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Abstract: Tumbling of intact muscle foods has been widely applied to processed meats using brine solution. However, the
use of tumbling without brine on fresh beef muscles has not been fully examined. Therefore, this study aimed to evaluate
fresh beef tumbling on meat quality and proteolytic features of loin (longissimus lumborum) muscles. Moreover, inter-
actions with the duration of postmortem aging were investigated. Loins (n= 9) at 7 d postmortem were sectioned and
allocated among 2 tumbling (T) treatment groups at 60 (T60) or 90 (T90) min, as well as a nontumbled control (T0) group.
After treatment, subsections weremade and divided among 0, 7, or 14 d of further aging.Meat quality was assessed by shear
force values, water-holding ability, and color attributes. The extent of proteolysis was determined by quantification of
desmin and troponin-T, myofibril fragmentation index (MFI), and transmission electron microscopy. An interaction
between fresh beef tumbling and aging duration was observed in shear force values (P= 0.032). At 0 d, muscles from
T90 exhibited lower shear force (21.6 N) compared with T0 (34.8 N) and T60 (24.7 N) groups. Muscles from T60
and T90 groups maintained lower shear force than T0 controls at each respective aging duration. Higher cooking loss
(P= 0.011) but not purge loss (P= 0.412) was observed in the T60 and T90 groups compared with T0. Shear force results
were supported by higher MFI in T60 and T90 groups than T0 controls (P< 0.001), as well as the disappearance of intact
troponin-T with further aging (P= 0.009). Transmission electron microscopy supported increased initial tenderness was
primarily caused by physical disruptions to myofibrillar structure, though fresh beef tumbling may facilitate proteolysis
with further aging.
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Introduction

Tenderness is one of the primary sensory attributes
that dictates the overall palatability of fresh beef
(O’Quinn et al., 2018; Miller, 2020; Warner et al.,
2020). It has been assessed that if tenderness is rated
to be unacceptable, there would be a 69% chance that
a consumer will deem overall palatability to be unac-
ceptable as well (O’Quinn et al., 2018). Several stud-
ies have supported that consumers will pay a premium
for beef with known tenderness (Boleman et al., 1997;

Miller et al., 2001; Shackelford et al., 2001). Accor-
dingly, understanding the mechanisms by which
tenderness can be affected is critical to ensuring con-
sistent product quality. Tenderness is primarily influ-
enced by the integrity of the myofibrils, sarcomere
length, and connective tissues (Warner et al., 2020),
though the contribution of each can differ by individ-
ual muscle (Rhee et al., 2004). For the beef longissi-
mus lumborum et thoracis muscle, Warner-Bratzler
shear force (WBSF) values are moderately correlated
with the amount of connective tissue and degradation
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of desmin (a marker of proteolysis) and weakly corre-
lated with sarcomere length (Rhee et al., 2004).
Although the US beef industry has shown marked
improvements in fresh beef quality and consistency
in recent decades (Voges et al., 2007; Guelker et al.,
2013; Martinez et al., 2017; Gonzalez and Phelps,
2018), meeting consumer expectations for eating qual-
ity, especially tenderness, remains critical.

Several postharvest strategies have been used to
improve tenderness of fresh beef, though the ability
to accomplish this without negatively impacting other
quality attributes or sensory traits is often limited.
For example, mechanical tenderization is commonly
applied to improve tenderness of beef by physically
disrupting muscle structure through penetration with
blades or needles. Although mechanical tenderization
can be effective at improving tenderness, this often
comes at the expense of other eating quality traits,
including juiciness and flavor (Glover et al., 1977;
Jeremiah et al., 1999), which are also crucial to the
overall palatability of beef (O’Quinn et al., 2018).
Tenderization methods that penetrate the meat may
introduce foodborne pathogens (Luchansky et al.,
2008), leading consumers to express concerns regarding
the safety of such products (Yang et al., 2021). Conseq-
uently, this may lead consumers to cook mechanically
tenderized beef products to a higher degree of doneness
(Yang et al., 2021), which would be expected to nega-
tively impact palatability to an extent (McKillip et al.,
2017).

Meat tumbling has been widely implemented for
processed meat applications to improve eating quality
and enhance the pickup of brine solutions. During the
tumbling process, physical disruptions to the muscle
structure occur through contact with the rotating drum
and other pieces of meat (Martin, 2001). In general, the
tenderness of tumbled muscle foods increases with the
duration of tumbling (Dzudie and Okubanjo, 1999;
Pietrasik and Shand, 2004; Moon et al., 2007). How-
ever, it is poorly understood how quality of fresh beef
would be affected through the application of tumbling
without the use of a brine solution. Recently, Morrow
et al. (2019) observed no positive effect of tumbling
without brine on tenderization of beef rectus abdomi-
nus muscles. However, beef tenderization is known to
be muscle-specific (Juárez et al., 2010; Kim et al.,
2018b; Nair et al., 2019), and the flank muscle is often
described as tougher than the loin owing to larger
muscle fibers and higher amount of connective tissue
(Jeremiah et al., 2003; Couvreur et al., 2019). As physi-
cal disruptions to myofibrillar structure could enhance
the activity of proteolytic enzymes (Kim et al., 2018a;

Kim et al., 2018b; Setyabrata and Kim, 2019;
Setyabrata et al., 2019), it stands to reason that tum-
bling with further aging could be an effective strategy
of tenderization in certain muscles. We hypothesized
that tumbling fresh beef loin muscles without brine
would improve tenderization through physical disrup-
tions to muscle structure, enhanced proteolysis with
further aging, or some interaction between those
factors.

Materials and Methods

Raw materials and processing

Beef loins (longissimus lumborum; n = 9; USDA
Select grade) were obtained from a commercial proc-
essor with 3 loins at one processing date and the
remaining 6 at a later date, each from different car-
casses. The loins were stored in vacuum packaging
at 2 °C until 7 d postmortem. At 7 d, loins were
divided into 3 equal length sections averaging 1.75
± 0.05 (standard error) kg per section and assigned
to tumbling treatments at 60 (T60) or 90 (T90) min
or nontumbled control (T0). Treatments were applied
in a balanced complete block design for equal distri-
bution among muscle position to account for loca-
tional differences throughout the loin muscle (Rhee
et al., 2004). Sections were vacuum sealed in 2 layers
of 3-mil thickness vacuum packaging (CLARITY,
Bunzl Processor Division, Riverside, MO), and
weights were recorded prior to packaging. Tumbling
for each respective duration was performed within a
Lance LT-30 500 lb capacity meat tumbler (Lance
Industries, Hartford, WI) at 8.5 rpm. Following tum-
bling, samples were removed from the packaging,
gently blotted with a paper towel, and reweighed.
Sections from the T0 group were packaged for a sim-
ilar duration as the treatment groups to account for
purge loss induced from vacuum packaging. Each sec-
tion was then further cut into 3 equal length subsec-
tions, repackaged, and randomly allocated among
aging durations of 0 (no further aging), 7, or 14 d at
2 °C. One additional steak (2.54 cm thickness) was
collected from each subsection from the 0 d further
aging group for instrumental color measurement over
7 d of simulated retail display as later described. At the
completion of each respective aging duration, steaks
(2.54 cm thickness) were made to determine cooking
loss and shear force, whereas remaining muscle sam-
ples for biochemical analyses were frozen and stored
at −80 °C.
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Water-holding ability

Water-holding ability of beef muscles was indi-
rectly assessed by purge, display, and cooking losses
(Setyabrata and Kim, 2019). Purge loss was assessed
as the percentage weight loss before and after tumbling
and further aging. Display loss was determined on 0 d
further aged samples only as the weight loss before and
after 7 d of aerobic display storage. Cooking loss was
assessed by cooking the samples on an open-faced
electric griddle (Model GR-150, Cuisinart, Stamford,
CT) set at 135 °C. A type-T thermocouple (Omega
Engineering, Norwalk, CT) was used to monitor inter-
nal temperature, and steaks were flipped at 41 °C and
cooked until 71 °Cwas reached. After 30min of resting
at room temperature, the steaks were gently blotted and
reweighed. The percent difference between raw and
cooked weights was calculated as cooking loss.

Instrumental display color

Steaks (2.54 cm thick) from the 0 d further aging
group were displayed for 7 d at 2 °C on polystyrene
foam trays with polyvinylchloride overwrap film
(23,000 cm3 O2/m2/24 h at 23 °C). Lighting was pro-
vided by fluorescent bulb at approximately 1,450 lx
(OCTRON T8 Lamps, Wilmington, MA). A colorim-
eter (HunterLab MiniScan EZ, Reston, VA) was used
to measure Commission Internationale de l´Eclairage
(CIE) L* (lightness), CIE a* (redness), and CIE b*
(yellowness) values at 1, 4, and 7 d of aerobic display.
Three readings were taken per steak at each time point
and pooled prior to statistical analysis. The colorimeter
was equipped with a 25-mm diameter measuring
device, illuminant A, and degree observer of 10°.
The degree of discoloration was determined by hue
angle, and color saturation (chroma) values were calcu-
lated from CIE a* and CIE b* in accordance with
AmericanMeat Science Association guidelines (AMSA,
2012).

Warner-Bratzler shear force

Steaks used for cooking loss measurement were
individually wrapped in foil and stored at 4 °C for
16 h. WBSF measurement was conducted according
to American Meat Science Association guidelines
(AMSA, 2015). Cores (1.27-cm diameter; at least 6
per steak) were collected by cutting parallel to fiber
direction, avoiding visible connective tissue and fat.
Shear force was measured using a texture analyzer
(TA-XT Plus Texture Analyser, Stable Micro
Systems Ltd., Godalming, Surrey, UK) with WBSF

V-shaped blade attachment. Cores were sheared
perpendicular to fiber direction, and peak shear force
(N) was recorded. Prior to statistical analysis, the mean
shear force per sample was determined.

Myofibril fragmentation index

Fragmentation of myofibrils was assessed in dupli-
cate using the myofibril fragmentation index (MFI)
protocol of Culler et al. (1978) with somemodification.
Approximately 4 g of scissor-minced sample was
homogenized in a 1:10 (w/v) ratio with MFI buffer
(100 mM potassium chloride, 20 mM potassium phos-
phate, 1 mM egtazic acid, 1 mM magnesium chloride,
and 1 mM sodium azide pH 7.0) at 2 °C for 45 s. The
homogenate was centrifuged at 1,000 × g for 15 min,
after which the supernatant was discarded. The pellet
was resuspended in 40 mL ofMFI buffer. The centrifu-
gation and removal of supernatant was repeated. After
resuspending the pellet in 10 mL of MFI buffer, the
sample was strained to remove connective tissue. An
additional 10 mL of MFI buffer was used to pass myo-
fibrils through the strainer. Afterwards, protein concen-
tration of the filtrate was quantified by comparisonwith
known bovine serum albumin standards to dilute the
samples to a concentration of 0.5 mg/mL. A ultraviolet
spectrophotometer (VWR UV-1600 PC, VWR Inter-
national, Radnor, PA) was used to measure absorbance
at 540 nm, andMFI was determined by multiplying the
absorbance value by 200.

Whole muscle protein extraction, sodium
dodecyl sulphate–polyacrylamide gel
electrophoresis, and western blotting

Extraction of muscle proteins was conducted using
the protocol of Kim et al. (2010) with modifications
described by Setyabrata et al. (2019). Sodium dodecyl
sulphate–polyacrylamide gel electrophoresis load checks
were conducted to ensure consistent protein concentra-
tion. Western blotting procedures were performed in
accordance with Setyabrata et al. (2019). Briefly, 15%
bis-acrylamide (100:1) separating gel with 5% stacking
gel was loaded with 40 μg of protein, and electrophoresis
was conducted for 3 h at 130 V (Bio-Rad PowerPac
Basis, Bio-RadLaboratories, Hercules, CA). The transfer
of proteins to transfer membranes (IPVH00010, Milli-
pore, Billerica, MA) was conducted for 90 min at 90 V
in Tris-glycine buffer. Blocking was conducted for 1 h at
room temperaturewith 5% (w/v) nonfat drymilk in phos-
phate buffer saline-tween (PBST). Incubation for 16 h
at 4 °C with a 1:20,000 dilution of monoclonal mouse
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anti-desmin (D1022, Sigma Aldrich, St. Louis, MO) or a
1:40,000 dilution of anti-troponin-T (T6277, Sigma
Aldrich) in 3% (w/v) nonfat dry milk in PBST was
applied. After 3 washes in PBST, a 1:20,000 (desmin)
or 1:15,000 dilution (troponin-T) of monoclonal goat
anti-mouse immunoglobulin G (HþL) horseradish per-
oxidase conjugate (170–6516, Bio-Rad Laboratories)
in 3% (w/v) nonfat dry milk in PBSTwas applied for 1 h
at room temperature. The washing steps were repeated
prior to imaging. Imaging was conducted by developing
membranes with enhanced chemiluminescence reagents
(Thermo Fisher Scientific, Waltham, MA) and visualiz-
ing with a ChemiDoc-ItTS2 imager (UVP, Upland, CA).
Intact and degradation bands were quantified by com-
parison of band intensity with the intact band of an
internal reference sample (each same T0 control at 0 d
further aging).

Muscle ultrastructure

Muscle ultrastructure was assessed by transmission
electronmicroscopy (TEM). Representative samples per
tumbling and aging treatment combination were col-
lected parallel to fiber direction, approximately 2 cm
from the exterior of the section. Samples were stored
in 2.5% glutaraldehyde buffer at 4 °C until fixation.
Samples were rinsed 3 times in 0.1 M cacodylate buffer
prior to fixation with 1% osmium tetroxide with 0.8%
ferricyanide. Dehydration was conducted through a
series of ethanol dilutions (50%, 75%, 95%, 100% ×
3), after which samples were immersed in acetonitrile
and acetonitrile with Spurr’s resin (2:1 [v/v] followed
by 1:2 [v/v]). Samples were embedded in 100% Spurr’s
resin for 2 h at 50 °C. Microtomy was performed to
ensure samples were parallel to muscle fiber direction.
Samples were embedded on copper TEM grids, and im-
aging was performed (Tecnai T12, FEI Company,
Hillsboro, OR) at 11,500× magnification. Images were

viewed with Gatan DigitalMicrograph software (v.3.31.
2360.0, Gatan, Inc., Pleasanton, CA).

Statistical analysis

The design of this experiment was a balanced com-
plete block design with a factorial arrangement of
3 tumbling durations (T0, T60, T90) by 3 further aging
durations (0 d, 7 d, 14 d). Data were analyzed with the
PROC GLIMMIX procedure of SAS (9.4; SAS
Institute, Cary, NC). Fresh beef tumbling and aging
durations were considered as fixed effects with each
carcass serving as a block. Color data were analyzed
as a split-plot with tumbling duration as whole plot
and display day as subplot. Means were separated by
least significant differences with statistical significance
set at P< 0.05. Pearson correlation coefficients were
determined using the PROC CORR procedure. No
effect of processing date was found for any attribute
(P> 0.05) and thus was omitted from the final statisti-
cal model.

Results and Discussion

Water-holding ability

Multiple weight loss measurements, including the
purge loss of beef sections and cooking and display
weight losses of beef steaks, were used to assess
water-holding ability. No significant tumbling impact
on purge loss of beef sections was found (P= 0.412;
Table 1). Further aging increased purge losses, wherein
an additional 14 d aging induced the highest purge loss
from beef samples followed by 7 and 0 d aging (P<
0.001). For cooking loss of steaks, fresh beef tumbling
resulted in more weight loss during cooking at 24.9%
and 26.0% for T60 and T90, respectively, compared
with 22.9% for the T0 controls (P= 0.011). Aging

Table 1. Effect of fresh beef tumbling and further aging on water-holding capacity attributes of beef loins (n= 9)

Fresh beef tumbling duration (min) Further aging (days)

T0 T60 T90 SEM
Significance
of P value 0 d 7 d 14 d SEM

Significance
of P value

Purge loss (%) 1.60 1.77 1.84 0.17 0.412 0.48z 2.15y 2.58x 0.17 <0.001

Cooking loss (%) 22.9b 24.9a 26.0a 2.7 0.011 24.8 24.7 24.3 2.7 0.885

Display weight loss (%) 2.24 2.47 2.57 0.50 0.362

SEM= standard error of the mean.

No two-way interactions between fresh beef tumbling and aging duration were significant (P> 0.05).
a,bMeans lacking a common superscript within a row differ due to fresh beef tumbling duration (P< 0.05).
x–zMeans lacking a common superscript within a row differ due to further aging duration (P< 0.05).
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had no impact on cooking loss (P= 0.885), nor was
there any interaction between tumbling and aging
observed for both cooking and purge losses (P=
0.710). Display weight loss over 7 d of simulated retail
display was assessed on steaks from 0 d further aged
beef sections only, where no effect of tumbling was
found (P= 0.362).

As most published studies regarding tumbling are
associated with the addition of brine solution, informa-
tion regarding how tumbling without brine would in-
fluence water-holding of fresh meat products is less
available. Several tumbling studies utilizing a brine sol-
ution have found positive tumbling impacts on water-
holding attributes of muscle foods (Boles and Shand,
2002; Pietrasik and Shand, 2004; Moon et al., 2007).
These effects are known to be dependent upon factors
including tumbling duration and speed (Lin et al., 1990;
Dzudie and Okubanjo, 1999; Pietrasik and Shand,
2004; Moon et al., 2007). Ockerman et al. (1978)
reported no changes in final yield and moisture loss
through short-term tumbling (30 min), whereas
improvements in tenderness and cohesiveness of cured
cooked hams were found. Conversely, Pietrasik and
Shand (2004) found a decrease in purge loss of cooked
beef roast when extended tumbling (16 h) with brine
enhancement was applied. The results of the present
study indicate that although no brine solution is
included, tumbling of beef loins would have minimal
effects on immediate purge loss after tumbling, and fur-
ther purge loss during aging would not be induced.
Further, no adverse tumbling impact on display weight
loss of fresh beef steaks was found, though this attrib-
ute was assessed in the 0 d further aged group only. As
water-holding is highly dependent on the extramyofi-
brillar fraction of water (Pearce et al., 2011; Warner,
2017), it may be that the tumbling conditions used in
the present study would have a negligible effect on
mobilizing this fraction. However, an increase in cook-
ing loss of steaks from tumbled beef sections was
observed. As most previous tumbling research has
added brine solution, which would be expected to
affect the solubility and functionality of muscle pro-
teins, the effects of tumbling only are presently poorly
categorized. Various factors are known to contribute
water loss during cooking, including shrinkage of the
protein network and denaturation of muscle proteins
(Warner, 2017). It could be postulated that tumbling
would result in larger gaps between cooked muscle
fibers, resulting in more cooking loss (Pearce et al.,
2011). Morrow et al. (2019) found cooking loss of beef
rectus abdominusmuscles tumbled without brine to be
higher relative to the nontumbled control, in agreement

with the findings in the present study. However, despite
increased cooking loss, moisture content of both the
raw and cooked products were equivalent, and con-
sumer juiciness scores between tumbled without brine
and control muscles were comparable (Morrow et al.,
2019). As the correlation between cooking loss and
sensory juiciness of the longissimus lumborum et
thoracis is weak (Rhee et al., 2004), further under-
standing of how tumbling would affect juiciness of
beef loin steaks would be warranted.

Instrumental display color

No interactions between tumbling treatments and
display day were observed for any color attribute
(P> 0.05; Table 2). Fresh beef tumbling resulted in
lower CIE a* (P< 0.001) and CIE b* (P< 0.001)
values compared with the T0 controls, whereas no
differences between T60 and T90 were found (P>
0.05). Accordingly, chroma values of tumbled steaks
were lower than the control group (P< 0.001). No
differences in CIE L* (P= 0.429) or hue angle values
(P= 0.994) across treatments were observed. Values
for CIE a*, CIE b*, and chroma values decreased with
display duration (P< 0.05), which could be expected
as color deteriorates during aerobic display (Suman
and Joseph, 2013). The increase in hue angle with

Table 2. Effect of fresh beef tumbling duration and
display day on instrumental color attributes of beef
loins (n= 9)

CIE L* CIE a* CIE b* Hue angle Chroma

T1

T0 36.2 26.6a 20.5a 37.6 33.6a

T60 35.9 24.6b 19.0b 37.6 31.1b

T90 35.9 24.1b 18.6b 37.6 30.5b

SEM 0.7 0.5 0.4 0.3 0.7

D2

1 d 36.2 27.2x 20.8x 37.4 34.2x

4 d 36.0 25.0y 19.2y 37.5 31.5y

7 d 35.8 23.2z 18.1z 38.0 29.4z

SEM 0.7 0.5 0.4 0.3 0.7

Significance of P value

T 0.429 <0.001 <0.001 0.994 <0.001

D 0.250 <0.001 <0.001 0.051 <0.001

T ×D 0.061 0.343 0.950 0.383 0.678

SEM= standard error of the mean.
1Tumbling duration effect.
2Display period effect.
a,bMeans lacking a common superscript within a column differ due to

fresh beef tumbling duration (P< 0.05).
x–zMeans lacking a common superscript within a column differ due to

further aging duration (P< 0.05).
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display was just outside of statistical significance (P=
0.051), and CIE L* values did not change during dis-
play (P= 0.250). As color was measured on 0 d further
aged samples only due to limitations in sample size,
any effect further aging may have on color stability
of tumbled beef cannot be fully determined. Consider-
ing the decreased CIE a*, CIE b*, and chroma values, it
would be expected that tumbling would result in some
initial oxidation or denaturation of sarcoplasmic pro-
teins. As cooking loss of beef is generally not affected
by sarcoplasmic proteins (Purslow et al., 2016), the
effects of tumbling on cooking loss would likely be bet-
ter explained by the disruptions to myofibrillar struc-
tures than denaturation of sarcoplasmic proteins.
Regardless, additional study regarding how tumbling
without brine would affect functionality and denatura-
tion of myofibrillar and sarcoplasmic proteins would be
needed. As tumbling has been shown to be exacerbate
oxidative processes (Cheng and Ockerman, 2003;
Bombrun et al., 2014), which may be compounded
by poorer oxidative stability with extended aging (Kim
et al., 2018b), understanding the interactive effects of
fresh beef tumbling with aging duration would also
be warranted.

Warner-Bratzler shear force

There was an interaction (P= 0.032; Figure 1)
between tumbling and further aging durations for
WBSF values. Tumbling resulted in an immediate

decrease in WBSF values, decreasing from 34.8 N in
T0 to 24.7 N and 21.6 N for T60 and T90 treatments,
respectively. Although further aging decreased WBSF
values of steaks from the control group (P< 0.05), the
steaks from the T0 control group at 14 d further aging
maintained higher WBSF values (25.4 N) than T90
immediately after tumbling (P< 0.05) and were com-
parable with the T60 group (P> 0.05). This result
clearly indicates tumbling would have an immediate
positive impact on instrumental tenderness, even with-
out further aging. Further aging improved tenderness
of the T60 steaks from 0 to 14 d (P< 0.05), though
no decrease in WBSF with aging was found in T90
(P> 0.05).

Multiple studies have found improved tenderness
of tumbled meat products with an increase in tumbling
duration (Dzudie and Okubanjo, 1999; Pietrasik and
Shand, 2004; Moon et al., 2007), in particular with an
increase in cumulative revolutions (Lin et al., 1990).
However, considering the intermuscular differences
regarding individual factors that influence tenderness
(Rhee et al., 2004), it would be expected improvements
to tenderness would be muscle-specific. Molina et al.
(2005) evaluated the impacts of brine incorporation
method (marinating, needle injection, or vacuum tum-
bling) on palatability attributes of 8 muscles from the
beef chuck. It was found that tumbling could signifi-
cantly reduce the amount of sensory detectable connec-
tive tissue in beef splenius and serratus ventralis
muscles, though other muscles were not affected
(Molina et al., 2005). Similarly, Morrow et al. (2019)
found no positive effect of tumbling without brine on
slice shear force values and consumer tenderness of
beef rectus abdominusmuscles. This may be attributed
to the lower amount of cumulative revolutions (20 min
at 10 rpm) applied by Morrow et al. (2019) relative to
the present study or by the inherent differences between
the flank and loin muscles. The flank muscle has larger
muscle fibers compared with the loin, as well as a larger
amount of connective tissue (Jeremiah et al., 2003;
Couvreur et al., 2019). It could also be expected that
increased cooking loss through tumbling may result
in poorer cooked meat tenderness (Warner, 2017;
Warner et al., 2020), though Rhee et al. (2004) reported
no correlation between cooking loss and WBSF values
of the beef longissimus lumborum et thoracis. The
present study is in agreement with this finding, as no
correlation between WBSF and cooking loss was
observed (P= 0.623; Table 3). A weak negative corre-
lation (r=−0.34) was observed between WBSF and
purge losses, which could be related to the degradation
of sarcoplasmic proteins that are then more readily
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expelled from the myofibrillar matrix (Purslow et al.,
2016).

Proteolysis and muscle ultrastructure

MFI has been identified as a strong predictor of
beef loin tenderness, regardless of animal maturity
and intramuscular fat (Culler et al., 1978). The present
study foundmoderate correlations betweenMFI values
and WBSF (r=−0.58), purge loss (r= 0.58), and rel-
ative abundances of intact (r=−0.54) and degraded
(r= 0.56) troponin-T (P< 0.001; Table 3). Further,
weak but significant correlations of MFI with intact
(r=−0.23) and degraded (r= 0.42) desmin were also
observed. Both main effects of fresh beef tumbling
and duration of postmortem aging influenced MFI val-
ues (P< 0.001; Figure 2A,B). Higher MFI values were
observed in T60 (99.9) and T90 (104.0) compared with
the T0 control group (93.1). This pattern was similar to
that observed with aging duration, as 0 d (86.3) was
lower than the 7 d (99.8) and 14 d (110.8) groups.
Although both main effects of tumbling and aging were
significant, the absolute differences between MFI were
more pronounced between aging duration means.
There was no interaction between fresh beef tumbling
and aging for MFI (P= 0.366).

Although MFI was affected by both fresh beef tum-
bling and aging duration, the results of western blot
analysis only partially agreed with the MFI results.
This could be due to physical disruptions caused by
tumbling resulting in fragmented myofibrils but not
measurable proteolytic degradation. An interaction was
observed in intact troponin-T (P= 0.009; Figures 3
and 4B). Relative abundance was generally unchanged

across tumbling treatments at 0 and 7 d, respectively.
Less abundant intact troponin-T was observed in T90
at 14 d, which could indicate a higher extent of proteo-
lytic degradation through combined tumbling and aging
treatment. Although an interaction of tumbling and
aging was observed for intact troponin-T, only further
aging affected relative abundances of intact desmin
(P= 0.004; Table 4 and Figure 4A), degraded desmin
(P< 0.001; Table 4 and Figure 4A), and degraded tro-
ponin-T (P< 0.001; Table 4 and Figure 4B). Less intact
desmin and more abundant desmin and troponin-T deg-
radation products were observed at 7 and 14 d of further
aging compared with 0 d, whereas values between 7 and

Table 3. Pearson correlation coefficients of various
traits of beef loins

Trait1 COOK PURGE MFI TnT1 TnT2 DES1 DES2

WBSF 0.06 −0.34** −0.58*** 0.38** −0.39*** 0.35** −0.35**

COOK 0.00 0.15 −0.15 −0.08 0.25* −0.22
PURGE 0.58*** −0.36*** 0.20 −0.34** 0.34**

MFI −0.54*** 0.56*** −0.23* 0.42***

TnT1 −0.17 0.30** −0.19
TnT2 −0.25* 0.19

DES1 −0.46***

COOK= cooking loss; DES1= desmin, intact; DES2= desmin,
degraded; MFI=myofibril fragmentation index; PURGE= purge loss;
TnT1= troponin-T, intact; TnT2= troponin-T, degraded; WBSF=
Warner-Bratzler shear force.

*P< 0.05.
**P< 0.01.
***P< 0.001.
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Figure 2. Main effects of fresh beef tumbling (A) and aging (B) on
myofibril fragmentation index values of beef loins (n= 9). Means lacking a
common superscript (a-c) differ at P< 0.05. Error bars indicate standard
error of the mean. The two-way interaction between fresh beef tumbling
and aging duration was not significant (P= 0.366). Note: T0 indicates non-
tumbled control, T60 indicates tumbled for 60 min, and T90 indicates
tumbled for 90 min.
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14 d were comparable. As only intact troponin-T was
affected by the interaction of tumbling and aging, it
could be that tumbling would result in more proteolysis
in the intercellular thin filament regions rather than inter-
mediate filaments, adjacent myofibrils, and centromeric

proteins. However, asmultiplemyofibrillar and cytoske-
letal proteins are relevant to meat tenderness (Huff
Lonergan et al., 2010; Kim et al., 2018b; Warner et al.,
2020), further research into the potential effects of tum-
bling on proteolysis with aging would be necessary.

Representative TEM images of beef loin muscles
across tumbling and further aging treatments are pre-
sented in Figure 5. As treatments were applied at 7 d
postmortem, a loss of certain ultrastructural features
including A and I bands was apparent in all samples.
There was, in general, a limited effect of further aging
on the ultrastructure of T0 control samples. Samples
from T60 and T90 exhibited some lateral and longi-
tudinal fracturing of the myofibrillar structure, al-
though degradation of structures at the Z-line was gen-
erally similar to the respective T0 controls. Substantial
degradation of the myofibrils, observed at both the Z-
line and myofibril itself, was apparent in the T60 and
T90 groups with 7 and 14 d of further aging. This
observation provides some support regarding the pre-
viously discussed measures of proteolysis. As frag-
menting of the myofibrils occurred in the T60 and
T90 groups at 0 d of further aging, the findings of
increased MFI in tumbled treatments regardless of
duration of postmortem aging would also be supported.
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Figure 3. Interactive effect of fresh beef tumbling (T) and further
aging (A) on relative abundance of intact troponin-T of beef loins (n= 9).
Means lacking a common superscript (a-e) differ atP< 0.05. Error bars indi-
cate standard error of the mean. Bands were quantified by comparison of
band intensity with the intact band of an internal reference sample (each
same T0 control sample with 0 d further aging). Note: T0 indicates non-
tumbled control, T60 indicates tumbled for 60 min, and T90 indicates
tumbled for 90 min.

Figure 4. Representative western blot images of desmin (A) and tro-
ponin-T (B) from beef loins (n= 9) subjected to fresh beef tumbling and
aging treatment. Note: T0 indicates nontumbled control, T60 indicates
tumbled for 60 min, and T90 indicates tumbled for 90 min.

Table 4. Effect of fresh beef tumbling and further
aging on quantitative abundance of desmin (intact
and degraded) and troponin-T (degraded) of beef
loins (n= 9)

Desmin,
intact

Desmin,
degraded

Troponin-
T,

degraded

T1

T0 0.99 1.02 0.74

T60 0.95 1.06 0.77

T90 0.90 1.12 0.78

SEM 0.07 0.09 0.07

A2

0 d 1.06x 0.90y 0.66x

7 d 0.87y 1.10x 0.78y

14 d 0.91y 1.21x 0.84y

SEM 0.07 0.09 0.07

Significance of P value

T 0.309 0.223 0.485

A 0.004 <0.001 <0.001

T ×
A

0.247 0.186 0.465

SEM= standard error of the mean.
1Tumbling duration effect.
2Aging duration effect.
x,yMeans lacking a common superscript within a column differ due to

further aging duration (P< 0.05).
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Conclusions

This study supports that tumbling without a brine
solution could be an effective strategy to improve
objective tenderness of beef loin muscles. An addi-
tional 14 d of further aging was required for T0 loins
to reach equivalent WBSF values to the T60 group
achieved immediately after tumbling with no addi-
tional aging. Primarily, the effects of tumbling would
be attributable to physical disruptions caused to the
muscle structure, and no decrease inWBSF values with
further aging was observed in the T90 group. These
results provide some evidence that tumbling could
result in increased proteolysis with aging. Although
the added improvements to objective tenderness of
tumbled beef loins with additional aging were

negligible, these observations could be relevant to
the tenderization of more inherently tough beef cuts.
These findings could be utilized by the beef industry
to achieve more consistent tenderness, which may
eventually be applied to improve quality attributes of
lower value cuts.
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