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Abstract: Mitochondrial functionality affects muscle-specific beef color stability. Nonetheless, the relationship between
mitochondrial proteome and muscle-specific beef color stability is yet to be examined. Therefore, the objective of the
present study was to differentiate the proteomes of mitochondria from beef longissimus lumborum (LL; color-stable
muscle) and psoas major (PM; color-labile muscle) steaks during retail display. LL and PM muscles from 7 beef carcasses
(USDA Choice; 48 h postmortem) were fabricated into 1.92-cm-thick steaks and were aerobically packaged and retail
displayed for 6 d. Mitochondria were isolated on day 3 and 6, whereas instrumental color and biochemical attributes were
evaluated on day 0, 3, and 6. Mitochondrial proteome was analyzed employing two-dimensional electrophoresis. The pro-
tein spots exhibiting 1.5-fold or more intensity differences (P < 0.05) between the muscles and display days were subjected
to tryptic digestion and identified by tandem mass spectrometry. Whereas color stability decreased in both muscles during
retail display, LL steaks demonstrated greater (P < 0.05) color stability during display than their PM counterparts.
Mitochondria could not be isolated from PM steaks on day 6 because of extensive degradation. Seven proteins were differ-
entially abundant (P < 0.05) in LL and PM on day 3 of display. In LL steaks, 7 proteins were more abundant (P < 0.05) on
day 3 than on day 6 of retail display. The differentially abundant proteins were enzymes, binding proteins, and proteins
involved in biosynthesis. These results indicated that differential abundance of mitochondrial proteome could also con-
tribute to the variations in color stability of beef LL and PM muscles during retail display.
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$3 billion (Maia Research Analysis, 2020). The inter-
actions among myoglobin, mitochondria, metabolites,
lipid oxidation, and sarcoplasmic proteome influence
the color stability of fresh meats (Suman and Joseph,
2013; Abraham et al., 2017; Ramanathan et al.,
2020a). Overall, the biochemical and cellular mecha-

Introduction

Color of retail fresh meat is the most important qua-
lity affecting the purchase decisions of consumers
(Faustman and Cassens, 1990; Mancini and Hunt,

2005; Suman et al., 2014; Neethling et al., 2017). In
the United States, approximately 5% of fresh beef is
wasted at retail stores owing to surface discoloration,
leading to an estimated annual revenue loss of
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nisms promoting the formation of ferrous myoglobin
forms (oxymyoglobin and deoxymyoglobin) can
improve fresh beef color stability (Faustman et al.,
2010). Myoglobin chemistry and mitochondrial
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functionality in the muscle food matrix are closely inter-
related (Ramanathan et al, 2019). Mitochondria
remain functionally active in postmortem skeletal
muscles and influence meat color either by providing
reducing equivalents for metmyoglobin reduction
(Belskie et al., 2015) or by competing with myoglobin
for oxygen (Tang et al., 2005). Therefore, mitochondrial
activity is critical to improving and maintaining the color
stability of fresh beef (Ramanathan and Mancini, 2018;
Ramanathan et al., 2020a, 2020b).

The US beef industry has been increasingly mar-
keting individual muscles based on their quality attrib-
utes (Von Seggern et al., 2005). Beef muscles are
categorized based on color stability traits (McKenna
et al., 2005). More specifically, the beef longissimus
lumborum (LL) is a color-stable muscle, whereas the
psoas major (PM) is a color-labile muscle (Hunt and
Hedrick, 1977; O’Keeffe and Hood, 1982; Ledward,
1985). Muscle-specific color stability in fresh beef has
been examined employing high-throughput analytical
tools in proteomics, and the differential abundance of
sarcoplasmic proteome components (antioxidant pro-
teins, chaperones, and glycolytic enzymes) has been
attributed to variations in the color stability of beef
LL and PM (Joseph et al., 2012; Nair et al., 2018a).

Mitochondrial content and biochemistry also are
major contributing factors in beef color stability
(Ramanathan et al., 2019). Beef PM has greater mito-
chondrial content than the LL counterparts (Mohan
etal., 2010; Keetal., 2017), primarily owing to differ-
ences in muscle fiber type (Hunt and Hedrick, 1977).
Additionally, mitochondrial content in the PM de-
creased more rapidly than in the LL during retail
display, indicating variations in mitochondrial degen-
eration rates (Ke et al., 2017). Mancini et al. (2018)
examined mitochondrial functionality in beef LL and
PM to explain muscle-dependent color stability and
documented that oxygen consumption (OC) as well
as metmyoglobin reducing activity (MRA) decreased
more rapidly in mitochondria isolated from PM than
those from LL.

Although the enzymes and proteins in the mito-
chondrial matrix are critical to biochemical pathways
governing fresh meat color stability (Ramanathan
and Mancini, 2018; Ramanathan et al., 2019, 2020a,
2020b), investigations have yet to be undertaken to
characterize the relationship between mitochondrial
proteome and muscle-specific beef color stability.
Therefore, the objective of the present study was to dif-
ferentiate the proteomes of mitochondria isolated from
beef LL and PM steaks during retail display under aero-
bic conditions.
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Materials and Methods

Beef muscle fabrication and retail display

The LL and PM muscles from the left sides of
7 (n="17) beef carcasses (USDA Choice; A maturity)
were obtained from a local packing plant within 48 h
of harvest. Seven 1.92-cm-thick steaks were fabricated
from the anterior halves of each muscle. From each
muscle, 3 steaks were allotted for surface color evalu-
ation (on 0, 3, and 6 d), the fourth steak was used for
pH measurements, and the remaining 3 steaks were
used to create myoglobin standards for myoglobin
redox calculations. Following surface color measure-
ments, steaks designated to 0, 3, and 6 d were cut in
half perpendicular to the oxygen-exposed surface,
but in random axis. These halves were assigned ran-
domly for biochemical and proteome analyses; while
one half was used for mitochondrial proteome profiling
(on 3 and 6 d), the other half was used for OC and MRA
measurements.

Instrumental color

The surface color was measured on 0, 3, and 6 d.
Steaks on 0-d display were placed on Styrofoam trays
and overwrapped in polyvinylchloride film (15,500-
16,275 cm® O,/m?/24 h at 23°C; E-Z Wrap Crystal
Clear Polyvinyl Chloride Wrapping Film, Koch
Supplies, Kansas City, MO) and bloomed at 4°C for
2 h before the color measurement. The packages were
displayed in a coffin-type retail case at 4°C (1,612—
2,152 Ix; Philips Delux Warm White Fluorescent
lamps, Andover, MA; color rendering index = 86;
color temperature = 3,000 K) and were rotated every
24 h to minimize temperature variations within the
case. The polyvinylchloride film was removed, and
L* (lightness), a* (redness), and b* (yellowness) values
(CIE, 1976) were recorded at 3 random locations on the
light-exposed steak surfaces using a HunterLab Mini-
Scan XE Plus (HunterLab Associates, Reston, VA)
with 2.54-cm diameter aperture, illuminant A, and
10° observer angle (AMSA, 2012). The colorimeter
was calibrated with standard black and white plates
each day before the readings were taken. Addi-
tionally, the CIE (1976) a* and b* values were used
to calculate hue angle and chroma (AMSA, 2012).

Muscle pH

Samples from steaks assigned to 0 d of display
from both LL and PM, visually devoid of fat and
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connective tissue, were blended in an Omni tabletop
mixer (Sorvall, Newton, CT). To determine pH, 10 g
of pulverized steak that contained surface and interior
was combined with 100 mL of deionized water and
mixed for 30 s. The pH values were obtained by using
an Accumet combination glass electrode connected to
an Accumet 50 pH meter (Fisher Scientific, Fairlawn,
NJ). Before measurements, the pH meter was standard-
ized with pH 4 and 7 buffers.

Muscle oxygen consumption and
metmyoglobin reducing activity

The steak half assigned to MRA and OC was then
bisected parallel to the oxygenated surface to expose
the interior of the steak (resulting in 2 interior pieces).
The first piece was used to measure MRA, and the sec-
ond piece was used to measure muscle OC. The muscle
OC was determined indirectly using the changes in oxy-
myoglobin level. A modified procedure of Madhavi
and Carpenter (1993) was used to determine muscle
OC on day 0, 3, and 6. Freshly cut steak interiors were
allowed to oxygenate/bloom for 60 min at 4°C, vacuum
packaged, and were scanned using a Hunter Lab
MiniScan XE Plus spectrophotometer for reflectance
from 400 nm to 700 nm to determine the initial percent-
age of oxymyoglobin (AMSA, 2012). OC (measured
by conversion of oxymyoglobin to deoxymyoglobin)
was induced by incubating samples at 30°C for 30
min. After incubation, the samples were rescanned
immediately to determine remaining surface oxymyo-
globin (AMSA, 2012). The reflectance (R) at 474,
525, 572, and 610 nm was converted to K/S values
using K/S = (1 —R)?*2R, in which K and S indicate
absorption and scattering coefficient, respectively.
These K/S values were then utilized in the following
equations to calculate the percentage of oxymyoglobin
and metmyoglobin (AMSA, 2012).

Ramanathan et al.

Mitochondrial proteome and fresh beef color

MRA was determined according to the protocol of
Sammel et al. (2002). Samples (1.5 % 2.5 % 2.5 cm)
were submerged in a 0.3% solution of sodium nitrite
(Sigma, St. Louis, MO) for 20 min to facilitate met-
myoglobin formation. The samples were then
removed, blotted dry, vacuum packaged (Prime Source
Vacuum Pouches, 4 mil, Koch Supplies Inc., Kansas
City, MO), and scanned for reflectance spectra from
400 nm to 700 nm with a HunterLab MiniScan XE
Plus spectrophotometer to determine pre-incubation
metmyoglobin content (AMSA, 2012). The vacuum-
packaged samples were incubated at 30°C for 2 h to
induce metmyoglobin reduction. After incubation,
the reflectance data were collected again to determine
the post-incubation metmyoglobin content. The MRA
was calculated using the following equation:

MRA = 100 X [(% pre-incubation surface metmyoglobin
— % post-incubation surface metmyoglobin)

+ % pre-incubation surface metmyoglobin]

Statistical analysis of instrumental color and
biochemical attributes data

A split-plot experimental design was used to ana-
lyze the instrumental color, OC, and MRA data. The
whole plot consisted of a randomized complete block
design, in which carcass served as a block and muscles
within a carcass were experimental units (LL or PM). In
the subplot, steaks within a whole muscle served as
experimental units assigned to day of display (0, 3,
or 6). The random terms included carcass (Error A)
and unspecified residual error (Error B). The data were
analyzed using the Mixed procedure of SAS version
9.4 (SAS Institute Inc., Cary, NC), and the differences
among means were detected using the least significant
difference test at the 5% level.

[K/S610 + K/S525 for 100% metmyoglobin — K/S610 + K/S525 for sample]

% oxymyoglobin =

K/S610 + K/S525 for 100% metmyoglobin — K/S610 + K/S525 for 100% oxymyoglobin

[K/S572 + K/S525 for 100% oxymyoglobin — K/S572 + K/S525 for sample]

% metmyoglobin =

[K/S572 + K/S525 for 100% oxymyoglobin — K/S572 + K/S525 for 100% metmyoglobin]

To calculate muscle OC, the following equation was used:

OC = %pre-incubation surface oxymyoglobin — %post-incubation surface oxymyoglobin

American Meat Science Association.
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Isolation of mitochondria

Mitochondria were isolated from the beef muscles
according to Lanari and Cassens (1991). On 3 and 6 d
of display, LL or PM muscle tissue (35 g) was minced
finely and suspended in 70 mL of mitochondrial
suspension buffer (125 mM sucrose, 5 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid). The sus-
pension was hydrolyzed for 15 min with proteinase K
(protease/tissue, 1.0 mg/g for LL or 0.5 mg/g for PM),
and the pH was maintained between 7.0 and 7.2. The
suspension was diluted with mitochondrial isolation
buffer (125 mM sucrose, 125 mM Tris-HCIL, 10 mM
KCl, 25 mM ethylenediaminetetraacetic acid, and
0.2% bovine serum albumin [pH 7.2]) to 350 mL and
homogenized using a Kontes Duall grinder (Vineland,
NJ), passed through a Wheaton Potter-Elvehjem grinder
(Millville, NJ), and centrifuged for 20 min at 900 X gin a
Sorvall refrigerated RC-5B centrifuge (Thermo Fisher
Scientific, Waltham, MA). The resulting supernatant
was passed through double-layered cheesecloth and cen-
trifuged for 15 min at 14,000 X g. The pellet was washed
twice and suspended in mitochondrial suspension buffer
at pH 7.2. All steps were performed at 0°C to 4°C.
Mitochondrial protein content was determined using a
bicinchoninic acid protein assay, and the total mitochon-
drial yield was reported as milligrams per gram of tissue
(Grubbs et al., 2013; Ke et al., 2017).

Mitochondrial proteome solubilization

The aliquots of suspended mitochondria were cen-
trifuged to pellet the mitochondria. The supernatant
was discarded, and the crude mitochondrial pellet with
200 pL of the extraction buffer (8.3 M urea, 2 M thio-
urea, 2% 3-[(3-cholamidopropyl) dimethylammonio]-
1-propanesulfonate, and 1% dithiothreitol [DTT] [pH
8.5]) was shaken vigorously for 30 min at room temper-
ature. Samples were centrifuged at 10,000 X g for
30 min. The supernatant was filtered, and the protein
concentration was determined using a 2D Quant assay
(GE Healthcare Life Sciences, Piscataway, NJ).

Two-dimensional electrophoresis

The mitochondrial proteome (900 pg) was mixed
with DeStreak Rehydration Solution (GE Healthcare
Life Sciences, Piscataway, NJ) with 2 mM DTT and
0.5% immobilized pH gradient (IPG) buffer (pH 3-10;
GE Healthcare Life Sciences, Piscataway, NJ) to a total
volume of 300 pL. The mix was loaded onto IPG
strips (pH 3—10; 17 cm) and was subjected to passive
rehydration for 16 h. First-dimension isoelectric
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focusing of the IPG strips was done in a Protean IEF
cell system (Bio-Rad, Hercules, CA) by applying a lin-
ear increase in voltage initially and a final rapid voltage
ramping to attain a total of 80 kVh. Subsequently, the
IPG strips were equilibrated with equilibration buffer [
(6 M urea, 0.375 M Tris-HCI [pH 8.8], 2% sodium
dodecyl sulfate [SDS], 20% glycerol, 2% w/v DTT;
Bio-Rad) followed by equilibration buffer II (6 M urea,
0.375 M Tris-HCI [pH 8.8], 2% SDS, 20% glycerol,
2.5% w/v iodoacetamide; Bio-Rad) for 15 min each.
Second-dimension separation of proteins was done
by 13.5% SDS polyacrylamide gel electrophoresis
(38.5:1 ratio of acrylamide to bis-acrylamide; SDS-pol-
yacrylamide gel electrophoresis) using a Protean XL
system (Bio-Rad, Hercules, CA). The gels were stained
with colloidal Coomassie Blue for 48 h and destained
in deionized distilled water for 48 h or until sufficient
background was cleared.

Gel image analysis

The digital images of the destained gels were cap-
tured using Versa Doc imager (Bio-Rad, Hercules,
CA) and were analyzed using PDQuest software (Bio-
Rad, Hercules, CA). Images were first subjected to auto-
matic spot detection and matching optimized by the aid
of landmark protein spots. The relative volume of each
spot was normalized as a percentage of the total volume
of all the spots detected on the gel (Joseph et al., 2012).
For each spot in a given sample, spot quantity values in
duplicate gels were averaged for statistical analysis (Nair
etal.,2018a; Zhaietal.,2018). A spot was considered to
be differentially abundant when it demonstrated 1.5-fold
intensity difference between the treatments associated
with P < 0.05 in a pairwise Student 7 test.

Protein identification by tandem mass
spectrometry

Protein spots differentially abundant between the
treatments were excised from the gel using pipet tips.
The spots were destained by two 30-min washes with
50 mM NH4HCO5/50% CH;CN followed by vortexing
for 10 min and drying using a vacuum centrifuge.
Proteins in the gel were reduced by the addition of
50 mM NH4HCOj; containing 10 mM DTT and incu-
bation at 57°C for 30 min. Further, the proteins were
alkylated by the addition of 50 mM NH4HCOj3 contain-
ing 50 mM iodoacetamide and incubation for 30 min in
the dark at room temperature. The gel pieces were
washed twice with 50 mM NH4HCO; and once with
CH;CN and partially dried in a vacuum centrifuge.
Dried gel pieces were rehydrated for 1 h (on ice) with
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a solution of 40 mM NHHCO3/9% CH;CN, contain-
ing proteomic grade trypsin (Sigma, St. Louis, MO)
at a concentration of 20 ng/puL. An additional volume
of 40 mM NH,HCO5/9% CH;CN was added to cover
the sample, and the gel was incubated for 18 h at 37°C.
Peptide extraction from the gel was done by sonication
in 0.1% trifluoroacetic acid for 10 min followed by vor-
texing for 10 min. Extraction was repeated with 50%
CH5CN/0.1% trifluoroacetic acid. The extracts were
combined, and the volume was decreased to eliminate
most of the acetonitrile. The peptide extracts were
desalted and concentrated by solid phase extraction
using a 0.1-10 pL pipet tip (Sarstedt, Newton, NC)
packed with 1 mm of Empore C-18 (3M, St. Paul, MN),
and peptides were eluted in 5 pL of 50% CH3CN/0.1%
trifluoroacetic acid. Desalted peptide extracts (0.3 pL)
were spotted onto an Opti-TOF 384 well insert (Ap-
plied Biosystems, Foster City, CA) with 0.3 pL of
5 mg/mL a-cyano-4-hydroxycinnamic acid (Aldrich,
St. Louis, MO) in 50% CH3CN/50% 0.1% trifluoroace-
tic acid. Crystallized samples were washed with cold
0.1% trifluoroacetic acid and were analyzed using
a 4800 MALDI TOF-TOF Proteomics Analyzer (Ap-
plied Biosystems). The initial matrix-assisted laser
desorption ionization mass spectrometry (MS) spectrum
was acquired for each spot with 400 laser shots per spec-
trum. From that, a maximum of 15 peaks with a signal-
to-noise ratio of >20 were automatically selected for tan-
dem mass spectrometry (MS-MS) analysis (1,000 shots
per spectrum) by post-source decay. Peak lists from the
MS-MS spectra were submitted for database similarity
search using Protein Pilot version 2.0 (Applied Bio-
systems), and the search was performed in the Swiss
Prot and National Center for Biotechnology Informa-
tion database to identify the proteins using search
parameters (search type: identification; enzyme: trypsin;
database: bovine NCBInr; search effort: thorough; un-
used cutoff > 1.30, 95% confidence).

The differentially abundant proteins were matched
against the STRING database (Szklarczyk et al., 2015)
to determine the protein—protein interaction networks
(on the influence of muscle source and retail display),
in which the network nodes represented the proteins
and the lines indicated functional associations.

Results and Discussion

Instrumental color and biochemical traits

The PM steaks had greater pH than LL steaks on
day 0 of display (LL =5.56, PM =5.63; P <0.05;
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standard error of the mean=0.02). There was a
muscle X display day interaction (P < 0.05) for instru-
mental color parameters (Table 1). The LL steaks had
greater (P < 0.05) L*, a*, b*, and chroma values than
the PM counterparts throughout display. Although the
a*, b*, and chroma values decreased (P <0.05)
between 0 and 6 d of retail display in both muscles, the
decline was less for LL steaks compared with PM ones.
The L* value increased (P < 0.05) for both muscles
from day O to day 3 and then decreased on day 6.
On day 3 and 6, PM steaks exhibited greater (P < 0.05)
hue angle than LL steaks. Whereas hue increased
(P<0.05) in PM steaks during display, it did not
change (P> 0.05) in LL steaks.

Muscle source and display day influenced (P <
0.05; Table 2) MRA and OC. The LL steaks demon-
strated greater (P < 0.05) MRA and lower (P < 0.05)
OC than their PM counterparts during display. Both
MRA and OC decreased (P <0.05) in LL and PM
steaks between day 0 and day 6. While MRA remained
stable (P > 0.05) until day 3, it declined (P < 0.05) in
both muscles between day 3 and day 6. On the other
hand, OC decreased (P < 0.05) on day 3 and remained
stable (P > 0.05) until day 6 in both LL and PM steaks.

The results of instrumental color (Table 1) and bio-
chemical attributes (Table 2) reiterated that the LL is a
color-stable beef muscle, whereas the PM is a color-
labile muscle. These findings are in agreement with
several previous studies (Hunt and Hedrick, 1977;
O’Keeffe and Hood, 1982; Madhavi and Carpenter,
1993; McKenna et al., 2005; Seyfert et al., 2006; Kim
et al., 2009; Mancini et al., 2009; Joseph et al., 2012;

Table 1. Instrumental color of beef LL and PM steaks
(n="7) during refrigerated retail display (4°C) under
aerobic packaging

Days of retail display

Parameter Muscle 0 3 6 SEM

L* value LL 40.98° 43,082 38.89¢ 0.80
PM 36.19¢ 40.13b 33.21°

a* value LL 31.87 29.60P 28.62° 0.55
PM 29.49b 19.73¢ 16.85¢

b* value LL 24.912 23.03% 22.72% 0.53
PM 23.08" 20.38¢ 16.68¢

Hue angle LL 38.02° 37.79° 38.40° 0.94
PM 38.07° 46.23 44.822

Chroma LL 40.45° 37.53P 36.60P 0.56
PM 37.45° 28.53¢ 23.784

**Means without common superscripts within a parameter are different
(P <0.05).

LL = longissimus lumborum; PM = psoas major; SEM = standard error
of the mean.
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Table 2. MRA and OC of beef LL and PM steaks
(n="7) during refrigerated retail display (4°C) under
aerobic packaging

Days of retail display

Parameter Muscle 0 3 6 SEM

MRA LL 66.87% 64.30% 60.97> 1.76
PM 52.17% 50.52% 40.80%

ocC LL 32.53% 15.43b 10.93% 2.13
PM 47.57% 2429 20.75%

*dMeans without common superscripts in a row are different (P < 0.05).

*¥Means without common superscripts in a column within a parameter
are different (P < 0.05).

LL = longissimus lumborum; MRA = metmyoglobin reducing activity;
OC = oxygen consumption; PM = psoas major; SEM = standard error of
the mean.

Canto et al., 2016; Nair et al., 2018a), which reported
greater color stability in beef LL than in PM.

Mitochondrial proteome profile

Mitochondria could not be isolated from PM steaks
on day 6 because of extensive degradation. Previous
research also reported negligible PM mitochondrial
yield with storage time (Mancini et al., 2018). There-
fore, proteome analyses were accomplished only on
mitochondria isolated from LL steaks on day 3 and
day 6 as well as PM steaks on day 3. This allowed for
evaluating the effect of muscle (LL vs. PM on day 3)
and retail display (LL on day 3 vs. LL on day 6) on
mitochondrial proteome profile.

Muscle source influences mitochondrial
proteome profile

Image analyses of gels identified 7 proteins differ-
entially abundant in the mitochondrial proteome isolated
from beef LL and PM steaks after 3-d refrigerated
retail display (Figure 1). The identified proteins are listed
in Table 3 along with accession number, ProtScore,
and sequence coverage. While 2 proteins were more
abundant in day-3 LL steaks, 5 were overabundant in
PM steaks. The differentially abundant proteins were
enzymes, binding proteins, and proteins involved in bio-
synthesis. The network of interacting proteins generated
using the STRING database (Figure 2) identified 7 pro-
teins as key nodes in biological interactions on the influ-
ence of muscle source. These results indicated the
contribution of mitochondrial proteome in muscle-
specific beef color stability.

Succinyl-coenzyme A ligase subunit beta, mito-
chondrial. Succinyl-coenzyme A ligase subunit beta
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Figure 1. Representative two-dimensional gel electrophoresis map of
mitochondrial proteome extracted from beef psoas major steak. Seven pro-
tein spots differentially abundant in psoas major and longissimus lumborum
mitochondria are circled and numbered. MW = molecular weight.

(SUCLA?2), located in the mitochondrial matrix, is
responsible for catalyzing the reversible conversion
of succinyl coenzyme A (CoA) and adenosine diphos-
phate (ADP) to succinate and adenosine triphosphate
(ATP), which represents the only step of substrate-level
phosphorylation in the tricarboxylic acid (TCA) cycle
(Johnson et al., 1998; Ostergaard, 2008). The beta sub-
unit binds the substrate succinate, whereas the binding
sites for CoA and phosphate are located in the alpha
subunit. SUCLA2 was more abundant in PM mito-
chondria than in LL mitochondria. The greater content
of SUCLA2 involved in aerobic ATP synthesis possibly
indicates a greater OCR in PM steaks than in LL steaks.
Beef PM is an oxidative muscle with more red fibers and
more mitochondrial content than LL, which is a glyco-
lytic muscle (Hunt and Hedrick, 1977; Kirchofer et al.,
2002; Mancini et al., 2018; Ramanathan and Mancini,
2018). A greater mitochondrial content in PM than in LL
could lead to a greater OCR (Table 2) and result in lower
oxygen partial pressure inside the meat. A lower oxygen
partial pressure in the range of 1% to 3% can promote
metmyoglobin formation. A lower MRA coupled with
lower oxygen partial pressure can increase PM discolor-
ation (Ramanathan et al., 2019).

Ubiquinone biosynthesis protein coenzyme Q9,
mitochondrial. Ubiquinone biosynthesis  protein
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Table 3. Identity and functional roles of differentially abundant proteins in mitochondrial proteome of beef PM

and LL steaks after 3-d refrigerated retail display

Sequence
Accession coverage Overabundant Spot
Spot? Protein number ProtScore (%) treatment ratio Function
1 Succinyl-CoA ligase subunit beta, Q148D5 8.01 10.4 PM 2.27°  ATP synthesis
mitochondrial
2 Ubiquinone biosynthesis protein COQ9 Q2NL34 4.00 17.6 PM 4.00"  Biosynthesis of ubiquinone
3 ATP synthase subunit beta, P00829 12.00 18.2 PM 1.72°  ATP synthesis
mitochondrial
4 ES1 protein homolog, mitochondrial Q3TOU3 6.07 36.5 PM 1.70°  Protection of mitochondrial
functionality
5 Very long-chain specific acyl-CoA P48818 12.00 13.1 PM 1429  Fatty acid beta-oxidation
dehydrogenase
Carbonic anhydrase 3 Q3SZX4 15.37 44.2 LL 1.66°  Hydration of carbon dioxide
Aspartate aminotransferase, P12344 12.98 24.4 LL 1.78°  Amino acid metabolism

mitochondrial

2Spot number refers to the numbered spots in gel image (Figure 1). Spots are identified by accession number (UniProt), ProtScore, and sequence coverage of

peptides.
bSpot ratio of PM/LL.
“Spot ratio of LL/PM.

ATP = adenosine triphosphate; CoA = coenzyme A; COQ9 = coenzyme Q9; LL = longissimus lumborum; PM = psoas major.

GOT2

SUCLA2

C1H210rf33

£
\—/

ACADVL

CA3

COQ9

Figure 2. Protein—protein interaction network of differentially abun-
dant proteins in the mitochondrial proteome of beef psoas major and long-
issimus lumborum steaks after 3-d refrigerated retail display. The interacting
proteins were identified using STRING 11.0 software (Szklarczyk et al.,
2015). The nodes represent proteins from a Bos taurus database, whereas
the lines (light green = text mining evidence; black = co-expression evi-
dence; green = gene neighborhood evidence) indicate predicted functional
annotations. ACADVL = very long-chain specific acyl-CoA dehydrogen-
ase; ATPSB=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.

coenzyme Q9 (COQ9) enables synthesis of ubiquinone
through its lipid-binding capacity (Lohman et al.,
2014) and was more abundant in the PM than in the LL.

American Meat Science Association.

Ubiquinone, also known as coenzyme Q, is a critical
component of mitochondrial electron transport chain
and is responsible for shuttling electrons from complex
I and II to complex III in inner mitochondrial mem-
brane (Lohman et al., 2014). Moreover, ubiquinone
plays an important role in mitochondrial energy pro-
duction and is a prominent source of reactive oxygen
species (Wang and Hekimi, 2016). The greater abun-
dance of ubiquinone biosynthesis protein COQ9 in
PM mitochondria than in LL mitochondria could be
a reflection of the differences in generating reactive
oxygen species, which accelerate lipid oxidation
(Faustman et al., 2010) and subsequent rapid discolor-
ation in the PM (Ramanathan et al., 2020a, 2020b).

ATP synthase subunit beta, mitochondrial. ATP
synthase subunit beta (ATP5F1B) is a catalytic subunit
of ATP synthase, catalyzing the rate-limiting step of
ATP synthesis in eukaryotic cells (Izquierdo, 2006).
A greater abundance of ATP5F1B was observed in
PM mitochondria compared with LL mitochondria.
ATP synthase is involved in oxidative energy metabo-
lism in mitochondria and is responsible for synthesiz-
ing ATP from ADP, utilizing an electrochemical
gradient of protons through the inner membrane during
oxidative phosphorylation (Xu et al., 2013). The differ-
ential abundance of this oxidative enzyme could be
attributed to the variations in muscle fiber types; PM
is an oxidative muscle, whereas LL is a glycolytic
muscle (Hunt and Hedrick, 1977; Kirchofer et al.,
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2002). Shen et al. (2015) examined glycolysis-related
gene expression in the muscle tissue of Tibetan pigs
and documented a greater expression of the ATP syn-
thase genes in slow-oxidative type muscles than in
fast-glycolytic type muscles from pigs. Similarly, Yu
et al. (2017b) also observed a greater abundance of
ATPSFI1B in the PM of Holstein cattle compared with
the LL. In contrast, ATP5F1B was positively correlated
with redness and MRA in LL muscles from Chinese
Luxi yellow cattle (Wu et al., 2016).

ES1 protein homolog, mitochondrial. The ES1 pro-
tein homolog is involved in mitochondrial biogenesis
in diverse cell types, including skeletal muscle cells
(Gueugneau et al., 2014; Masuda et al., 2016). In
the present study, ES1 protein homolog was overabun-
dant in PM steaks compared with LL steaks. Recently,
Utsumi et al. (2020) documented that ES1 protein
homolog was localized in the mitochondrial intermem-
brane space of porcine retinal cells and contributed
to the protection of mitochondrial functionality.
Gueugneau et al. (2014) observed lower abundance
of ESI1 protein homolog in muscles in older humans
compared with muscles in younger ones, indicating
its potential role in ageing. Furthermore, ES1 was
found to promote enlargement of individual mitochon-
dria in the cone cells of zebrafish retinas, and the
enlarged mitochondria were capable of producing
increased energy (Masuda et al., 2016). Although
ES1 homolog has been reported in several clinical stud-
ies, its role in meat color remains largely unknown.
Beef PM is an oxidative muscle demonstrating greater
OCR than LL (O’Keeffe and Hood, 1982; Ramanathan
etal., 2018). The overabundance of ES1 protein homo-
log may have led to enlargement of mitochondria
and could have contributed to the greater OC (Table 2)
and lower color stability (Table 1) observed in PM
compared with LL.

Very-long-chain acyl-CoA dehydrogenase. Very-
long-chain acyl-CoA dehydrogenase (VLCAD) is
one of the 5 acyl-CoA dehydrogenases responsible
for catalyzing the initial rate-limiting step of mitochon-
drial fatty acid beta-oxidation (McAndrew et al., 2008).
VLCAD was more abundant in PM mitochondria than
in LL mitochondria. In agreement, Yu et al. (2017b)
observed greater levels of VLCAD in the PM than in
the LL of Holstein cattle. The acyl-CoA fatty acids
undergo chain-length—specific dehydrogenation by
acyl-CoA dehydrogenases. VLCAD binds to the mito-
chondrial inner membrane and has a high specificity to
C12 to C24 acyl-CoA fatty acids (Henriques et al.,
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2010). Beta-oxidation of fatty acids increases the gen-
eration of reactive oxygen species (St-Pierre et al.,
2002; Schlater et al., 2014), which in turn can accel-
erate myoglobin oxidation compromising color stabil-
ity (Faustman et al., 2010; Suman and Joseph, 2013).
Previous research also noted greater lipid oxidation in
PM than LL (Joseph et al., 2012; Canto et al., 2016;
Ke et al., 2017). The overabundance of VLCAD in
the PM indicated a greater level of beta-oxidation
and lipid oxidation—induced surface discoloration com-
pared with the LL.

Carbonic anhydrase 3. Carbonic anhydrase 3 (CA3)
is a metalloenzyme responsible for proton homeostasis,
through catalyzing the interconversion of carbon diox-
ide and water to carbonic acid and protons (Silverman
and Lindskog, 1988; Lindskog, 1997; Christianson
and Fierke, 1996). In the present study, CA3 was
overabundant in the mitochondria from LL steaks com-
pared with PM steaks. CA3 was suggested as a poten-
tial indicator of increased glycolysis in skeletal muscles
(Vasilaki et al., 2007; Schilling et al., 2017). The
greater abundance of CA3 observed in the LL com-
pared with the PM indicated the predominance of
glycolytic metabolism previously reported in the LL
muscle (O’Keeffe and Hood, 1982; Hamelin et al.,
2007). Furthermore, glycolytic metabolism promotes
meat color stability by facilitating the production of
NADH in postmortem muscle (Ramanathan et al.,
2020a, 2020b), which is an important cofactor in enzy-
matic and nonenzymatic metmyoglobin reduction
(Ramanathan and Mancini, 2010; Ramanathan et al.,
2018). Therefore, logically muscles with a greater
abundance of CA3 would be more color stable, which
could explain the greater color stability of the LL.

Aspartateaminotransferase, mitochondrial. Aspar-
tate aminotransferase (GOT2) was more abundant in
LL mitochondria than in PM mitochondria. GOT2
plays a key role in amino acid metabolism through
its involvement in transamination reaction; it catalyzes
the transfer of amino group from aspartate to ketoglu-
tarate leading to the formation of oxaloacetate and glu-
tamate. Oxaloacetate is necessary for the TCA cycle,
which regenerates the postmortem pool of NADH
via the electron transport chain, ultimately reducing
metmyoglobin localized near the mitochondrial outer
membrane (Mohan et al., 2010). The greater concentra-
tion of GOT2 in the LL could lead to higher oxaloace-
tate production, and therefore greater MRA (Table 2)
and better color stability (Table 1). Interestingly,
GOT2 has been proposed as a potential biomarker
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Figure 3. Representative two-dimensional gel electrophoresis map of
mitochondrial proteome extracted from beef longissimus lumborum. Eleven
protein spots differentially abundant in mitochondria isolated after 3 and 6 d
of refrigerated retail display are circled and numbered. MW = molecular
weight.

for dark-cutting beef; Wu et al. (2020) documented the
overabundance of GOT2 in the mitochondrial pro-
teome from dark-cutting beef LL.
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Retail display influences mitochondrial
proteome profile of beef LL steaks

Gel image analyses indicated that 11 protein spots
were differentially abundant between the LL steaks
from day 3 and day 6 (Figure 3). MS-MS identified
7 proteins from the 11 spots because 2 proteins were
present in multiple spots. These 7 proteins were more
abundant in the mitochondria isolated from beef LL
steaks on day 3 of refrigerated display (LL3) compared
with those from LL steaks on day 6 (LL6), indicating
that the duration of display impacted mitochondrial
functionality and biochemistry. The differentially
abundant proteins were enzymes and binding proteins
(Table 4). In the protein—protein network generated
using the STRING database, 7 proteins appeared as
key nodes in biological interactions on the impact of
retail display in LL steaks (Figure 4).

Sarcoplasmic/endoplasmic reticulum Ca?"-ATPase,
chain A. The sarcoplasmic/endoplasmic reticulum
Ca’*-ATPase (SERCA) is an integral membrane pro-
tein in skeletal muscles (Moller et al., 2010), where
it is involved in calcium homeostasis (Chai et al.,
2010; Nierobisz, 2010). SERCA was more abundant
in LL3 steaks compared with LL6 ones. The presence
of SERCA in the mitochondrial proteome could be
attributed to the sarcoplasmic/endoplasmic reticulum

Table 4. Identity and functional roles of differentially abundant proteins in mitochondrial proteome of beef LL3

and LL6
Sequence
Accession coverage Overabundant ~ Spot
Spot? Protein number ProtScore (%) treatment ratio® Function
11 Sarcoplasmic/endoplasmic reticulum QOVCYO 10.36 5.5 LL3 2.43  Calcium homeostasis
Ca?*-ATPase, chain A
12 Creatine kinase M-type Q9XSC6 8.99 12.6 LL3 2.56  Energy metabolism
13 Pyruvate dehydrogenase E1 ATMB35 21.18 25.1 LL3 1.62  Decarboxylation of pyruvate
component subunit alpha, somatic
form, mitochondrial
14 NADH dehydrogenase (ubiquinone) P25708 19.15 349 LL3 1.90  Electron transport chain
flavoprotein 1, mitochondrial
15 2-oxoglutarate dehydrogenase, Q148N0 21.82 11.5 LL3 1.85  Decarboxylation of alpha-
mitochondrial ketoglutarate in citric acid cycle
16 Mitochondrial aconitase 2 P20004 16.01 15.4 LL3 1.81  Isomerization of citrate to isocitrate
17 Mitochondrial aconitase 2 P20004 20.97 21.9 LL3 2.22  Isomerization of citrate to isocitrate
18 Mitochondrial aconitase 2 P20004 20.77 20.4 LL3 2.59  Isomerization of citrate to isocitrate
19 Mitochondrial aconitase 2 P20004 24.60 23.7 LL3 3.69 Isomerization of citrate to isocitrate
20 Transferrin Q29443 10.02 9.2 LL3 2.17  Iron binding
21 Transferrin Q29443 10.36 7.8 LL3 1.66  Iron binding

2Spot number refers to the numbered spots in the gel image (Figure 3). Spots are identified by accession number (UniProt), ProtScore, and sequence

coverage of peptides.

bSpot ratio of LL3/LL6.

LL3 = beef longissimus lumborum steaks on 3 d of refrigerated retail display; LL6 = beef longissimus lumborum steaks on 6 d of refrigerated retail display.
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NDUFV1

Figure 4. Protein—protein interaction network of differentially abundant proteins in the mitochondrial proteome of beef longissimus lumborum steaks
after 3 and 6 d of refrigerated retail display. The interacting proteins were identified using STRING 11.0 software (Szklarczyk et al., 2015). The nodes represent
proteins from a Bos faurus database, whereas the lines (light green = text mining evidence; black = co-expression evidence; pink = experimentally determined
evidence; blue = evidence from curated databases) indicate predicted functional annotations. ACO2 = mitochondrial aconitase 2; ATP2A1 = sarcoplasmic/
endoplasmic reticulum Ca?*-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.

(SR/ER)-mitochondrial physical linkages, also known
as SR/ER-mitochondria tethers (Csordas et al., 2006;
Eisner et al., 2013). These physical linkages between
SR/ER and mitochondria in skeletal (Rossi et al.,
2009) and cardiac (Csordas et al., 2010) muscles in-
fluence Ca?" dynamics at the SR/ER-mitochondrial
interface and allow direct coupling between Ca’"
release from the SR/ER and mitochondrial Ca®* uptake
(Szabadkai et al., 2006). Mitochondrial Ca’>* uptake
has been reported to regulate aerobic metabolism
(Hajnoczky et al., 1995) and mitochondrial motility
(Yi et al., 2004). In muscle cells, the Ca®>* ions stored
in the sarcoplasmic reticulum are released into cytosol
for muscle contraction (Toyoshima and Inesi, 2004). At
the end of the contraction cycle, SERCA is responsible
for pumping 2 Ca®* ions back to the lumen of sarco-
plasmic reticulum at the expense of the hydrolysis of
1 ATP molecule, in order to restore the resting Ca®*
concentration (Fleischer and Inui, 1989; Bianchini
et al., 2014). Although the role of SERCA has been
reported in pale, soft, exudative pork (Guo et al.,
2016), how this protein influences fresh meat color
is not clearly understood. Zhang et al. (2011) reported
that oxidative stress could lead to decreased SERCA
activity, and the greater abundance of SERCA in
LL3 compared with LL6 could be possibly due to
the increase in oxidative stress during retail display.

Creatine kinase M-type. Creatine kinase M-type, a
key enzyme in energy metabolism, is responsible for
catalyzing the reversible reaction of phosphocreatine
and ADP, generating creatine and ATP (Wallimann
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et al., 1992; McLeish and Kenyon, 2005). Previous
studies reported that creatine exhibited antioxidant
properties through its free radical scavenging ability
(Lawler et al., 2002; Sestili et al., 2006). Creatine kin-
ase M-type was more abundant in the mitochondria
from LL3 than LL6. The greater content of creatine kin-
ase M-type in mitochondria from LL3 steaks indicates
a greater level of creatine compared with LL6 steaks,
which could have contributed to a better color stability
in LL3 steaks. The antioxidant properties of creatine
could minimize myoglobin oxidation and improve
color stability in beef LL. muscle (Lawler et al., 2002;
Sestili et al., 2011; Canto et al., 2015). In agreement, a
positive correlation between creatine kinase M-type
and beef color stability has been reported previously
(Joseph et al., 2012; Marino et al., 2014; Canto et al.,
2015; Nairetal., 2016,2018a,2018b). Creatine kinase
M-type is considered a positive biomarker in color-
stable beef muscles (Gagaoua et al., 2020) and correlated
positively with surface redness in beef LL (Joseph et al.,
2012; Nair et al., 2018a; Yang et al., 2018) and semi-
membranosus (Nair et al., 2016, 2018b) muscles.

Pyruvate dehydrogenase E1 component subunit
alpha, somatic form, mitochondrial. Pyruvate dehy-
drogenase complex catalyzes the oxidative decarboxy-
lation of pyruvate and its subsequent conversion to
acetyl-CoA, CO,, and NADH (Fregeau et al., 1990;
Behal et al., 1993). Pyruvate dehydrogenase E1 was
more abundant in LL3 mitochondria than in LL6 mito-
chondria. The E1 component (pyruvate dehydrogenase
E1) is responsible for linking glycolysis to the TCA
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cycle as the acetyl-CoA generated enters TCA cycle
(Wang et al., 2016). Pyruvate content was greater in
LL than PM during retail display (Abraham et al.,
2017). Pyruvate dehydrogenase El is involved in the
generation of NADH, which is required for metmyo-
globin reduction in postmortem skeletal muscles
(Bekhit and Faustman, 2005; Ramanathan et al., 2020a,
2020b). The greater abundance of pyruvate dehydro-
genase E1 in LL3 steaks could replenish the pool of
NADH that reduces metmyoglobin and thus contribute
to the greater color stability of LL3 steaks compared
with LL6 steaks.

NADH dehydrogenase (ubiquinone) flavoprotein
1, mitochondrial. NADH dehydrogenase (ubiqui-
none) flavoprotein 1 (NDUFV1) is a core subunit
of the NADH dehydrogenase (complex 1), which is
located in the inner mitochondrial membrane and is
responsible for transferring the electrons from NADH
to the respiratory chain. NDUFV1 was more abundant
in mitochondria isolated from LL3 steaks compared
with mitochondria from LL6 steaks. Belskie et al.
(2015) reported that beef mitochondria could generate
NADH via reverse electron flow, which can be used for
metmyoglobin reduction through both electron trans-
port-mediated and enzymatic pathways. The greater
abundance of NDUFV1 in LL3 steaks may have re-
sulted in greater production of NADH, which enhanced
metmyoglobin reduction and improved color stability
in LL3 steaks. In agreement, Yu et al. (2017a) docu-
mented that the subunits of NADH dehydrogenase
exhibited positive correlations with redness of beef
semitendinosus muscle.

2-oxoglutarate dehydrogenase, mitochondrial. The
2-oxoglutarate dehydrogenase complex (OGDHC) is
primarily located within the mitochondria matrix
and plays a key role in the TCA cycle (Qi et al.,
2011). OGDHC was more abundant in mitochondria
from LL3 steaks than in mitochondria from LL6 steaks.
OGDHC mediates the decarboxylation of alpha-
ketoglutarate; it catalyzes the conversion of 2-oxoglu-
tarate to succinyl-CoA and CO, and generates NADH
(Qietal., 2011; Zhai et al., 2018). In postmortem skel-
etal muscles, NADH regeneration is closely associated
with both enzymatic and nonenzymatic metmyoglobin
reduction (Saleh and Watts, 1968; Renerre and Labas,
1987; Echevarne et al., 1990; Mancini and Hunt, 2005;
Kimetal., 2006). The higher content of NADH confers a
greater inherent ability to reduce metmyoglobin and, in
turn, improves meat color stability (Ramanathan et al.,
2020a, 2020b). The greater color stability in LL3 steaks
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could be due to the increased abundance of OGDHC,
which increases the capacity to generate NADH for met-
myoglobin reduction (Ramanathan et al., 2019).

Mitochondrial aconitase 2. Mitochondrial aconitase
2 (ACO2; also known as aconitate hydratase, mitochon-
drial) is an essential enzyme located in mitochondria.
ACQO?2 is responsible for catalyzing the isomerization
of citrate to isocitrate via cis-aconitate in the TCA cycle
(Dickman and Speyer, 1954). ACO2 was identified in
4 spots, which were overabundant in LL.3 mitochondria
compared with LL6 mitochondria. These spots demon-
strated different isoelectric points but similar molecular
weight (Figure 3), which indicated possible posttransla-
tional modifications (Gianazza, 1995; Halligan et al.,
2004; Lengqvist et al., 2011; Zhang et al., 2020). The
greater content of ACO2 in LL3 compared with in LL6
might indicate an increased rate of the conversion of cit-
rate to isocitrate in the TCA cycle, which generates
NADH that can be utilized for metmyoglobin reduction
(Ramanathan et al., 2020a, 2020b). The resulting pool
of NADH could have contributed to the greater color sta-
bility of LL3 steaks. On the other hand, previous studies
(Josephetal., 2012; Yuetal., 2017b) observed a greater
abundance of ACO2 in sarcoplasm of color-labile beef
PM compared with color-stable LL, possibly due to
mitochondrial degeneration (Mitacek et al., 2018).

Transferrin. Transferrin, an iron binding transport
protein synthesized in liver (Sayd et al., 2006), is res-
ponsible for delivering iron to the cells (Bekhit et al.,
2013). Transferrin contains 2 iron binding sites on
a single peptide chain (Decker and Mei, 1996). Trans-
ferrin was identified in 2 spots, and both of these spots
were overabundant in mitochondria isolated from LL3
steaks compared with LL6 steaks. The 2 transferrin
spots demonstrated different isoelectric points but sim-
ilar molecular weight (Figure 3). The variation in iso-
electric pH could be attributed to posttranslational
modifications (Gianazza, 1995; Halligan et al., 2004;
Lengqvist et al., 2011). In postmortem muscles, trans-
ferrin plays a protective role by binding free iron and
thus inhibiting lipid oxidation (Decker and Mei,
1996). Therefore, the overabundance of transferrin in
LL3 can potentially minimize lipid oxidation, which
in turn would increase color stability. In contrast,
Joseph et al. (2012) documented that transferrin was
more abundant in the sarcoplasmic proteome of color-
labile beef PM compared with color-stable LL. Nair
et al. (2018a) observed a lower abundance of trans-
ferrin in beef semitendinosus, which has moderate
color stability compared with color-labile PM and
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color-stable LL. Nevertheless, the exact mechanism by
which this protein influences meat color is not clearly
understood.

Conclusions

PM steaks exhibited a rapid decline of both
color stability and MRA compared with LL steaks.
Proteome profiling indicated differential abundance of
several mitochondrial proteins (enzymes, binding pro-
teins, and metabolic proteins) between beef muscles
and display days. The observed variations in beef color
stability between muscles (LL vs. PM) and retail display
duration (LL3 vs. LL6) may be partially attributed to the
differences in mitochondrial proteome components.
While previous studies have reported differences in
mitochondrial functionality between beef LL and PM,
the results of the present study suggest other biochemical
mechanisms behind those differences and their relation-
ship with color stability.
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