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Introduction

Color of fresh beef critically influences the 
consumers’ purchase decisions (Mancini and Hunt, 

2005; Suman et al., 2014). Discoloration adversely 
affects the consumer perception of meat quality, 
leading to product rejection and economic loss. The 
annual revenue loss for the US beef industry corre-
sponding to surface discoloration has been estimated 
to be more than $1 billion (Smith et al., 2000). Fresh 
meat color is primarily determined by the concentra-
tion of myoglobin and the equilibrium of the heme 
protein’s redox forms. The redox state of myoglo-
bin is highly influenced by its interaction with cel-
lular organelles and biomolecules in the postmortem 
skeletal muscles (Faustman et al., 2010; Suman and 
Joseph, 2013; Suman and Nair, 2017).
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Several intrinsic (sex, endogenous antioxidants, 
animal age, muscle source, and pH) and extrinsic (post-
mortem aging, temperature, light, and packaging) fac-
tors influence beef color stability (Neethling et al., 2017; 
Suman et al., 2014; Mancini and Hunt, 2005). Among 
these factors, muscle source received significant atten-
tion (McKenna et al., 2005; Von Seggern et al., 2005). 
Muscles in a beef carcass vary in their physicochemi-
cal and biochemical characteristics due to specific 
anatomical locations, physiological functions, energy 
metabolism, and fiber type (Hunt and Hedrick, 1977). 
McKenna et al. (2005) categorized beef muscles into 
high, moderate, low, and very low color stability based 
on the objective measures of discoloration.

Postmortem aging (in vacuum packaging) is a 
common meat industry practice to improve tender-
ness and palatability, and beef subprimals are aged/
stored for an average of 20 d in retail establishments 
(Guelker et al., 2013). The cellular and biochemical 
mechanisms that govern the meat quality attributes 
undergo changes during postmortem aging. As aging 
time increases, there is decreased competition from 
mitochondria for oxygen, thereby improving myo-
globin oxygenation, resulting in improved blooming 
(Mac Dougall, 1982; Mancini and Ramanathan, 2014). 
However, Lee et al. (2008) reported that aging beyond 
14 d adversely affects color in beef gluteus medius. 
Aging can also influence cellular mechanisms (such 
as reducing enzymes, oxygen scavenging enzymes, 
and mitochondria) responsible for meat color stabil-
ity, resulting in lower color stability during subsequent 
retail display (King et al., 2012; English et al., 2016).

Sarcoplasmic proteins play a critical role in fresh 
meat color due to their ability to interact directly with 
myoglobin (Renerre et al., 1996), and the role of sarco-
plasmic proteome on muscle-specific beef color stabil-
ity has been reported previously. Joseph et al. (2012) 
compared the sarcoplasmic proteome of color-stable 
longissimus lumborum (LL) and color-labile psoas 
major (PM), and reported differential abundance of 
several proteins, including metabolic enzymes, antiox-
idant proteins, and chaperones. Further, Wu et al. (2015, 
2016) reported differentially abundant sarcoplasmic 
proteins in LL, PM, and semitendinosus (ST) muscle 
from Luxi yellow cattle during postmortem storage for 
0, 5, 10, and 15 d. Postmortem aging also influences 
the sarcoplasmic proteome, and aging alters meat qual-
ity traits (color, pH, and water holding capacity) in 
beef LL by affecting the sarcoplasmic protein patterns 
(Marino et al., 2014). Together these studies indicated 
that muscle source and aging can affect sarcoplasmic 
proteome profile, which in turn can influence meat 

color. Nonetheless, the muscle-specific changes in sar-
coplasmic proteome during aging of beef muscles have 
not been examined yet. Therefore, the objective of the 
current study was to examine the changes in sarcoplas-
mic proteome of 3 differentially color stable muscles 
(LL, PM, and ST) from beef hindquarters during aging.

Materials and Methods

Beef fabrication

The LL, PM, and ST muscles were excised (24 h 
postmortem) from both sides of eight (n = 8) beef car-
casses (USDA Choice; A maturity) obtained from the 
USDA-inspected meat laboratory of the University 
of Kentucky. Each muscle was divided into two-equal 
length sections, resulting in 4 muscle sections per car-
cass. The muscle sections were vacuum packaged 
(99% vacuum; Sipromac Model 600A, Drummondville, 
Quebec, Canada) in Prime Source vacuum pouches (3 
mil, Bunzl Koch Supplies Inc., Kansas City, MO), and 
randomly assigned to aging at 2°C for either 0, 7, 14, or 
21 d. After aging, muscle sections were fabricated into 
1.92-cm thick steaks. Abbreviations were used to indicate 
muscles aged for 0-d (LL0, PM0, and ST0), 7-d (LL7, 
PM7, and ST7), 14-d (LL14, PM14, and ST14), and 
21-d (LL21, PM21, and ST21). Samples for proteome 
analysis (approximately 50 g) were collected during fab-
rication, immediately vacuum-packaged, and frozen at 
–80°C. Six steaks were individually placed on Styrofoam 
trays, aerobically overwrapped with oxygen-permeable 
polyvinyl chloride film (15,500 – 16,275 cm3/m2/24 h 
oxygen transmission rate at 23°C), and were assigned 
randomly for 0, 3, and 6 d of refrigerated storage (2°C) 
in dark (Mancini et al., 2009). On each storage day, 2 
steaks were utilized for evaluation of instrumental color 
parameters and metmyoglobin reducing activity (MRA).

Instrumental color

On d 0 of storage, the instrumental color attributes 
were evaluated after allowing the steaks to bloom for 2 h 
at 2°C after fabrication, whereas on the remaining stor-
age days (3 and 6) the measurements were taken on the 
oxygen-exposed steak surfaces. A HunterLab LabScan 
XE colorimeter (Hunter Associates Laboratory, Reston, 
VA) with 2.54-cm diameter aperture, illuminant A, and 
10° standard observer was used to measure CIE light-
ness (L*) and redness (a*) values from 3 random lo-
cations (American Meat Science Association, 2012). 
The colorimeter was calibrated with standard black 
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and white plates. Surface color stability was estimated 
using the ratio of reflectance at 630 nm and 580 nm 
(R630/580) obtained from the colorimeter readings.

Metmyoglobin reducing activity (MRA)

The methodology described by Sammel et al. (2002) 
was used for evaluating MRA. Samples from the oxy-
gen-exposed surface (approximately 2.5 × 2.5 × 2.5 
cm cubes with no visible fat or connective tissue) were 
submerged in 0.3% solution of sodium nitrite (Sigma-
Aldrich Co., St. Louis, MO) for 20 min at room tempera-
ture to facilitate metmyoglobin formation. The samples 
were removed from the solution after 20 min, blotted dry 
to remove the surface nitrate solution, and then vacuum 
packaged. The reflectance spectra from 700 to 400 nm 
were recorded immediately after vacuum packaging on 
the light-exposed surface using a HunterLab LabScan 
XE colorimeter, and was used to calculate pre-incubation 
surface metmyoglobin values (American Meat Science 
Association, 2012). Each of the vacuum-packaged sam-
ples were then incubated at 30°C for 2 h to induce reduc-
tion of metmyoglobin. After incubation, the reflectance 
data were collected again and were used to calculate 
post-incubation metmyoglobin values (American Meat 
Science Association, 2012). The MRA was calculated 
using the equation: MRA = 100 × [(% pre-incubation 
surface metmyoglobin – % post-incubation surface met-
myoglobin) / % pre-incubation surface metmyoglobin].

Isolation of sarcoplasmic proteome

The LL, PM, and ST samples (n = 8) frozen (–80°C) 
on each of the aging days (0, 7, 14, and 21) were used 
for sarcoplasmic proteome isolation. Frozen muscle tis-
sue (5 g) devoid of any visible fat and connective tissue 
was homogenized in 25 mL ice-cold extraction buffer (40 
mM Tris, 5 mM EDTA, pH 8.0) using a Waring blender 
(Waring Commercial, Torrington, CT). The homogenate 
was then centrifuged at 10,000 × g for 15 min at 4°C. 
The supernatant consisting of the sarcoplasmic proteome 
extract was filtered (Whatman No. 1 filter paper) and uti-
lized for subsequent analysis (Joseph et al., 2012).

Two-dimensional electrophoresis (2-DE)

The protein concentration of the sarcoplasmic 
proteome extract from each sample was determined 
in duplicate employing Bradford assay (Bradford, 
1976) using the Bio-Rad Protein Assay kit (Bio-Rad 
Laboratories Inc., Hercules, CA). The sarcoplasmic 
proteome (900 µg) was mixed with rehydration buffer 

(Bio-Rad Laboratories Inc.) optimized to 7 M urea, 2 M 
thiourea, 20 mM DTT, 4% CHAPS, 0.5% Bio-Lyte 5/8 
ampholyte, and 0.001% Bromophenol blue. The mix-
ture of sarcoplasmic proteome and rehydration buffer 
was loaded onto immobilized pH gradient (IPG) strips 
(pH 5 to 8, 17 cm; Bio-Rad Laboratories Inc.) and was 
subjected to passive rehydration for 16 h (Joseph et al., 
2012). Protean IEF Cell system (Bio-Rad Laboratories 
Inc.) was used for the first dimension isoelectric focus-
ing, which enables the separation of proteins based on 
their isoelectric point (pI). A low voltage (50 V) was 
applied during the initial active rehydration for 4 h, fol-
lowed by a linear increase in voltage, and a final rapid 
voltage ramping to attain a total of 60 kVh.

After isoelectric focusing, the IPG strips were 
equilibrated with equilibration buffer I (6 M urea, 
0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, 
2% (w/v) DTT; Bio-Rad) followed by equilibration 
buffer II (6 M urea, 0.375 M Tris-HCl, pH 8.8, 2% 
SDS, 20% glycerol, 2.5% (w/v) iodoacetamide; Bio-
Rad Laboratories Inc.) for 15 min each. Separation of 
proteins in the second dimension based on molecular 
weight was performed using 13.5% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS 
PAGE; 38.5:1 ratio of acrylamide to bis-acrylamide) 
by loading the equilibrated strips on to SDS gel with 
an agarose overlay in a Protean II Multicell system 
(Bio-Rad Laboratories Inc.) using running buffer (25 
mM Tris, 192 mM Glycine, 0.1% SDS). A constant 
voltage of 100 V was applied for approximately 16 
h for the separation of proteins in the second dimen-
sion. Gels staining was performed using Colloidal 
Coomassie Blue for 48 h followed by destaining for 
48 h or until sufficient background clearing was ob-
tained. Each muscle (LL, PM, or ST) during the aging 
days (0, 7, 14, or 21) from all the carcasses (n = 8) was 
analyzed in duplicate resulting in a total of 192 gels.

Gel image analysis

The gel images were obtained using VersaDoc im-
ager (Bio-Rad Laboratories Inc.) and were analyzed 
using PDQUEST software (Bio-Rad Laboratories Inc.). 
Comparisons were made for muscle-specificity on each 
day of aging and also for changes to each muscle during 
aging (0-d aging sample for each muscle was considered 
as control). All gel images were processed and analyzed 
under similar parameters. Protein spots identified dur-
ing spot detection were automatically matched with the 
spots of a master gel used as a reference. Further, land-
mark spots were used to confirm spot matching across 
all gels and manual verification was used to screen out 
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artifacts or incorrectly identified spots. Relative volume 
of each spot in a gel was normalized as a percentage of 
the total volume of all spots detected on the gel. A pro-
tein spot was considered to be differentially abundant 
when it demonstrated 1.5–fold intensity difference be-
tween the treatments and was associated with P < 0.05 
in a pairwise Student’s t test.

Liquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry  
(LC–ESI–MS/MS) analysis

For confirmation of protein identity, duplicate spots 
from the corresponding gels were subjected to mass spec-
trometric protein identification. The protein spots differ-
entially abundant between the treatments were excised 
from the gel and then subjected to dithiothreitol reduction, 
iodoacetamide alkylation, and in-gel trypsin digestion. 
The peptides formed were extracted, concentrated and 
injected for nano-LC–MS/MS analysis using an LTQ-
Orbitrap mass spectrometer (Thermo Fisher Scientific 
Inc., Waltham, MA) coupled with an Eksigent Nanoflex 
cHiPLC system (Eksigent Technologies, Dublin, CA) 
through a nano electrospray ionization source. A reverse 
phase cHiPLC column (75 µm × 150 mm) operated at a 
flow rate of 300 nL/min was used for separation of the 
peptides. Mobile phase A consisted of water with 0.1% 
(v/v) formic acid, and mobile phase B contained aceto-
nitrile with 0.1% (v/v) formic acid. A 50 min gradient 
was applied: initial 3% mobile phase B was increased 
linearly to 50% in 24 min and further to 85% and 95% 
for 5 min each before it was decreased to 3%, and the 
column was re-equilibrated. The mass analysis method 
consisted eight scan events per segment. The first scan 
event was an Orbitrap MS scan (100 to 1,600 m/z) with 
60,000 resolutions for parent ions which was followed by 
data dependent MS/MS for fragmentation of the 7 most 
intense ions through collision induced dissociation.

MS/MS protein identification

The LC–MS/MS data were submitted to a lo-
cal Mascot server for MS/MS protein identification 
via Proteome Discoverer (version 1.3, Thermo Fisher 
Scientific Inc., Waltham, MA) against a Bos taurus 
database from National Center for Biotechnology 
Information. Parameters used in the MASCOT MS/
MS ion search were: trypsin digest with a maximum of 
2 miscleavages, cysteine carbamidomethylation, me-
thionine oxidation, a maximum of 0.001% MS error 
tolerance, and a maximum of 0.8 Da MS/MS error tol-
erance. A decoy database was built and searched. Filter 

settings that determine false discovery rates (FDR) are 
used to distribute the confidence indicators for the pep-
tide matches. Peptide matches that passed the filter as-
sociated with the strict FDR (target setting of 0.01) were 
assigned as high confidence. For the MS/MS ion search, 
proteins with 2 or more high confidence peptides were 
considered unambiguous identifications without manual 
inspection. Proteins identified with one high confidence 
peptide were manually inspected and confirmed.

Statistical analysis

The LL, PM, and ST muscles from 8 beef carcasses 
(n = 8) were utilized for this study. The experimental de-
sign was a split-split plot with muscle source (LL, PM, 
and ST) as whole plot and aging time (0, 7, 14, and 21 
d) as subplot. For color characteristics, display day (0, 3, 
and 6) was set as a sub-sub plot. Carcass was considered 
as random effect. The data were analyzed using PROC 
MIXED procedure of SAS Version 9.4 (SAS Institute 
Inc., Cary, NC), and the differences among means were 
detected using the least significant difference (LSD) at 
5% level.

Results and Discussion

Instrumental color and biochemical attributes

There was no aging × muscle × storage interaction 
(P = 0.4422; Table 1) for lightness (L* value). Muscle-
specificity (P < 0.0001) was observed for lightness, 
with ST having greatest (P = 0.0013) lightness, where-
as LL and PM exhibited similar lightness (P = 0.2399). 
In agreement, muscle-specificity in lightness has been 
reported previously in beef (McKenna et al., 2005; 
Joseph et al., 2012, Canto et al., 2016). Overall, ag-
ing resulted in an increase (P < 0.0001) in lightness 
of the muscles in the present study. In partial agree-
ment, Marino et al. (2014) reported that aging for 21 d 
resulted in an increase in lightness of beef longissimus 
dorsi. However, in the present study, 7-d aged steaks 
had similar (P > 0.05) lightness as 14-d and 21-d aged 
steaks; thus, aging beyond 7 d did not increase the 
lightness. In contrast, English et al. (2016) reported 
that L* values increased in beef LL aged for 62 d com-
pared to the LL counterparts aged for 21 d.

Surface redness (a* value) of LL, PM, and ST dur-
ing storage after aging for 0, 7, 14, and 21 d is pre-
sented in Table 2. There was no aging × muscle × stor-
age interaction (P = 0.5440). However, aging, muscle 
source, and storage days influenced surface redness 
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(P < 0.0001). Redness was influenced by aging, with 
greatest (P < 0.0001) redness observed for the 7-d 
aged steaks. However, there was no difference in red-
ness between 14-d and 21-d aged steaks (P = 0.6605). 
Among the muscles, LL had greater redness than PM 
(P < 0.0001), whereas it had similar redness to ST (P 
= 0.1625); ST also demonstrated greater (P = 0.0002) 
redness than PM. In agreement, McKenna et al. (2005) 
observed no difference in redness of LL and ST dur-

ing retail display, whereas PM demonstrated a lower 
redness than LL and ST. On the other hand, Seyfert et 
al. (2006) reported that the color stability of these mus-
cles during retail display followed the order: LL (most 
stable) > ST > PM (least stable). Aging × storage (P < 
0.0001) and muscle × storage (P < 0.0001) interactions 
were observed for a* value. Aged steaks (7, 14, or 21 d) 
had greater (P < 0.0001) initial redness (on d 0 of stor-
age) compared to steaks that were not aged.

Ratio of reflectance at 630 nm and 580 nm 
(R630/580) is used as an indirect estimate of meat sur-
face color stability. A greater ratio indicates greater col-
or stability and lower metmyoglobin content. There was 
no aging × muscle × storage interaction (P = 0.8799; 
Table 3) for R630/580. However, aging, muscle source, 
and storage days influenced the surface color stability 
(P < 0.0001). The muscles followed the order LL > ST 
> PM for the color stability, in agreement with catego-
rization of these muscles as color-stable, intermediately 
color-stable, and color-labile, respectively (McKenna 
et al.,2005, Joseph et al., 2012). Aging also influenced 
(P < 0.0001) the surface color stability, with 7-d aged 
steaks having the highest (P < 0.05) R630/580 value, 
whereas 0-d aged, 14-d aged, and 21-d aged steaks 
demonstrated similar (P > 0.05) surface color stability.

The MRA indicates the ability of meat to reduce 
ferric metmyoglobin to ferrous redox forms (deoxy- or 
oxymyoglobin). A higher value indicates that the muscle 
has a greater inherent ability to reduce metmyoglobin, 
thereby improving the meat color stability. There was an 

Table 1. Effect of aging1 and muscle source2 on sur-
face lightness (L* value) of beef steaks (n = 8) dur-
ing refrigerated storage (2°C) for 6 d under aerobic 
packaging (SEM = 1.0384)

Aging 
(A)

Muscle 
(M)

Storage days (S)  
P-values0 3 6

0 d LL 41.15 43.02 43.69 A  < 0.0001
PM 45.11 44.17 44.54 M 0.0003
ST 44.43 45.33 46.06 S 0.0578

7 d LL 44.29 45.42 45.80 A × M 0.3153
PM 45.61 44.83 43.92 A × S  < 0.0001
ST 47.49 47.91 47.86 M × S 0.0010

14 d LL 45.90 45.79 43.54 A × M × S 0.4422
PM 47.00 44.70 44.92
ST 48.82 48.63 47.42

21 d LL 44.48 45.13 43.90
PM 45.84 45.26 44.41
ST 48.04 48.15 46.91

1Aging in vacuum packaging at 2°C.
2LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

Table 2. Effect of aging1 and muscle source2 on sur-
face redness (a* value) of beef steaks (n = 8) during 
refrigerated storage (2°C) for 6 d under aerobic pack-
aging (SEM = 0.93)

Aging 
(A)

Muscle 
(M)

Storage days (S)  
P-values0 3 6

0 d LL 28.04 28.32 26.84 A  < 0.0001
PM 30.63 22.85 19.05 M  < 0.0001
ST 29.04 26.74 23.92 S  < 0.0001

7 d LL 31.29 30.89 28.08 A × M 0.5312
PM 31.68 23.58 20.12 A × S  < 0.0001
ST 31.46 29.61 25.85 M × S  < 0.0001

14 d LL 31.67 29.02 25.17 A × M × S 0.5440
PM 31.40 22.66 18.00
ST 31.88 28.46 23.59

21 d LL 30.94 28.98 25.27
PM 31.56 22.52 19.12
ST 31.48 28.68 21.88

1Aging in vacuum packaging at 2°C.
2LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

Table 3. Effect of aging1 and muscle source2 on sur-
face color stability (R630/580) of beef steaks (n = 8) 
during refrigerated storage (2°C) for 6 d under aerobic 
packaging (SEM = 0.2441)

Aging 
(A)

Muscle 
(M)

Storage days (S)  
P-values0 3 6

0 d LL 5.07 4.28 3.61 A 0.0003
PM 5.09 2.70 2.17 M  < 0.0001
ST 4.72 3.58 3.01 S  < 0.0001

7 d LL 5.57 4.85 3.96 A × M 0.5415
PM 5.31 2.80 2.23 A × S 0.7451
ST 5.42 4.26 3.35 M × S  < 0.0001

14 d LL 5.36 4.23 3.33 A × M × S 0.8799
PM 4.96 2.72 2.08
ST 4.93 3.90 2.92

21 d LL 5.28 4.31 3.41
PM 5.11 2.69 2.27
ST 4.95 3.99 2.69

1Aging in vacuum packaging at 2°C.
2LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.
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aging × muscle × storage interaction (P = 0.0351; Table 
4) for MRA. However, MRA was not altered by aging 
for 21 d (P = 0.0973). In contrast, previous research in-
dicated that extended aging (for 42 or 62 d) decreased 
MRA probably due to the depletion of reducing enzymes 
and mitochondrial substrates (English et al., 2016). The 
observed differences in MRA between our study and the 
previous research could be attributed to the difference in 
the aging days (21 vs. 42 or 62).

The MRA was muscle-specific, with PM having 
the lowest (P < 0.0001) value, whereas LL and ST had 
similar (P = 0.0793) values. Previous research (Joseph 
et al., 2012; Canto et al., 2016) also indicated greater 
MRA for LL steaks compared to PM ones. The MRA 
results are also in agreement with the surface redness (a* 
value) and color stability (R630/580) data. An interest-
ing observation in the current study was the increase (P 
< 0.05) in MRA of PM on d 6 of storage compared to 
d 3 of storage in 7-d, 14-d, and 21-d aged steaks (Table 
4). However, this pattern was not observed in LL and 
ST. The observed variations in MRA during later stages 
of storage could be a muscle-specific change happen-
ing in PM steaks. One possible hypothesis to explain 
this observation is that the combination of prolonged 
aging and storage in an already color-labile muscle 
(PM) could have led to degradation of mitochondria 
towards the end of storage, releasing more mitochon-
drial enzymes, which could potentially improve MRA, 
without a concomitant increase in the surface redness. 
Nonetheless, we did not evaluate mitochondrial deg-

radation to confirm this hypothesis. In partial support, 
muscle-specificity in beef mitochondrial functionality 
has been reported previously, with mitochondria from 
PM having lower mitochondrial MRA and oxygen con-
sumption rate after storage for 7 d compared to mito-
chondria from longissimus dorsi (Belskie et al., 2015).

Sarcoplasmic proteome analyses

The summary of differentially abundant sarcoplas-
mic protein spots identified by image analysis is pre-
sented in Table 5. The representative gel images of sar-
coplasmic proteome of LL during aging are presented in 
Fig. 1. Eighty-six protein spots were detected to be dif-
ferentially abundant between LL, PM, and ST indicating 
muscle-specific changes during aging. Aging-related 
changes in the proteome of each muscle were examined 
using 0-d aged sample from each muscle as control. A 
total of 49 protein spots were identified to be differen-
tially abundant with aging (14 protein spots in LL, 17 
protein spots in PM, and 18 protein spots in ST). These 
results indicated that the changes occurring in sarco-
plasmic proteome of beef hindquarter muscles (LL, PM, 
and ST) are muscle- and aging-specific in nature (Tables 
6 to 12). Multiple protein spots were identified as the 
same protein in mass spectrometric analyses. These pro-
tein spots had similar molecular weights, but different 
isoelectric points, which could be attributed to the exis-
tence of different isoforms and possible post-translation-
al modifications such as phosphorylation (Canto et al., 

Table 4. Effect of aging1 and muscle source2 on met-
myoglobin reducing activity (MRA) of beef steaks (n 
= 8) during refrigerated storage (2°C) for 6 d under 
aerobic packaging (SEM = 5.65)

Aging 
(A)

Muscle 
(M)

Storage days (S)  
P-values0 3 6

0 d LL 63.81 47.36 46.61 A 0.0973
PM 34.93 14.63 10.24 M  < 0.0001
ST 66.30 42.54 41.63 S  < 0.0001

7 d LL 56.22 48.61 41.60 A × M 0.1622
PM 20.24 6.24 18.28 A × S 0.1592
ST 55.20 56.62 35.39 M × S 0.0010

14 d LL 56.99 37.19 38.39 A × M × S 0.0351
PM 22.78 7.91 23.92
ST 47.02 41.63 39.08

21 d LL 56.70 42.80 21.12
PM 20.32 11.20 30.31
ST 59.33 42.90 42.49

1Aging in vacuum packaging at 2°C.
2LL, Longissimus lumborum; PM, Psoas major; ST, Semitendinosus.

Table 5. Summary of differentially abundant protein 
spots in the sarcoplasmic proteome of beef longissi-
mus lumborum (LL), psoas major (PM), and semiten-
dinosus (ST; n = 8) aged for 0, 7, 14, and 21 d

Muscle-specificity Aging

 
Treatment

Number of  
protein spots

 
Treatment

Number of  
protein spots

LL0 vs. PM0 4 spots LL0 vs. LL7 2 spots
LL0 vs. ST0 4 spots LL0 vs. LL14 7 spots
PM0 vs. ST0 7 spots LL0 vs. LL21 5 spots
LL7 vs. PM 7 11 spots PM0 vs. PM7 8 spots
LL7 vs. ST7 3 spots PM0 vs. PM14 6 spots
PM7 vs. ST7 14 spots PM0 vs. PM21 3 spots
LL14 vs. PM14 14 spots ST0 vs. ST7 10 spots
LL14 vs. ST14 6 spots ST0 vs. ST14 5 spots
PM14 vs. ST14 6 spots ST0 vs. ST21 3 spots
LL21 vs. PM21 5 spots Total 49 spots
LL21 vs. ST21 2 spots
PM21 vs. ST21 10 spots
Total 86 spots
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2015; Anderson et al., 2014). Phosphorylation can shift 
the isoelectric point of the proteins with minimal or no 
change in molecular weight, and could be indicative of 
the functional status of the proteins.

Previous proteomic investigations have also re-
ported differential abundance of sarcoplasmic pro-
teins between muscles in the beef carcass. Joseph et al. 
(2012) compared the sarcoplasmic proteome profile 
of beef LL and PM, and attributed the greater color 
stability of LL to the greater abundance of metabolic 
enzymes, antioxidant proteins, and chaperones com-
pared to color-labile PM. Similarly, Wu et al. (2016) 
reported several glycolytic and antioxidant proteins to 
be differentially abundant in LL and PM during post-
mortem storage (15 d) in Chinese Luxi yellow cattle. 

Clerens et al. (2016) performed proteomic and pep-
tidomic analysis of 4 muscles (LL, PM, ST, and in-
fraspinatus) from New Zealand-raised Angus steers 
and reported significant intensity differences between 
many proteins, including hemoglobin subunit β, car-
bonic anhydrase 3, triosephosphate isomerase, phos-
phoglycerate mutase 2, serum albumin and β enolase. 
Marino et al. (2014) demonstrated that aging for 21 d 
influenced the sarcoplasmic proteome profile of beef 
LL in Romagnola × Podolian, Podolian, and Friesian 
cattle, with the abundance of proteins such as β-enolase, 
creatine kinase M-type, fructose-bisphosphate aldol-
ase B, glyceraldehyde 3-phosphate dehydrogenase, 
triosephosphate isomerase, glutathione S-transferase 
P, and protein DJ-1 decreasing during aging.

Figure 1. Representative 2-dimensional gel electrophoresis maps of sarcoplasmic proteome extracted from beef longissimus lumborum (LL) after 
0 (LL0), 7 (LL7), 14 (LL14) and 21 (LL21) days of aging separated using an immobilized pH gradient (IPG) 5 to 8 strip in the first dimension and 
13.5% SDS gel in the second dimension.
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Functional roles of differentially  
abundant proteins

The proteins that are differentially abundant be-
tween the muscles during aging could be categorized 
mainly as: (1) glycolytic enzymes, (2) proteins related 
to energy metabolism, (3) antioxidant proteins, (4) 
chaperones, and (5) transport proteins.

Glycolytic enzymes

The glycolytic enzymes that were differentially abun-
dant between the treatment groups included triosephos-
phate isomerase, glyceraldehyde-3-phosphate dehydro-
genase, enolase (α and β), and phosphoglucomutase-1. In 
general, the glycolytic enzymes were more abundant (P 
< 0.05) in LL and ST compared to PM. The greater abun-
dance of glycolytic enzymes in these muscles could be a 
reflection of the inherent differences in their muscle fiber 
types. The LL and ST are considered glycolytic muscles, 
whereas PM is considered an oxidative muscle (Hunt and 
Hedrick, 1977; Kirchofer et al., 2002). However, we also 
observed differential abundance of glycolytic enzymes 
within the same muscle during aging. The LL0 had lower 
abundance (P < 0.05) of glycolytic enzymes (enolase, 
phosphoglucomutase-1) compared to LL14 and LL21, 
except that of glyceraldehyde-3-phosphate dehydroge-

nase which was of greater abundance (P < 0.05) in LL0 
(Table 10). However, aging did not demonstrate any spe-
cific trend in PM and ST on the differentially abundant 
glycolytic proteins (Tables 11 and 12).

Among the glycolytic enzymes, triosephosphate 
isomerase catalyzes the interconversion of glyceral-
dehyde 3-phosphate and dihydroxyacetone phosphate 
(Albery and Knowles, 1976). Further, glyceraldehyde-
3-phosphate dehydrogenase catalyzes the reversible 
conversion of glyceraldehyde-3-phosphate and NAD+ 

to 1,3-bisphosphoglycerate and NADH (Kim and Dang, 
2005). Enolase, expressed as 2 isozymes (α and β), is 
involved in the conversion of 2-phosphoglycerate to 
phosphoenolpyruvate, the ninth and penultimate step 
of glycolysis (Hoorn et al., 1974). Alpha enolase is 
ubiquitously expressed in tissues, whereas β-enolase 
is found most abundantly in skeletal muscle tissue. 
Phosphoglucomutase-1 is involved in generating glu-
cose-6-phosphate from glycogen stores to be used for 
glycolysis and energy production (Cori et al., 1938). 
Although, phosphoglucomutase is not an enzyme in 1 
of the 10 steps of glycolysis, we categorized this protein 
with glycolytic enzymes because glucose-6-phosphate 
(the common end product of glycogenolysis happening 
during the postmortem period) is a metabolite of the 
glycolytic pathway which can be converted to fructose-

Table 6. Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), 
and semitendinosus (ST) steaks (n = 8) on d 0 of aging

 
Protein

Accession 
number

Score/matched 
peptides

Sequence 
coverage, %

Over- 
abundant

Spot  
ratio

 
Function

LL0 vs. PM0
Serum albumin P02769 10550.37/87 90.77 LL0 1.74a Transport
Creatine kinase M-type Q9XSC6 4573.87/53 81.10 LL0 1.80a Energy metabolism
Creatine kinase M-type Q9XSC6 10790.77/62 83.99 LL0 1.84a Energy metabolism
Myoglobin P02192 2665.01/24 99.35 PM0 0.60a Oxygen transport

LL0 vs. ST0
Phosphoglucomutase-1 Q08DP0 3544.00/56 69.22 LL0 1.53b Glycolytic enzyme
Serotransferrin Q29443 4772.99/84 85.09 LL0 1.53b Transport protein
Glyceraldehyde-3-phosphate dehydrogenase P10096 2812.92/30 80.48 LL0 3.33b Glycolytic enzyme
Beta-enolase Q3ZC09 4499.71/53 79.95 LL0 3.23b Glycolytic enzyme

PM0 vs. ST0
Serotransferrin Q29443 6542.32/78 81.82 PM0 1.67c Transport protein
Creatine kinase M-type Q9XSC6 2777.04/48 72.18 ST0 0.51c Energy metabolism
Creatine kinase M-type Q9XSC6 6090.00/53 81.63 ST0 0.45c Energy metabolism
Glyceraldehyde-3-phosphate dehydrogenase P10096 4260.65/35 71.77 PM0 1.93c Glycolytic enzyme
Myoglobin P02192 3878.67/26 93.51 PM0 1.68c Oxygen transport
Superoxide dismutase [Mn], mitochondrial P41976 269.87/11 29.73 PM0 1.83c Antioxidant
L-lactate dehydrogenase A P19858 1346.58/34 85.24 PM0 6.88c Energy metabolism

aSpot ratio of LL0/PM0.
bSpot ratio of LL0/ST0.
cSpot ratio of PM0/ST0.
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6-phosphate by phosphofructokinase. Interestingly, the 
rate-limiting glycolytic enzymes (phosphofructokinase, 
hexokinase, and pyruvate kinase) were not detected to 
be differentially abundant in the present study.

Previous proteomic research has reported differential 
abundance of glycolytic enzymes between beef muscles 
(LL vs. PM; Joseph et al., 2012) and within the same mus-
cle (LL) from different carcasses exhibiting differential 
color stability (Canto et al., 2015). The glycolytic metab-
olism can stimulate production of NADH and pyruvate 
in postmortem skeletal muscles. NADH is an important 
cofactor in enzymatic and non-enzymatic metmyoglobin 
reduction, whereas pyruvate is a mitochondrial substrate 
that promotes NADH regeneration (Ramanathan and 

Mancini, 2010). The greater abundance of glycolytic 
enzymes in muscles with greater color stability (LL and 
ST) compared to color-labile muscle (PM) in the current 
study indicated that these muscles have greater capacity 
to regenerate NADH for subsequent metmyoglobin re-
duction, thereby stabilizing beef color. Therefore, future 
research should focus on these differentially abundant 
glycolytic enzymes to clearly understand their functional 
roles in postmortem muscles governing meat color.

Proteins related to energy metabolism

Creatine kinase M-type, L-lactate dehydroge-
nase A, malate dehydrogenase (cytoplasmic and mi-

Table 7. Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), 
and semitendinosus (ST) steaks (n = 8) on d 7 of aging

 
Protein

Accession  
number

Score/matched  
peptides

Sequence  
coverage, %

Over- 
abundant

Spot  
ratio

 
Function

LL7 vs. PM7
Heat shock cognate protein (71 kDa) P19120 2591.04/48 68.46 LL7 3.90a Chaperone
Serum albumin P02769 5343.08/65 85.01 LL7 2.27a Transport
Serum albumin P02769 10468.95/78 88.14 LL7 2.90a Transport
Triosephosphate isomerase Q5E956 5553.64/27 93.98 LL7 2.00a Glycolytic enzyme
Triosephosphate isomerase Q5E956 5345.41/23 91.57 LL7 1.59a Glycolytic enzyme
Creatine kinase M-type Q9XSC6 3331.35/34 70.60 LL7 2.19a Energy metabolism
Creatine kinase M-type Q9XSC6 4966.46/44 76.12 LL7 3.93a Energy metabolism
Triosephosphate isomerase Q5E956 6505.02/29 93.98 LL7 1.53a Glycolytic enzyme
Creatine kinase M-type Q9XSC6 8811.88/50 80.31 LL7 6.46a Energy metabolism
Myoglobin P02192 3921.09/23 93.51 PM7 0.54a Oxygen transport
Beta-enolase Q3ZC09 8605.29/50 72.81 LL7 4.65a Glycolytic enzyme

LL7 vs. ST7
Heat shock cognate protein (71 kDa) P19120 2516.15/50 66.00 LL7 2.75b Chaperone
Serum albumin P02769 6468.62/75 85.50 LL7 1.55b Transport
Serum albumin P02769 8481.16/69 84.84 LL7 1.63b Transport

PM7 vs. ST7
Superoxide dismutase [Cu-Zn] P00442 880.28/11 90.79 PM7 1.65c Antioxidant
Triosephosphate isomerase Q5E956 1267.16/22 91.57 ST7 0.66c Glycolytic enzyme
Triosephosphate isomerase Q5E956 4511.84/29 93.98 ST7 0.61c Glycolytic enzyme
Triosephosphate isomerase Q5E956 4038.72/29 93.98 ST7 0.45c Glycolytic enzyme
Triosephosphate isomerase Q5E956 4518.14/27 93.98 ST7 0.59c Glycolytic enzyme
Creatine kinase M-type Q9XSC6 866.26/29 60.37 ST7 0.33c Energy metabolism
Triosephosphate isomerase Q5E956 7573.39/26 93.98 ST7 0.66c Glycolytic enzyme
Creatine kinase M-type Q9XSC6 2096.38/39 75.07 ST7 0.31c Energy metabolism
Creatine kinase M-type Q9XSC6 3517.53/45 76.38 ST7 0.16c Energy metabolism
Myoglobin P02192 2733.71/19 91.56 PM7 3.32c Oxygen transport
Triosephosphate isomerase Q5E956 6566.88/30 93.98 ST7 0.53c Glycolytic enzyme
Myoglobin P02192 3690.03/19 91.56 PM7 2.03c Oxygen transport
Creatine kinase M-type Q9XSC6 10653.78/57 94.23 ST7 0.28c Energy metabolism
Beta-enolase Q3ZC09 4322.40/46 76.04 ST7 0.38c Glycolytic enzyme

aSpot ratio of LL7/PM7.
bSpot ratio of LL7/ST7.
cSpot ratio of PM7/ST7.
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tochondrial), glycerol-3-phosphate dehydrogenase, 
alanine aminotransferase 1, aldehyde dehydrogenase 
(mitochondrial), ATP synthase, and adenylate kinase 
isoenzyme 1 were the enzymes/proteins related to en-
ergy metabolism that were differentially abundant (P < 
0.05) between the treatment groups. Similar to the gly-
colytic enzymes, in general, these proteins were more 
abundant in LL and ST compared to PM through the 
aging days (Tables 6 to 10). As mentioned earlier, this 
could be a reflection of the inherent differences in fiber 
composition of these muscles. There were no metabol-
ic enzymes differentially abundant (P > 0.05) between 
LL and ST on 0 and 7-d aging. The LL14 had more 
cytoplasmic malate dehydrogenase than ST14 (Table 
8), whereas ST21 had more lactate dehydrogenase than 
LL21 (Table 9). These results indicated that LL and ST 

had very similar energy metabolism during the post-
mortem period, whereas PM differed significantly.

Metabolic proteins were differentially abundant 
within muscles during aging (P < 0.05; Tables 10 
to 12). In general, these proteins (except malate de-
hydrogenase) were more abundant in aged samples 
compared to non-aged samples in LL and ST. In PM, 
creatine kinase M-type was more abundant (P < 0.05) 
in PM0 compared to PM7, whereas mitochondrial ATP 
synthase was more abundant (P < 0.05) in PM14 com-
pared to PM0 (Table 11), which suggested that sarco-
plasmic proteome of PM behaves differently than LL 
and ST during postmortem aging.

Creatine kinase M-type is a metabolic enzyme that 
plays a critical role in maintaining the ATP–ADP lev-
els during immediate postmortem period by catalyz-

Table 8. Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), 
and semitendinosus (ST) steaks (n = 8) on d 14 of aging

 
Protein

Accession  
number

Score/matched  
eptides

Sequence  
coverage, %

Over- 
abundant

Spot  
ratio

 
Function

LL14 vs. PM14
Mitochondrial heat shock protein (60 kDa) P31081 3120.65/58 79.23 PM14 0.50a Chaperone
Mitochondrial heat shock protein (60kDa) P31081 2742.17/54 74.87 PM14 0.42a Chaperone
Malate dehydrogenase (cytoplasmic) Q3T145 844.93/30 61.68 LL14 1.71a Energy metabolism
Beta-enolase Q3ZC09 1561.88/31 69.12 LL14 1.53a Glycolytic enzyme
Aldehyde dehydrogenase (mitochondrial) P20000 1904.42/34 56.35 LL14 1.96a Energy metabolism
Aldehyde dehydrogenase (mitochondrial) P20000 3277.11/38 61.15 LL14 1.68a Energy metabolism
Phosphoglucomutase-1 Q08DP0 2524.35/58 85.23 PM14 0.45a Glycolytic enzyme
Glycerol-3-phosphate dehydrogenase (cytoplasmic) Q5EA88 2402.72/31 93.41 LL14 1.57a Energy metabolism
Creatine kinase M-type Q9XSC6 1404.39/32 74.54 LL14 1.97a Energy metabolism
Glycerol-3-phosphate dehydrogenase (cytoplasmic) Q5EA88 2258.30/28 73.93 LL14 1.75a Energy metabolism
Glycerol-3-phosphate dehydrogenase (cytoplasmic) Q5EA88 2402.71/28 82.23 LL14 1.63a Energy metabolism
Phosphoglucomutase-1 Q08DP0 4184.83/59 84.52 LL14 4.13a Glycolytic enzyme
Phosphoglucomutase-1 Q08DP0 2750.32/48 74.73 LL14 4.07a Glycolytic enzyme
Creatine kinase M-type Q9XSC6 469.23/19 41.21 LL14 2.07a Energy metabolism

LL14 vs. ST14
Malate dehydrogenase (cytoplasmic) Q3T145 1121.78/26 55.99 LL14 1.69b Energy metabolism
Phosphoglucomutase-1 Q08DP0 2635.82/53 72.42 LL14 1.54b Glycolytic enzyme
Beta-enolase Q3ZC09 1975.11/50 74.42 ST14 0.57b Glycolytic enzyme
Phosphoglucomutase-1 Q08DP0 1166.63/54 68.51 LL14 2.02b Glycolytic enzyme
Phosphoglucomutase-1 Q08DP0 5453.43/64 84.70 LL14 1.91b Glycolytic enzyme
Phosphoglucomutase-1 Q08DP0 4422.10/58 72.42 LL14 1.85b Glycolytic enzyme

PM14 vs. ST14
Mitochondrial heat shock protein (60kDa) P31081 2027.34/54 71.03 PM14 1.69c Chaperone
Mitochondrial heat shock protein (60kDa) P31081 2623.44/54 76.61 PM14 1.92c Chaperone
Beta-enolase Q3ZC09 2335.71/44 66.59 ST14 0.62c Glycolytic enzyme
Serotransferrin Q29443 2913.00/70 73.72 PM14 1.82c Transport protein
Glyceraldehyde-3-phosphate dehydrogenase P10096 1332.36/25 64.56 ST14 0.65c Glycolytic enzyme
Creatine kinase M-type Q9XSC6 4731.45/54 83.20 ST14 0.50c Energy metabolism

aSpot ratio of LL14/PM14.
bSpot ratio of LL14/ST14.
cSpot ratio of PM14/ST14.
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Table 9. Differentially abundant sarcoplasmic proteins in beef longissimus lumborum (LL), psoas major (PM), 
and semitendinosus (ST) steaks (n = 8) on d 21 of aging

 
Protein

Accession  
number

Score/matched  
peptides

Sequence  
coverage, %

Over- 
abundant

Spot  
ratio

 
Function

LL21 vs. PM21
Serum albumin P02769 6940.19/67 83.69 LL21 1.64a Transport
Serum albumin P02769 915.42/39 56.05 LL21 1.61a Transport
Creatine kinase M-type Q9XSC6 2413.26/52 81.10 LL21 2.33a Energy metabolism
Triosephosphate isomerase Q5E956 7139.71/32 93.98 LL21 1.73a Glycolytic enzyme
Creatine kinase M-type Q9XSC6 9693.28/57 82.68 LL21 2.43a Energy metabolism

LL21 vs. ST21
Heat shock protein (70 kDa) Q27975 5755.16/64 72.85 LL21 4.06b Chaperone
L-lactate dehydrogenase A P19858 1494.08/42 96.08 ST21 0.41b Energy metabolism

PM21 vs. ST21
Mitochondrial heat shock protein (60 kDa) P31081 3178.58/62 76.27 PM21 2.07c Chaperone
Serum albumin P02769 10170.79/86 88.47 PM21 1.93c Transport
Stress-induced-phosphoprotein 1 Q3ZBZ8 2142.54/73 79.19 PM21 1.73c Chaperone
Creatine kinase M-type Q9XSC6 1897.54/49 71.65 ST21 0.47c Energy metabolism
Creatine kinase M-type Q9XSC6 2550.50/51 78.22 ST21 0.54c Energy metabolism
Triosephosphate isomerase Q5E956 7214.08/30 93.98 ST21 0.50c Glycolytic enzyme
Creatine kinase M-type Q9XSC6 5657.84/56 81.10 ST21 0.45c Energy metabolism
Glyceraldehyde-3-phosphate dehydrogenase P10096 532.90/17 54.35 ST21 0.28c Glycolytic enzyme
Creatine kinase M-type Q9XSC6 7145.41/64 83.73 ST21 0.55c Energy metabolism
Malate dehydrogenase (mitochondrial) Q32LG3 4349.40/37 75.74 ST21 0.65c Energy metabolism

aSpot ratio of LL21/PM21.
bSpot ratio of LL21/ST21.
cSpot ratio of PM21/ST21.

Table 10. Differentially abundant sarcoplasmic proteins during aging (0, 7, 14, and 21 d) in beef longissimus 
lumborum (LL) steaks (n = 8)

 
Protein

Accession  
number

Score/matched  
peptides

Sequence  
coverage, %

Over- 
abundant

Spot  
ratio

 
Function

LL0 vs. LL7
Adenylate kinase isoenzyme 1 P00570 2973.04/45 92.78 LL7 0.43a Energy metabolism
Myoglobin P02192 2485.84/20 93.51 LL7 0.33a Oxygen transport

LL0 vs. LL14
Heat shock cognate protein (71 kDa) P19120 4076.93/56 74.31 LL14 0.41b Chaperone
Beta-enolase Q3ZC09 2611.05/47 71.66 LL14 0.58b Glycolytic enzyme
Alanine aminotransferase 1 A4IFH5 361.85/18 44.35 LL14 0.59b Energy metabolism
Phosphoglucomutase-1 Q08DP0 1946.54/49 77.05 LL14 0.52b Glycolytic enzyme
Creatine kinase M-type Q9XSC6 405.71/16 37.27 LL14 0.64b Energy metabolism
Phosphoglucomutase-1 Q08DP0 1290.88/46 69.75 LL14 0.53b Glycolytic enzyme
Beta-enolase Q3ZC09 7628.55/61 84.79 LL14 0.60b Glycolytic enzyme

LL0 vs. LL21
Alpha-enolase Q9XSJ4 778.37/28 61.75 LL21 0.42c Glycolytic enzyme
Malate dehydrogenase (cytoplasmic) Q3T145 1746.38/36 61.68 LL0 1.89c Energy metabolism
Alpha-enolase Q9XSJ4 1142.73/32 66.59 LL21 0.66c Glycolytic enzyme
Alpha-enolase Q9XSJ4 3031.52/41 69.59 LL21 0.60c Glycolytic enzyme
Glyceraldehyde-3-phosphate dehydrogenase P10096 1727.91/26 69.67 LL0 2.90c Glycolytic enzyme

aSpot ratio of LL0/LL7.
bSpot ratio of LL0/LL14.
cSpot ratio of LL0/LL21.
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ing the interconversion of ADP and phosphocreatine 
to generate ATP and creatine. In postmortem muscles, 
depletion of ATP due to anoxia leads to the utilization of 
phosphocreatine to produce ATP and creatine. Previous 
studies have indicated that creatine can also act as an 
antioxidant by scavenging the free radicals (Sestili et 
al., 2011; Lawler et al., 2002). Creatine kinase M-type 
was more abundant (P < 0.05) in LL and ST, and these 
muscles had better color stability compared to PM. In 
agreement, previous research indicated that fast-twitch 
muscles with higher activity of glycolytic enzymes 
have greater creatine kinase content than the oxidative 
muscles (Okumura et al., 2005). Moreover, previous 
proteomic investigations have reported a greater abun-
dance of creatine kinase M-type in color-stable mus-
cles compared to color-labile beef muscles (Nair et al., 
2016; Canto et al., 2015; Joseph et al., 2012)

Cytoplasmic malate dehydrogenase was more 
abundant (P < 0.05) in LL14 compared to PM14 and 
ST14 (Table 8), and in LL0 when compared to LL21 
(Table 10). Mitochondrial malate dehydrogenase was 
of greater abundance (P < 0.05) in ST21 compared to 
PM21 (Table 9). Cytoplasmic malate dehydrogenase is 
responsible for shuttling NADH across the mitochon-

drial membrane via the malate-aspartate shuttle, where-
as mitochondrial malate dehydrogenase is a principal 
enzyme of the citric acid cycle (operated within mito-
chondria) which catalyzes the conversion of oxaloac-
etate and malate utilizing the NAD/NADH coenzyme 
system (Minarik et al., 2002). Mohan et al. (2010a, 
2010b) reported that malate decreases metmyoglobin 
formation in beef muscle homogenates by generating 
NADH utilizing the malate dehydrogenase enzyme 
system, which is subsequently used for metmyoglobin 
reduction. The differential abundance of these enzymes 
indicates that different muscles could differ in their re-
sponse to malate enhancement.

Glycerol-3-phosphate dehydrogenase was more 
abundant (P < 0.05) in LL14 compared to PM14 (Table 
8). This enzyme is integral to the conversion of triglyc-
eride-derived glycerol into glyceraldehyde-3-phospate, 
which then enters the glycolytic pathway. This pro-
cess can generate NADH, which in turn is utilized for 
metmyoglobin reduction. Alanine aminotransferase 
1 found in greater abundance (P < 0.05) in LL14 dur-
ing aging (Table 10) is a cytoplasmic enzyme catalyz-
ing the reversible transamination between alanine and 
2-oxoglutarate to form pyruvate and glutamate. This 

Table 11. Differentially abundant sarcoplasmic proteins during aging (0, 7, 14, and 21 d) in beef psoas major 
(PM) steaks (n = 8)

 
Protein

Accession  
number

Score/matched  
peptides

Sequence  
coverage, %

Over- 
abundant

Spot  
ratio

 
Function

PM0 vs. PM7
Superoxide dismutase [Cu-Zn] P00442 709.01/11 51.97 PM7 0.59a Antioxidant
Beta-enolase Q3ZC09 2075.70/30 65.44 PM7 0.66a Glycolytic enzyme
Creatine kinase M-type Q9XSC6 2229.27/48 72.44 PM0 3.43a Energy metabolism
Beta-enolase Q3ZC09 4879.07/52 73.73 PM0 2.15a Glycolytic enzyme
Serotransferrin Q29443 3879.25/76 74.01 PM0 2.01a Transport protein
Creatine kinase M-type Q9XSC6 2784.86/54 74.54 PM0 2.92a Energy metabolism
Creatine kinase M-type Q9XSC6 4590.61/58 80.58 PM0 17.86a Energy metabolism
Myoglobin P02192 4027.12/29 99.35 PM7 0.66a Oxygen transport

PM0 vs. PM14
ATP synthase (beta subunit, mitochondrial) P00829 2246.52/29 66.29 PM14 0.64b Energy metabolism
Mitochondrial heat shock protein (60 kDa) P31081 3370.29/62 72.43 PM14 0.45b Chaperone
Glyceraldehyde-3-phosphate dehydrogenase P10096 2311.05/24 61.26 PM0 1.72b Glycolytic enzyme
Glyceraldehyde-3-phosphate dehydrogenase P10096 2147.47/25 70.87 PM0 2.27b Glycolytic enzyme
Glyceraldehyde-3-phosphate dehydrogenase P10096 2711.18/30 75.98 PM0 1.67b Glycolytic enzyme
Beta-enolase Q3ZC09 3993.35/48 76.73 PM14 0.45b Glycolytic enzyme

PM0 vs. PM21
Serum albumin P02769 2090.94/55 78.75 PM0 2.69c Transport
Glyceraldehyde-3-phosphate dehydrogenase P10096 1550.64/26 66.37 PM0 8.85c Glycolytic enzyme
Glyceraldehyde-3-phosphate dehydrogenase P10096 8266.24/34 84.38 PM0 3.83c Glycolytic enzyme

aSpot ratio of PM0/PM7.
bSpot ratio of PM0/PM14.
cSpot ratio of PM0/PM21.
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enzyme is generally associated with liver health, and 
its role in meat quality is yet to be clearly understood.

L-Lactate dehydrogenase A was more abundant (P 
< 0.05) in PM0 when compared with ST0 (Table 6), and 
in ST21 when compared with LL21 (Table 9). During 
aging, ST21 had greater (P < 0.05) lactate dehydroge-
nase compared to ST0 (Table 12). L-Lactate dehydro-
genase catalyzes the inter-conversion of L-lactate and 
pyruvate with concomitant inter-conversion of NAD+ 

and NADH. Kim et al. (2006) reported that lactate en-
hancement promotes color stability of beef LL through 
increased lactate dehydrogenase activity and suggested 
that NADH could be utilized to reduce metmyoglobin. 
Further, Ramanathan et al. (2010) also reported that 
NADH generated by lactate dehydrogenase can be used 
for metmyoglobin reduction through electron-transport-
mediated pathways and reductase mediated pathways. 
The results of the aforementioned studies (Kim et al., 
2006; Ramanathan et al., 2010) suggested that the mus-
cles with a greater abundance of lactate dehydrogenase 
could be better responsive to lactate enhancement for 
stabilizing meat color. Differential abundance of lactate 
dehydrogenase observed in the present study indicated 

that lactate-enhancement may be employed as a muscle- 
and aging-specific strategy for color stabilization.

Aldehyde dehydrogenase (mitochondrial; ALDH2) 
is an enzyme located in the mitochondrial matrix catalyz-
ing the oxidation of acetaldehyde (produced from etha-
nol) into acetate in a reaction coupled with NAD+ reduc-
tion (Jelski and Szmitkowski, 2008). It was detected in 
greater abundance (P < 0.05) in LL14 compared to PM14 
(Table 8). ATP synthase was identified to be more abun-
dant (P < 0.05) in PM14 when compared to PM0 (Table 
11). This enzyme catalyzes ATP synthesis in mitochondria 
using ADP and phosphate driven by the electron transport 
chain. The presence of these mitochondrial proteins in the 
sarcoplasmic proteome could be indicative of the muscle-
specific degradation of mitochondria during postmor-
tem aging. Adenylate kinase isoenzyme 1 catalyzes the 
reversible conversion of ADP to ATP (Heil et al., 1974). 
This enzyme was more abundant (P < 0.05) in LL7 and 
ST7 compared to LL0 and ST0 respectively (Table 10 
and 12), and the 7-d aged steaks had greater surface red-
ness than non-aged steaks (Table 2). In contrast, Canto et 
al. (2015) reported greater abundance of the adenylate ki-
nase isoenzyme 1 in color-labile LL muscles compared to 

Table 12. Differentially abundant sarcoplasmic proteins during aging (0, 7, 14, and 21 d) in beef semitendinosus 
(ST) steaks (n = 8)

 
Protein

Accession  
number

Score/matched  
peptides

Sequence  
coverage, %

Over- 
abundant

Spot  
ratio

 
Function

ST0 vs. ST7
Protein deglycase DJ-1 Q5E946 814.38/31 97.88 ST7 0.63a Chaperone
Aldose reductase P16116 1315.72/27 87.30 ST0 2.11a Oxidoreductase enzyme
Alpha-enolase Q9XSJ4 1902.61/37 63.82 ST0 1.83a Glycolytic enzyme
Myoglobin P02192 543.18/18 88.96 ST7 0.65a Oxygen transport
Glyceraldehyde-3-phosphate dehydrogenase P10096 1866.66/26 65.77 ST0 1.82a Glycolytic enzyme
Creatine kinase M-type Q9XSC6 761.7/28 61.68 ST7 0.52a Energy metabolism
Alpha-crystallin B P02510 1951.07/27 74.29 ST0 1.97a Chaperone
Polyubiquitin-C P0CH28 517.25/16 93.91 ST7 0.37a Ubiquitylation
Beta-enolase Q3ZC09 6352.87/47 72.12 ST7 0.44a Glycolytic enzyme
Adenylate kinase isoenzyme 1 P00570 2504.89/27 84.54 ST7 0.57a Adenosine phosphate  

metabolismST0 vs. ST14
Beta-enolase Q3ZC09 2385.59/51 74.65 ST14 0.39b Glycolytic enzyme
Beta-enolase Q3ZC09 3827.11/54 76.04 ST14 0.55b Glycolytic enzyme
Beta-enolase Q3ZC09 2811.22/53 76.50 ST14 0.36b Glycolytic enzyme
Beta-enolase Q3ZC09 4151.38/56 83.41 ST14 0.53b Glycolytic enzyme
Beta-enolase Q3ZC09 3431.61/62 83.87 ST14 0.29b Glycolytic enzyme

ST0 vs. ST21
Serum albumin P02769 2513.53/61 81.05 ST21 0.48c Transport
Serum albumin P02769 1952.95/61 81.38 ST0 2.05c Transport
L-lactate dehydrogenase A P19858 1662.30/35 92.77 ST21 0.64c Energy metabolism

aSpot ratio of ST0/ST7.
bSpot ratio of ST0/ST14.
cSpot ratio of ST0/ST21.
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color-stable LL counterparts aged for 13 d. This observed 
variation could be a result of the difference in aging days. 
However, the exact mechanism through which this en-
zyme influences meat color is not clearly understood.

Antioxidant proteins

Superoxide dismutase scavenges superoxide anions 
by forming hydrogen peroxide (Aebi 1974; Mercier 
et al., 2004). Two types of superoxide dismutase were 
identified as differentially abundant between the treat-
ment groups. Mitochondrial superoxide dismutase [Mn] 
(SOD2) was more abundant (P < 0.05) in PM0 compared 
to ST0 (Table 6). SOD2 is generally located in the mito-
chondrial matrix, and its presence in sarcoplasm could be 
a result of the protein’s disassociation from mitochondria 
in postmortem muscles. The greater abundance of SOD2 
in PM0 than in ST0 suggests that the integrity of mito-
chondria in PM and ST early postmortem are different 
and that this protein could be utilized as a potential in-
dicator of mitochondrial damage. Superoxide dismutase 
[Cu-Zn] (SOD1) was detected in greater abundance (P < 
0.05) in PM7 compared to ST7 and PM0 (Tables 7 and 
11). In postmortem muscles, superoxide dismutase acts 
in conjunction with catalase to limit lipid oxidation. The 
catalase enzymes reduce hydrogen peroxide formed by 
superoxide dismutase to water and oxygen (Aebi, 1974). 
However, in the present study, catalase was not detected 
among the differentially abundant proteins. In general, 
oxidative muscles (such as PM) have greater activities 
of superoxide dismutase and catalase than glycolytic 
muscles (Terevinto et al., 2010). Renerre et al. (1996) re-
ported that the increase in the activities of the antioxidant 
enzymes of color-labile muscles such as PM and dia-
phragm could be a defensive mechanism to the increased 
oxidative stress in such muscles during postmortem.

Chaperones

Heat shock cognate protein (71 kDa), heat shock 
protein (70 kDa), mitochondrial heat shock protein (60 
kDa), stress-induced-phosphoprotein 1, α-crystallin B, 
and protein deglycase DJ-1 were the chaperone pro-
teins identified to be differentially abundant (P < 0.05). 
Heat shock cognate protein (71 kDa) is a repressor of 
transcriptional activation and can act as a molecular 
chaperone. It was more abundant (P < 0.05) in LL7 (in 
comparison with PM7 and ST7; Table 7) and in LL14 
(in comparison with LL0; Table 10). However, heat 
shock protein (70 kDa) was more abundant (P < 0.05) 
in LL21 than in ST21 (Table 9). This protein prevents 
protein aggregation in cytosol in combination with 

other chaperones. Mitochondrial heat shock protein (60 
kDa) is responsible for the correct folding of imported 
proteins to the mitochondrial matrix. In general, it was 
detected in increased abundance in aged PM samples 
(in PM14 compared to LL14, ST14, and PM0; in PM21 
compared to ST21; Tables 8, 9, and 11), indicating a 
greater mitochondrial damage in PM during aging.

Stress induced-phosphoprotein 1, which was more 
abundant (P < 0.05) in PM21 compared to ST21 (Table 
9), functions as a co-chaperone by linking and modu-
lating heat shock protein 70 and heat shock protein 90 
(Odunuga et al., 2004). Alpha-crystallin B has chap-
erone-like activity, preventing aggregation of various 
proteins under stress conditions. This protein was more 
abundant (P < 0.05) in ST0 compared to ST7 (Table 
12). Protein deglycase DJ-1 protects cells against oxida-
tive stress and cell death by acting as an oxidative stress 
sensor, redox-sensitive chaperone, and protease. The 
protein was more abundant in ST7 compared to ST0 
(Table 12), and has been previously identified to be dif-
ferentially abundant in sarcoplasmic proteome in rela-
tion to meat color (Joseph et al., 2012; Wu et al., 2016), 
tenderness (Jia et al., 2009), and water holding capacity 
(Hwang et al., 2005). In general, chaperone proteins can 
prevent protein aggregation and protein denaturation 
occurring during the muscle-to-meat conversion (Sayd 
et al., 2006). Previous research by Joseph et al. (2012) 
reported that stress-induced phosphoprotein 1 was posi-
tively correlated to color stability in beef LL steaks.

Transport proteins

Myoglobin, serum albumin, and serotransferrin 
were the transport proteins differentially abundant 
between the treatments. Biochemical analyses using 
spectrophotometry also indicated variations in myo-
globin concentration among the beef muscles (P < 
0.0001); PM had the greatest myoglobin concentra-
tion (5.54 mg/g), followed by LL (4.35 mg/g), and 
ST (4.05 mg/g). Sarcoplasmic proteome profiling also 
confirmed this muscle-specificity in myoglobin con-
centration. The PM on 0-d and 7-d aging had great-
er (P < 0.05) abundance of myoglobin in the sarco-
plasmic proteome than LL and ST on the same days 
(Table 6 and 7). However, sarcoplasmic proteome 
analysis did not detect a difference in myoglobin con-
centration among the muscles on 14-d and 21-d aging. 
Myoglobin abundance in the sarcoplasmic proteome 
was also influenced by aging, with LL7, PM7, and ST7 
having greater (P < 0.05) abundance of myoglobin 
compared to their 0-d aged counterparts (Tables 10 to 
12). This observation coincides with the greatest red-
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ness observed in steaks after 7-d aging (Table 2). The 
differential abundance of myoglobin in sarcoplasmic 
proteome observed in the current study could be either 
due to a difference in the total concentration of myo-
globin or due to post-translational modification of the 
heme protein. Previous studies have reported that myo-
globin isoforms (potentially due to protein phosphory-
lation) vary between color-stable and color-labile LL 
muscles (Canto et al., 2015). Further research would 
be valuable in understanding the relationship between 
myoglobin phosphorylation and beef color stability.

Serum albumin can function as a transport protein and 
antioxidant protein, although its main function is the regu-
lation of the colloidal osmotic pressure of blood (Roche et 
al., 2008). There was no definite pattern in the differential 
abundance of this protein. Serotransferrin is an iron bind-
ing transport protein and was found in lower abundance 
in ST0 compared to LL0 and PM0 (Table 6). Joseph et al. 
(2012) reported greater abundance of this protein in color-
labile PM. However, the potential role of these 2 proteins 
in meat quality is yet to be clearly understood.

Conclusions

The present study provided a comprehensive evalu-
ation of color traits and sarcoplasmic proteome profile of 
3 beef muscles (LL, PM, and ST) with differential color 
stability during postmortem aging. Muscle source and ag-
ing influenced the color attributes and sarcoplasmic pro-
teome. The color stability followed the order: LL > ST 
> PM, and the 7-d aged steaks demonstrated the greatest 
surface redness. Glycolytic enzymes, proteins associated 
with energy metabolism, antioxidant proteins, chaperones, 
and transport proteins were differentially abundant be-
tween the muscles and aging time points. Overall, glyco-
lytic enzymes were of greater abundance in muscles and 
at aging times with increased color stability and redness. 
The differential abundance of sarcoplasmic proteome 
components indicates that these intrinsic factors play a 
critical role in color stability of postmortem beef muscles. 
Additionally, these results provide potential protein bio-
markers to be focused in future research on muscle-spe-
cific beef color stability during postmortem aging.
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