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Effect of extended postmortem aging and steak location on myofibrillar protein
degradation and Warner-Bratzler shear force of beef M. semitendinosus steaks1
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ABSTRACT: The objective of this study was to evaluate the effect of steak location and postmortem aging
on cooked meat tenderness and myofibrillar protein
degradation of steaks from M. semitendinosus (ST).
Following harvest and a 6 d chill period, the left ST was
removed from carcasses of crossbred feedlot steers (n =
60, average hot carcass weight 427 ± 24 kg). Each ST
was fabricated into ten 2.54-cm thick steaks originating
from the proximal to distal end of the muscle. Steaks cut
adjacent to each other were paired, vacuum packaged,
and randomly assigned to 7, 14, 21, 42, or 70 d of aging
at 2 ± 1°C. After aging, within each steak pair, steaks
were randomly assigned to Warner-Bratzler shear force
or myofibrillar proteolysis analysis (calpain activity
and desmin and troponin-T degradation). Muscle fiber
type and size were also determined at the 2 ends of
the muscle. There was no location × d of aging interaction (P = 0.25) for ST steak WBSF. Steak location
affected (quadratic, P < 0.01) WBSF. As steaks were
fabricated from the proximal to distal end, WBSF values decreased toward the middle of the muscle and then
increased toward the distal end. Activity of all calpains
and myofibrillar protein proteolysis were unaffected by

steak location (P > 0.13). Type I, IIA, and IIX muscle
fibers were larger at the proximal end of the muscle
than the distal end (P < 0.01). Increasing d of aging
improved WBSF (quadratic, P < 0.01) for the duration
of the 70 d postmortem period. As d of aging increased,
intact calpain-1 activity decreased (quadratic, P < 0.01)
with activity detected through 42 d. Day of aging affected autolyzed calpain-1 (linear, P < 0.01) and calpain-2
activity (quadratic, P < 0.01). Through d 70 of aging,
the intensity of intact 55 kDa desmin band decreased
(linear, P < 0.01), while there was an increase (linear,
P < 0.01) in the degraded 38 kDa band. Similarly, d of
aging increased troponin-T proteolysis, indicated by a
decrease (quadratic, P < 0.01) in intensity of the intact
40 kDa band and an increase (linear, P < 0.01) in the
30 kDa degraded band. Intramuscular WBSF differences are not due to proteolytic activity or myofibrillar
degradation and seem related to muscle fiber size. The
improvement of ST steak WBSF through 70 d of aging
is partly due to continued degradation of desmin and
troponin-T. Calpain proteolytic analysis indicates that
autolyzed calpain-1 and calpain-2 may be involved in
extended postmortem myofibrillar protein proteolysis.
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INTRODUCTION
Beef tenderness is the most important trait affecting consumer beef-eating satisfaction (Beermann,
2009). Lusk et al. (2001) found 51% of consumers
were willing to pay a premium of $1.84 more per
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0.45 kg for beef that carried a tenderness guarantee.
Tenderness is often only measured in muscles arising
from the rib and loin because of their high economic
value. With recent record high beef prices, there is a
need to identify more economical cuts that will meet
consumer expectations for tenderness.
Several researchers have previously examined
tenderness across different locations of the M. semitendinosus (ST; Shackelford et al., 1997; Rhee et al.,
2004; Von Seggern et al., 2005; Senaratne et al., 2010),
but in these studies tenderness was only measured
at one aging time point. Despite its large connective
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tissue content (Light et al., 1985), the ST moderately responds to aging after 28 d according the Industry Guide
for Beef Aging (CCB, 2006), improving shear force
values by 1.4 and 1.6 kg for USDA Choice and USDA
Select grade muscles, respectively. Retail steaks from
this muscle receive, on average, 17 d of aging, with almost half receiving less than 14 d (Guelker et al., 2013);
this indicates an opportunity to examine how extended
postmortem aging impacts tenderness of the ST.
Since the early 1900s, literature has demonstrated
that meat tenderness improves with postmortem storage at refrigerated temperatures (Lehman, 1907). During
postmortem storage, connective tissue may be weakened,
but this ultimately has no effect on tenderness (Purslow,
2005). Hence, the extent of tenderization is dependent
on factors including sample location, aging time, and the
extent of myofibrillar protein degradation caused by enzymatic activity of the calpain system (Koohmaraie and
Geesink, 2006). Therefore, the objective of this study
was to evaluate the effect of steak location and postmortem aging up to 70 d on cooked meat tenderness and
myofibrillar protein degradation of steaks from the ST.
MATERIALS AND METHODS
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and 1 steak was cubed into 1.27 × 1.27 × 1.27 cm pieces
and frozen at −80°C for laboratory analysis.
Warner-Bratzler Shear Force
Warner-Bratzler shear force procedures were
conducted according to the American Meat Science
Association (AMSA) Meat Cookery and Sensory
Guidelines (AMSA, 2015). Before cooking, a thermocouple wire (30-gauge copper and constantan; Omega
Engineering, Stamford, CT) was inserted into the
geometric center of each steak for internal temperature monitoring using a Doric Minitrend 205 monitor
(VAS Engineering, San Francisco, CA). Steaks were
cooked to an internal temperature of 71°C on clamstyle grills (Cuisinart Griddler; Cuisinart, Stamford,
CT) set to 232°C. Following a 24-h chill period at
2 ± 1°C, six 1.27-cm cores were removed parallel to
the muscle fiber orientation and were sheared once
through the center using an Instron testing machine
(Model 5569; Instron, Canton, MA) with a WarnerBratzler shear head attached (100 kg compression
load cell and crosshead speed of 250 mm/min).
Sarcoplasmic Protein Extraction

Animals and M. semitendinosus Collection
Sixty black-hided crossbred feedlot steers were
purchased at an auction barn in Kansas for finishing
at the Kansas State University Beef Cattle Research
Center. After finishing, steers were harvested at a
commercial abattoir (Creekstone Farms, Arkansas
City, KS) at approximately 18 mo of age. The final
BW and hot carcass weight of the steers were 691 ±
37 kg and 427 ± 24 kg, respectively. Following a 6 d
chilling period, the ST was removed from the left side
of each carcass and transported under refrigeration to
the Kansas State University Meats Laboratory.
M. semitendinosus Processing
Before steak fabrication, the distal and proximal
portions of the muscle that were not large enough to
yield a steak were removed for immunohistochemical
analysis. Each ST was fabricated into 10, 2.54-cm thick
steaks with steak 1 being more proximal and steak 10
being more distal to the steer’s body. Adjacent steaks
were paired (1 and 2, 3 and 4, etc.), vacuum-packaged,
and randomly assigned to 7, 14, 21, 42, or 70 d of aging.
All roasts were aged at 2 ± 1°C with temperature monitored using a Thermochron iButton (Maxim Integrated
Products, Sunnyvale, CA). Following each aging period, 1 steak was utilized for objective measurement of
tenderness using Warner-Bratzler shear force (WBSF)

Samples for casein zymography were extracted using procedures previously described by Shackelford et al.
(1994) with the following modifications. A finely minced
5-g tissue sample was homogenized in 3 vol (wt/vol)
of extraction buffer containing 100 mM Tris-HCl (pH
8.3), 10 mM EDTA, 0.1% (vol/vol) β-mercaptoethanol
(MCE), 2 mM phenylmethylsulfonylfluoride, and 1.5 μL
of Protease Inhibitor Cocktail (P8340; Sigma Aldrich, St.
Louis, MO). The resulting homogenate was centrifuged
at 18,500 × g for 30 min at 4°C. The supernatant was filtered through 3 layers of cheesecloth and the protein content of each sample was quantified using a Pierce BCA
Protein Assay Kit (Thermo Scientific, Waltham, MA).
Casein Zymography
Differences in calpain activity were determined using casein zymography procedures described by Melody
et al. (2004). One volume of supernatant from sarcoplasmic protein extraction was combined with 1 vol of
loading dye solution (20% glycerol, 0.75% [vol/vol]
MCE, 0.1% [wt/vol] bromophenol blue, and 150 mM
Tris-HCl, pH 6.8]) for a final sample concentration of 140
µg/μL. Samples were loaded onto 12.5% nondenaturing polyacrylamide gel electrophoresis (PAGE) casein
gels (separating gel = acrylamide: N,N’-bis-methylene
acrylamide = 100:1 [wt/wt], 0.05% [vol/vol] N’N’N’N’tetramethlyethylendediamine [TEMED], 0.05% [wt/vol]
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Figure 1. Representative images of calpain zymogram (a), desmin immunoblot (b), and troponin-T immunoblot (c). Images encompass one steer’s
M. semitendinosus steaks aged for 7, 14, 21, 42, or 70 d postmortem.

ammonium persulfate [APS], casein [2.1 mg/mL], and
375 mM Tris∙HCl, pH 8.8; stacking gel = acrylamide:
N,N’-bis-methylene acrylamide = 100:1 [wt/wt], 0.125%
[vol/vol] TEMED, 0.075% [wt/vol] APS, and 125 mM
Tris∙HCl, pH 6.8). Proteins were separated on gels (8 cm
wide × 10 cm tall) using a SE 260 Hoefer Mighty Small
II electrophoresis unit (Hoefer Scientific Instruments, San
Francisco, CA). The running buffer consisted of 192 mM
glycine, 25 mM Tris-HCl, 1 mM EDTA, and 0.5% (vol/
vol) MCE, pH 8.3. Gels were prerun at 100 V for 15 min
and samples were separated at a constant voltage of 125
V for approximately 3 h and washed 3 times for 20 min
in a buffer containing 50 mM Tris∙HCl, 5 mM CaCl2,
and 0.1% (vol/vol) MCE, pH 7.5. After 20 h of incubation in the same buffer solution at room temperature, gels
were stained with a solution containing 0.1% (wt/vol)
Coomassie Brilliant Blue R-250, 40% (vol/vol) methanol,
and 7% (vol/vol) glacial acetic acid for 1 h. Gels were
destained using 40% (vol/vol) methanol and 7% (vol/vol)
glacial acetic acid for 45 min. Once destained, gels were
imaged using a ChemiDoc-It 415 Imaging System (UVP,
Upland, CA). Calpain activity (calpain-1, autolyzed calpain-1, and calpain-2) was determined by cleared bands in
the stained gel (Fig. 1a). Band intensities were quantified
using VisionWorksLS Image Acquisition and Analysis
Software (UVP) and intensities of individual calpains
were added to yield total calpain activity.

Desmin and Troponin-T Western-Blot Analysis
Sample preparation for analysis of desmin and
troponin-T (TnT) was conducted as described by HuffLonergan et al. (1996) and Lonergan et al. (2001). Briefly,
0.2 g of the sample was homogenized in 5 mL of whole
muscle protein extraction buffer (10 mM sodium phosphate and 2% SDS, pH 7.0). The homogenate was centrifuged at 1,500 × g for 15 min at 20°C. Protein concentration of the samples was quantified using a Pierce
BCA Protein Assay Kit (Thermo Scientific). Samples
were mixed with sample loading/tracking dye (30 mM
Tris-HCl, pH 8.0, 3 mM EDTA, 20% [vol/vol] glycerol,
3% [wt/vol] SDS, 0.003% [wt/vol] bromophenol blue)
and 45 and 30 µg of desmin and TnT, respectively, were
loaded onto separate 10% polyacrylamide separating
gels (acrylamide:N,Nʹ-bis-methylene acrylamide = 100:1
[wt/wt], 0.1% [wt/vol] SDS, 0.05% [vol/vol] TEMED,
0.05% [wt/vol] APS, and 0.5 M Tris-HCl, pH 8.8) with
a 5% polyacrylamide stacking gel (acrylamide:N,Nʹ-bismethelyene acrylamide = 100:1 [wt/wt], 0.1% [wt/vol]
SDS, 0.125% [vol/vol] TEMED, 0.075% [wt/vol] APS,
and 0.125 M Tris-HCl, pH 6.8). Proteins were separated
as described above at a constant amperage (40 mA). The
running buffer used contained 25mM Tris, 192 mM glycine, 2 mM EDTA, and 0.1% (wt/vol) SDS. Following
electrophoresis, proteins were transferred to nitrocellulose membranes (Amersham Hybond-ECL; GE
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Healthcare Bio-Sciences, Pittsburgh, PA) using a TE77X
Semi-dry Transfer Unit (Hoefer) at a constant amperage
(140 mA) for 1.5 h. The transfer buffer used contained 25
mM Tris, 192 mM glycine, 2 mM EDTA, and 15% (vol/
vol) methanol. After transfer, membranes were stained
with Ponceau-S to verify equal loading.
Membranes were blocked with 5% non-fat dry
milk (NFDM) diluted in 10 mM Tris, pH 8.0, 150 mM
NaCl, 0.1% Tween-20 (TBS-T) for 30 min at room
temperature to block non-specific antigen binding sites.
Subsequently, desmin blots were incubated for 20 h at
4°C with a whole rabbit antiserum antidesmin antibody
(D8281; Sigma Aldrich) diluted 1:15,000 in 1% NFDM
and TBS-T. Troponin-T blots were incubated for 20 h at
4°C with a mouse monoclonal antitroponin-T antibody
(T6277; Sigma Aldrich) diluted 1:30,000 in 5% NFDM
and TBS-T. After incubation and washing 3 times for 5
min in TBS-T, desmin blots were incubated with an antirabbit, horseradish peroxidase (HRP) linked secondary
antibody (7074; Cell Signaling Technology, Danvers,
MA) diluted 1:20,000 in 5% NFDM and TBS-T for 1
h at room temperature. Troponin-T blots were incubated with an antimouse, HRP-linked secondary antibody
(7076; Cell Signaling Technology) diluted 1:20,000
in 5% NFDM and TBS-T for 1 h at room temperature.
After washing as described above, membranes were developed using an enhanced chemiluminescence kit (ECL
Plus; GE Healthcare Bio-Sciences) and imaged using a
ChemiDoc-It 415 Imaging System (UVP, Upland, CA).
Band intensities were measured using VisionWorksLS
Image Acquisition and Analysis Software (UVP). Intact
and degraded forms of desmin measured were immunoreactive bands located at 55 kDa and 38 kDa, respectively (Fig. 1b). Intact and degraded forms of TnT measured
were immunoreactive bands located at 40 and 30 kDa,
respectively (Fig. 1c). Bands were equalized to a pooled
sample on each blot.
Immunohistochemistry
The methods of Phelps et al. (2014) were followed
for immunohistochemical analysis. A 1 cm × 1 cm × 1
cm sample was collected from the center of the steaks removed from the most distal and proximal location of the
ST and frozen in tissue freezing medium. Ten micrometer
cryosections were collected and blocked with 10% horse
serum and 0.2% TritonX-100 in PBS. Cryosections were
then incubated with the following primary antibodies
for 1 h 1:500 rabbit α-dystrophin (catalog #PA1–37587;
Thermo Scientific, Waltman, MA), 1:10 supernatant
mouse anti-MHC, slow, IgG2b (BA-D5; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City,
IA), and 1:10 mouse anti-MHC all but type IIX, IgG1
(BF-35; Developmental Studies Hybridoma Bank). After

washing with PBS, sections were incubated with the following secondary antibodies for 30 min: goat antimouse
IgG1 Alexa-Fluor 488, goat antimouse IgG2 Alexa
Fluor 633, and goat antirabbit H & L Alexa Fluor 594
(Invitrogen, Grand Island, NY). After a final wash with
PBS, slides were cover-slipped and photomicrographs
were captured using a Nikon Eclipse TI-U inverted microscope equipped with a DS-QiMC digital camera at a
10× working distance magnification (Nikon Instruments
Inc., Melville, NY). Photomicrographs were analyzed
for MHC type distribution and individual muscle fiber
cross-sectional area (CSA) using NIS-Elements Imaging
Software (Basic Research, 3.3; Nikon Instruments, Inc.).
For each steak location, a minimum of 500 fibers and 2
photomicrographs were analyzed. The area constrained
by α-dystrophin immunostaining defined individual
fibers for CSA measurements. Fibers that stained positive for the BA-D5 antibody were classified as type I fibers. Fibers that stained positive for BF-35 but that were
negative for BA-D5 were classified as type IIA fibers.
All fibers that were negative for both BA-D5 and BF-35
antibodies were classified as type IIX fibers (MorenoSanchez et al., 2008; Schiaffino et al., 1989).
Statistical Analysis
Data were analyzed as a randomized complete block
design with 5 × 10 factorial arrangement using the PROC
MIXED procedure of SAS 9.4 (SAS Inst. Inc., Cary,
NC). Day of aging (DOA), location (LOC), and their interaction served as fixed effects and weight block of the
animal from which the muscle was harvested served as a
random effect. Preplanned linear and quadratic contrasts
for DOA and LOC were tested for all data. Differences
were considered significant at P ≤ 0.05.
RESULTS
Warner-Bratzler Shear Force
There was no LOC × DOA interaction for ST steak
WBSF (P = 0.25). Steak LOC affected (quadratic, P <
0.01) WBSF values. As steaks were fabricated from
the proximal to distal end of the ST, WBSF values
decreased toward the middle and then increased once
again at the distal end (Fig. 2a). As DOA increased,
WBSF decreased (Fig. 2b; quadratic, P = 0.02), with
the rate of decline being greater at the beginning of
aging (up to d 21) and slowing as d 70 was reached.
Calpain Activity
There were no LOC × DOA interactions for calpain-1, autolyzed calpain-1, or calpain-2 activity (P =
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0.26). Steak LOC had no impact on intact calpain-1,
autolyzed calpain-1, intact calpain-2, or total calpain
activities (Fig. 3a; P > 0.13). As DOA increased, intact
calpain-1 activity decreased (Fig. 3b; quadratic, P <
0.01), with activity only detected up to 42 d postmortem. Day of aging also affected autolyzed calpain-1
(linear, P < 0.01), intact calpain-2 (quadratic, P <
0.01), and total calpain (quadratic, P = 0.02) activities.
Desmin and Troponin-T Degradation
There were no LOC × DOA interactions for the
relative band intensities of intact or degraded desmin
and TnT (P > 0.19). Steak LOC did not affect intact
or degraded desmin (Fig. 4) and TnT (Fig. 5) relative
band densities (P > 0.14). The relative band density of
intact desmin and TnT decreased (linear and quadratic,
respectively, P < 0.01) as DOA increased, while the
relative band density of degraded desmin and TnT
increased (linear, P < 0.01). Band intensities of degraded desmin (Fig. 6a) and TnT (Fig. 6b) increased
as DOA increased (linear, P < 0.01).
Muscle Fiber Type Distribution
and Cross-Sectional Area
There were differences in the muscle fiber type
distribution and cross-sectional area between the 2
locations for all 3 fiber types. The proximal location
possessed less type I and IIA fibers (P < 0.01) and
more (P < 0.01) type IIX fibers than the distal location
(Fig. 7a). Type I, IIA, and IIX fiber CSA were larger in
the proximal portion of the ST when compared to the
distal portion (Fig. 7b; P < 0.01).
DISCUSSION
Tenderness, juiciness, and flavor are the 3 main attributes consumers use to evaluate a beef eating experience
(Miller et al., 2001). Tenderness is the most important
attribute, and because of this, consumers are willing to
pay more for products that carry a tenderness guarantee
label (Lusk et al., 2001; Igo et al., 2013). Tenderization
of the M. longissimus dorsi is well documented (Kerth
et al., 2002; Rhee et al., 2004; Derington et al., 2011),
but there is a need for a better understanding of tenderization patterns of underutilized beef cuts. Tenderness
of muscles originating from the round, including the ST
have been reported previously (Shackelford et al., 1997;
Reuter et al., 2002; Rhee et al., 2004; Von Seggern et al.,
2005; Senaratne et al., 2010); however, these data were
collected at one aging time and often do not include
mechanistic data. The ST is marketed at a reduced price
($6.65/kg) compared to strip loins ($13.09/kg) because

Figure 2. Effect of steak location (a) and postmortem aging time (b)
on Warner-Bratzler shear force of steaks fabricated from 10 distinct locations of the M. semitendinosus. Steak 1 is the most proximal to the carcass
and steak 10 is the most distal to the carcass and steaks were aged 7, 14,
21, 42, or 70 d postmortem.

it is inherently tough; therefore, there is limited research
examining tenderization mechanisms of this muscle. A
better understanding of how tenderness can be improved
in the ST may lead to alternative strategies to age and
market this muscle to consumers.
In the most recent Beef Tenderness Survey, Guelker
et al. (2013) reported the ST is aged on average 17 d, but
almost 50% of ST steaks receive less aging time. The
current study examined how extended postmortem aging impacted tenderness of the ST. The quadratic effect
detected for DOA indicated that the majority of improvement in WBSF occurred during the first 21 d of aging, but
smaller improvements were achieved through d 70 postmortem. Shear force improved by 3.3% between 7 and
14 DOA, 5.9% between 14 and 21 DOA, 3.2% between
21 and 42 DOA, and 5.9% between 42 and 70 DOA.
Overall, there was 18.3% total improvement in shear
force from d 7 to 70 which resulted in an average shear
force of 4.4 kg on d 70. This is the WBSF value required
for the current USDA Certified Tender program (ASTM,
2011). Gruber et al. (2006) reported ST steak d 28 shear
force values that were similar to the d 70 values reported
in this study. The ability of the authors to achieve this level of tenderness more quickly may be due to steaks being
cooked after being frozen and thawed, while in the current study steaks were cooked fresh. Juarez et al. (2010)
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Figure 3. Effect of steak location (a) and postmortem aging time (b) on calpain-1, autolyzed calpain-1, and calpain-2 activity of steaks fabricated
from 10 distinct locations of the M. semitendinosus. Steak 1 is the most proximal to the carcass and steak 10 is the most distal to the carcass and steaks
were aged 7, 14, 21, 42, or 70 d postmortem.

did not detect improvements in ST steak tenderness past
28 d of a 56 d aging study. The authors reported a slight
improvement in shear force of 1.7% between 7 and 14
DOA, a similar shear force improvement to the current
study of 7.6% from 14 to 21 DOA.
In a similar manner to the increases in tenderness
demonstrated, degradation of desmin and TnT continued through d 70 of aging. The quadratic disappearance
of the intact TnT band would indicate that the degradation of this protein was slowing as DOA advanced. In
contrast, intact desmin disappeared in a linear fashion,
indicating a constant rate of degradation. Huff-Lonergan
et al. (1996) reported both desmin and TnT continued
to be degraded through 56 d postmortem in M. longissimus thoracis steaks. Geesink and Koohmaraie (1999b)
reported lamb M. biceps femoris desmin completely
degraded by d 21 postmortem; however, TnT continued
to degrade through d 56 postmortem. In Polodian (beef)

ST, Marino et al. (2015) reported degradation of both
desmin and TnT through 21 d with almost all of the intact TnT band completely absent in samples. Therefore,
there seems to be species, breed, and/or muscle differences in the degradation pattern of these 2 proteins.
There is substantial evidence indicating improvement in tenderness during postmortem aging is due to
myofibrillar degradation caused by endogenous skeletal
muscle proteases (Dransfield, 1994; Koohmaraie, 1994;
Sentandreu et al., 2002; Koohmaraie and Geesink, 2006;
Ouali et al., 2006; Huff-Lonergan et al., 2010; Kemp et
al., 2010). Although there are several endogenous proteases, the calpain proteolytic system, especially calpain-1,
is commonly reported to be responsible for the majority
of postmortem degradation (Koohmaraie, 1992b; HuffLonergan et al., 1996). Calpain-1 is activated by the release of Ca2+ from the sarcoplasmic reticulum within the
muscle cell postmortem and degrades several proteins in-
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Figure 4. Effect of steak location on relative band densities of intact (a) and degraded (b) desmin of steaks fabricated from 10 distinct locations of the
M. semitendinosus. Steak 1 is the most proximal to the carcass and steak 10 is the most distal to the carcass. Immunoreactive bands located at 55 kDa and
38 kDa were identified as the intact and degraded forms of desmin, respectively. Bands were equalized to a pooled sample on each blot.

cluding desmin and TnT (Huff-Lonergan et al., 1996). In
accordance with past literature, the current study found
that intact calpain-1 activity was greatest on d 7, rapidly
declined between d 7 and 14, and reductions in activity
between the next 3 periods were smaller in magnitude
until no activity was detected on d 70. Most literature
indicates intact calpain-1 activity is diminished to zero
by d 14 or 21 of postmortem aging in beef (Boehm et al.,
1998; Veiseth-Kent et al., 2010) and lamb (Delgado et al.,
2001). In goat ST, Nagaraj et al. (2002) reported calpain-1
activity on d 20 postmortem had decreased by 98% of
the d 0 postmortem activity. Geesink and Koohmaraie
(1999b) reported that lamb M. biceps femoris intact calpain-1 activity on d 14 postmortem was 85% less than its
activity on d 0, and by d 56 there was almost zero activity detected. In beef, Camou et al. (2007) reported intact
calpain-1 activity decreased rapidly to almost zero by d 6
postmortem in the M. longissimus thoracis, M. longissimus lumborum, M. semimembranosus, M. triceps bra-

chii, and M. psoas major. Interestingly, on d 42 of the
current study samples from 11 of the 60 (18%) steers
still had calpain-1 activity. It is unknown why activity
was still detected in these steers, but this finding certainly
warrants further exploration.
A unique characteristic of the calpains is they undergo autolysis when activated; however, the autolyzed
form of calpains still have some proteolytic activity, although this activity is quickly lost (Edmunds et al., 1991).
The activity of autolyzed calpain-1 remained unchanged
from d 7 to 42 before decreasing at d 70 postmortem.
Utilizing an in vitro model, Geesink and Koohmaraie
(1999a) reported almost all calpain-1 had autolyzed by
d 1, but the activity of the autolyzed form remained unchanged through 14 d postmortem and possibly caused
the myofibrillar proteolysis they observed. When isolated from beef LM, Koohmaraie (1992a) observed
autolyzed calpain-1 retained similar activity to intact
calpain-1 during in vitro conditions. Calpain-2 activity
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Figure 5. Effect of steak location on relative band densities of intact
(a) and degraded (b) troponin-T of steaks fabricated from 10 distinct locations of the M. semitendinosus. Steak 1 is the most proximal to the carcass and steak 10 is the most distal to the carcass. Immunoreactive bands
located at 40 and 30 kDa were identified as intact and degraded forms of
TnT, respectively. Bands were equalized to a pooled sample on each blot.

increased during the aging period, peaking at d 42 before
decreasing sharply at d 70. This pattern of activity was
the main driver behind the shape of the total calpain activity response. Past literature indicates calpain-2 activity remains unchanged or slightly decreases with storage.
In beef LM, Ducastaing et al. (1985) reported calpain-2
activity did not change during postmortem storage for 3
d. Similarly in lamb, Veiseth et al. (2001) reported calpain-2 activity of the LM remained unchanged during a
15 d postmortem period, and Geesink and Koohmaraie
(1999b) reported calpain-2 activity remained unchanged
in the M. bicep femoris through 56 d of postmortem aging. In contrast, Nagaraj et al. (2002) reported calpain-2
activity of the ST on d 20 postmortem had decreased
31% from the d 0 postmortem activity. Similarly, Camou
et al. (2007) reported a gradual decrease in calpain-2 activity from death until d 6 postmortem in beef M. longissimus thoracis, M. longissimus lumborum, M. semimembranosus, M. triceps brachii, and M. psoas major.
Also, Boehm et al. (1998) reported calpain-2 activity of
the M. semimembranosus at d 7 postmortem decreased
by 17% of the at-death activity. Because calpain-1 activity was not detected past 42 d postmortem, it is plausible
autolyzed calpain-1 and calpain-2 caused further proteolysis of desmin and TnT through d 70.
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The other component of this study was examining
intramuscular tenderness differences of the ST and the
causes of those differences. Previous literature reports
tenderness gradients exist in the ST (Reuter et al., 2002;
Senaratne et al., 2010). The differences in LOC tenderness of the ST in this study are similar to those reported
previously. Shackelford et al. (1997) reported a similar
pattern of shear force values within the ST, with steaks
corresponding to steak 1 in the current study having an
increased WBSF compared to steaks corresponding to
locations 4 and 7, and steak 4 having a greater shear
force than steak 7. Also in accordance with the current
study, Reuter et al. (2002) reported a quadratic type of
tenderness gradient with steaks originating in the ends
having greater shear force values than those from the
middle. Rhee et al. (2004) selected 3 locations comparable to steak 1, steak 5, and steak 9 of the current
study and found similar shear force value differences
with steak 1 possessing greater WBSF than the other 2
steaks which were alike in WBSF value. Most recently,
Senaratne et al. (2010) divided the ST into 12 different steaks and found a similar tenderness gradient to
that reported by Reuter et al. (2002) and this study, with
steaks originating from the ends of the muscle being
tougher than those originating from the middle.
Ouali and Talmant (1990) reported beef muscles
with a more oxidative fiber type (type I or IIA) possess
more calpain-2 than beef muscles with a more glycolytic
fiber type (type IIX). The authors hypothesized that calpain-1 was also most likely elevated given the constant
calpain-1:calpain-2 ratio across muscles. Therefore, the
proximal location should have possessed less calpain
activity and degradation products since it contained almost 17% more type IIX fibers than the distal location.
These expectations did not hold true since there were no
differences in all variables examined, which indicated
the tenderness differences of the locations are not due to
postmortem enzymatic proteolysis. Rhee et al. (2004)
found no differences in degraded desmin across 3 locations of the ST, but did report the steak with the greatest
WBSF also had the shortest sarcomeres compared to the
other 2 steak locations. This agrees with Locker (1960),
who reported a strong relationship between sarcomere
length and shear force. Although not measured in the
current study, it is plausible there could be differences
in sarcomere length across the ST which could contribute to differences in WBSF.
While sarcomere length was not measured, muscle
fiber CSA, which is closely related to sarcomere length,
was measured. In the current study, the proximal location
had 33% larger type I fibers, 24% larger type IIA fibers,
and 35% larger type IIX fibers than distal muscle fibers.
Research indicates larger muscle fibers are associated
with increased shear force (Herring et al., 1965; Crouse
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Figure 6. Effect of postmortem aging on relative band densities of intact and degraded desmin (a) and intact and degraded troponin-T (b) of M. semitendinosus steaks aged 7, 14, 21, 42, or 70 d postmortem. Immunoreactive bands located at 55 kDa and 38 kDa were identified as the intact and degraded
forms of desmin, respectively. Immunoreactive bands located at 40 and 30 kDa were identified as intact and degraded forms of TnT, respectively. Bands
were equalized to a pooled sample on each blot.

et al., 1991; Renand et al., 2001). Ishii et al. (1995) collected muscle samples from the proximal, middle, and
distal portions of the ST and reported CSA to be larger at
the proximal and distal portions of the ST than the middle. In the current study, CSA of the middle portion of
the muscle was not measured, so it is impossible to determine what effect muscle fiber CSA had on the decrease
in WBSF as steaks were cut toward the middle of the
muscle. Interestingly, steak 10 appears to have a smaller
WBSF value than steak 1. Since steaks 1 and 10 originated closest to the areas where the fiber type samples were
taken, and there were drastic differences in muscle fiber
CSA, the influence of fiber CSA on tenderness could explain the difference between the locations.
Besides degradation of the muscle fiber component
of meat, the other major contributor to meat tenderness,
connective tissue, could have influenced location WBSF.

Historical literature indicates the ST contains elevated
levels of elastin compared to other muscles of the carcass (Bendall, 1967; Rowe, 1986). Rhee et al. (2004)
found no differences in total collagen across 3 locations
of the ST, but no other studies examine the intramuscular variation in ST connective tissue. Studies report
collagen solubility rather than total collagen content influences WBSF (Stanton and Light 1987; Starkey et al.,
2015). Collagen solubility is associated with the number
of mature crosslinks, particularly hydryoxylysl pyridinoline (HP). Increased HP content can negatively impact
WBSF (Lepetit, 2007). Steaks originating at the ends are
likely to be more intricately linked with the tendons connecting the muscle to bone. Therefore, the collagen at
these locations may turnover slower due to this association with the tendon and be more likely to form more of
the insoluble HP crosslinks. Thus, if steaks originating
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Figure 7. Muscle fiber type distribution (a) and cross-sectional area (b) of muscle fibers located at the proximal and distal ends of the M. semimembranosus muscle. The methods of Phelps et al. (2014) were followed for immunostaining and morphometric analysis.

from the ends have more HP this may explain observed
WBSF differences, but this requires further exploration.
Conclusions and Implications
In agreement with previous literature, there were
LOC differences in WBSF across the ST. There were no
LOC differences in proteolytic activity and myofibrillar protein degradation patterns. These findings indicate
that other tenderness influencers such as muscle fiber
CSA, collagen solubility or cross-linking (Lepetit, 2007;
Starkey et al., 2015), and/or degradation of the large
structural proteins titin and nebulin (Huff-Lonergan et
al., 1995) could be responsible for the location differences. Further research examining causes of intramuscular variations in tenderness of ST is warranted. Steaks
fabricated from the ST continued to age through 70 d
postmortem partly due to continued degradation of desmin and TnT. While intact calpain-1 activity ceased by
d 42 postmortem, activity of calpain-2 and autolyzed
calpain-1 activity were reduced between d 42 and 70
postmortem, which may indicate they are responsible
for continued tenderization of ST steaks. Further re-

search is necessary to elucidate the cause of improved
WBSF and increased myofibrillar degradation observed
in extended postmortem aging of the ST.
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