The heat map was 

constructed using data from mass spectrometric studies on beef (Alderton et al., 2003, Suman et 

al., 2006, Suman 2007, Nair et al., 2014, and Viana et al., 2020), pork (Suman et al., 2006), horse 

(Kiyimba et al., 2019), chicken (Naveena et al., 2010), emu (Nair et al., 2014), and ostrich (Nair 

et al., 2014) myoglobins. 
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Figure 2: Protein-protein interaction network of differentially abundant proteins in the proteome 

of beef psoas major, longissimus lumborum, and semitendinosus muscles. The interacting 

proteins were identified using STRING 11.5 software (Szklarczyk et al., 2015). The nodes 

represent proteins from a Bos taurus database, whereas the lines (teal= evidence from curated 

databases; pink= experimentally determined evidence; green = gene neighborhood evidence; 

dark blue= gene co-occurrence evidence; light green = text mining evidence; black = co-

expression evidence) indicate predicted functional annotations. ENO1= alpha-enolase; HSPD1= 

mitochondrial heat shock protein (60 kDa); GAPDH= glyceraldehyde-3-phosphate 

dehydrogenase; MSRA= mitochondrial peptide methionine sulfoxide reductase; GPT= alanine 

aminotransferase 1; SOD3= superoxide dismutase [Cu-Zn]; MDH2= malate dehydrogenase 

(mitochondrial); PARK7= protein deglycase DJ-1; TPI1= triosephosphate isomerase; MB= 

myoglobin; LDHA= L-lactate dehydrogenase A; MDH1= malate dehydrogenase (cytoplasmic); 

PRDX2= peroxiredoxin-2; HSPB1= heat shock protein (27 kDa); TF= transferrin; HSPA8= heat 

shock cognate protein (71 kDa); HSPA1A= heat shock protein beta-1 (70 kDa); ATP5B= ATP 

synthase (beta subunit, mitochondrial); ENO3= beta-enolase; SDO2= superoxide dismutase 

[Mn], mitochondrial; CRYAB= alpha-crystallin B; TXNDC8= thioredoxin; STIP1= stress 

induced phosphoprotein-1; ALDH1B1= aldehyde dehydrogenase (mitochondrial); AKR1B1=  

aldehyde reductase; ALB= serum albumin; PGM1= phosphoglucomutase-1; DLAT= pyruvate 

dehydrogenase; PHPT1= phophohistidine phosphatase-14 kDa; QDPR= dihydropteridine 

reductase; UBB= polyubiquitin-B; AK1= adenylate kinase isoenzyme 1; ACO2= mitochondrial 

aconitase 2; CKM= creatine kinase M-type. 

The interaction network was constructed using data from proteomic studies on beef psoas major, 

longissimus lumborum, and semitendinosus (Joseph et al., 2012; Nair et al., 2018a). 
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Figure 3: Protein-protein interaction network of differentially abundant proteins in the proteome 

of beef inside and outside semimembranosus muscles. The interacting proteins were identified 

using STRING 11.5 software (Szklarczyk et al., 2015). The nodes represent proteins from a Bos 

taurus database, whereas the lines (teal= evidence from curated databases; pink= experimentally 

determined evidence; green = gene neighborhood evidence; dark blue= gene co-occurrence 

evidence; light green = text mining evidence; black = co-expression evidence) indicate predicted 

functional annotations. TPI1= triosephosphate isomerase; PGAM2= phosphoglycerate mutase 2; 

ENO3= beta-enolase; MB= myoglobin; CKM= creatine kinase M-type; ALDOA= fructose-

bisphosphate aldolase A; PEBP1= phosphatidylethanolamine-binding protein 1; UBB= 

polyubiquitin-B; PARK7= protein deglycase DJ-1. 

The interaction network was constructed using data from proteomic studies on beef inside and 

outside semimembranosus (Nair et al., 2016; Nair et al., 2018b). 
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Figure 4: Protein-protein interaction network of differentially abundant proteins in the 

mitochondrial proteome of beef psoas major and longissimus lumborum muscles. The interacting 

proteins were identified using STRING 11.5 software (Szklarczyk et al., 2015). The nodes 

represent proteins from a Bos taurus database, whereas the lines (teal= evidence from curated 

databases; pink= experimentally determined evidence; green = gene neighborhood evidence; 

dark blue= gene co-occurrence evidence; light green = text mining evidence; black = co-

expression evidence) indicate predicted functional annotations. ACADVL = very long-chain 

specific acyl-CoA dehydrogenase; ATP5B = ATP synthase subunit beta; C1H21orf33 = ES1 

protein homolog; CA3 = carbonic anhydrase 3; COQ9 = ubiquinone biosynthesis protein COQ9; 

GOT2 = aspartate aminotransferase; SUCLA2 = succinyl-CoA ligase subunit beta; ACO2 = 

mitochondrial aconitase 2; ATP2A1 = sarcoplasmic/endoplasmic reticulum Ca
2+

-ATPase, chain 

A; CKM = creatine kinase M-type; NDUFV1 = NADH dehydrogenase (ubiquinone) flavoprotein 

1; OGDH = 2-oxoglutarate dehydrogenase; PDHA1 = pyruvate dehydrogenase E1 component 

subunit alpha, somatic form; TF = transferrin.  

The interaction network was constructed using data from proteomic studies on beef psoas major 

and longissimus lumborum (Ramanathan et al., 2021). 
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Figure 5: List of the 59 putative biomarkers of beef color and related pathways identified in 

longissimus muscle using proteomics. The graphs were constructed using data from the previous 

proteomics integromics meta-analysis study conducted by Gagaoua et al. [26]. (A) String 

protein-protein interaction network linking the 59 proteins organized into 6 majors biological 

pathways. The common proteins suggested in the integromics study of Gagaoua et al. [26] as 

robust putative biomarkers (more than 3 times) and based on significant correlations with beef 

color traits are marked with solid black circles. (B) List of the 54 biomarkers by biological 

family found to be correlated with L*, a*, and b* values. The direction of the correlations in the 

boxes are further given: blue = positive; red = negative; orange = both directions (positive and 

negative). The complete names of the proteins based on their gene names can be retrieved from 

UniProt (https://www.uniprot.org/). (C) Gene Ontology (GO) analysis on the 59 putative 

biomarkers built using Metascape® (https://metascape.org/). The bar graphs highlight the top 

20 enriched terms and colored according to P-values: terms with a P-value < 0.01, a minimum 

count of 3, and an enrichment factor > 1.5. (D) Hierarchical heatmap clustering comparing the 

significantly enriched GO terms found for L*, a*, and b* values based on the putative protein 

biomarkers. In the heatmap, colors from grey to brown indicate P-values from high to low; and 

grey cells indicate the lack of significant enrichment. P-value was derived by a hypergeometric 

test. The common GO terms common to the L*, a*, and b* values are shown by a blue rectangle. 
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