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Abstract. Feeding wet distillers grains plus solubles (WDGS) increases polyunsaturated fatty acid (PUFA) levels in
beef. It was hypothesised that WDGS in feedlot diets increases PUFA concentration in the sarcoplasmic reticulum (SR)
membrane, thereby altering membrane integrity, resulting in more rapid intracellular calcium leakage and improved
tenderness. The objective of this study was to evaluate this hypothesis. Ninety-six crossbred steers were fed either a
corn-based diet with 0% WDGS or 50% WDGS. Fifteen strip loins per treatment were collected, fabricated into steaks,
aged and placed under retail display conditions. Steaks were used to measure tenderness, proteolysis, free calcium
concentrations, lipid oxidation, sarcomere length and SR membrane fatty acid, phospholipid lipid, neutral lipid and
total lipid profiles. Compared with steaks from steers fed 0% WDGS, steaks from steers fed 50% WDGS were more
tender (P < 0.05) and had greater (P < 0.05) free calcium concentrations early post-mortem. Feeding 50% WDGS also
tended to increase (P < 0.10) total PUFA concentrations, decrease (P < 0.10) total phospholipid concentration and
increase (P < 0.10) total neutral lipid concentration for SR membrane. Steaks from steers fed 0% WDGS had greater
(P < 0.05) lipid oxidation (TBARS values) than steaks from steers fed 50% WDGS after extended aging. Although
differences in tenderness between the two treatments were detected, there were no corresponding differences (P > 0.10)
in sarcomere length or proteolysis. This study showed that feeding WDGS may increase tenderness, possibly by
increasing free calcium in muscle early post-mortem. However, the true mechanism that contributes to these differences
is still unclear.

Additional keywords: beef, fatty acids, phospholipids.

Received 1 December 2016, accepted 22 June 2017, published online 8 August 2017

Introduction

Tenderness has repeatedly been cited as the most important
element for both eating quality and consumer purchasing
decisions (Miller et al. 2001; Platter et al. 2005) and is a high
priority for research in the meat industry (Boleman et al. 1998;
McKenna et al. 2002; Garcia et al. 2008). The mechanism of
meat tenderisation is a well understood subject. However, how
animal diets affect the basic mechanism of meat tenderisation
requires further exploration.

When compared with corn, distillers grains are not only
less expensive, but also contain up to three times the levels
of protein, fibre, and fat (Klopfenstein et al. 2008). Hence,
distillers grains are used widely in feedlot diets at levels
varying from 10% to 80% on a DM basis. Although many
beef quality studies (Roeber et al. 2005; Koger et al. 2010;
Mello et al. 2012) on feeding distillers grains reported
no differences in tenderness between control and treatments,
a recent study (Senaratne 2012) revealed an intriguing
phenomenon. Beef from steers fed 30% wet distillers grains
plus solubles (WDGS) was more tender than beef from steers
not fed WDGS, and this is not the first time that feeding

distillers grains is reported to improve tenderness (Depenbusch
et al. 2009; Segers et al. 2011).

The hypothesis was that polyunsaturated fatty acid (PUFA)
content of the sarcoplasmic reticulum (SR) membrane would
increase as a consequence of feeding WDGS, which may
predispose the SR membrane to release calcium earlier post-
mortem as a result of rapid membrane oxidation, causing an
early activation of calcium dependent proteases (the calpain
system) and thereby enhancing tenderness. The objective of
this study was to evaluate this hypothesis through examination
of tenderness, lipid oxidation, sarcomere length, and proteolysis
during aging and retail display as well as changes in SR
membrane fatty acid, phospholipid, neutral lipid and total lipid
profiles of beef with varying degrees of oxidation capacity.
The mechanism of this increased tenderisation was the subject
of this research.

Materials and methods

All animal use protocols were approved by the University of
Nebraska-Lincoln’s Animal Care and Use Committee.
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Animals
A total of 96 Continental · British steers were used in a single
factor randomised complete block design study with two
treatments with each pen used as the experimental unit. Steers
were fed for 147 days on either a corn-based diet with 0%WDGS
or 50% WDGS (DM basis; Table 1). As inclusion of WDGS
increased from 0% to 50%, the percentages of dry rolled corn
and highmoisture corn (1 : 1) decreased accordingly to formulate
the diets with equal amounts of corn silage (13% DM basis) and
supplement (4% DM basis). All WDGS were produced from a
single ethanol plant (KAAPA Ethanol, Minden, NE, USA), and
all diets contained Rumensin90 (monensin, 29.7 mg/kg of feed;
Elanco Animal Health, Indianapolis, IN, USA) and Tylan40

(tylosin, 11 mg/kg of feed; Elanco Animal Health). On Day 1
of the feeding period, steers were implanted with Revalor-XS
(Merck Animal Health, Summit, NJ, USA), and steers were
blocked by bodyweight (BW), stratified by BW within each
block, and assigned randomly to pens within block. Pens were
randomly assigned to one of the two treatments with six pens
per treatment and eight steers per pen.

Sample collection, fabrication and preparation
All steers were harvested on the same day at a commercial
abattoir (Greater Omaha Packing, Omaha, NE, USA). After
48 h of post-mortem chilling, 30 out of 96 carcasses were
selected. Carcass selection was based on treatments (n = 15)
and quality grade (USDA Choice). The rest of the carcasses that
came in after a treatment group was fulfilled or did not meet the
quality grade criteria were untagged and mixed with the plant’s
normal production. The strip loins (Longissimus lumborum) from
all selected carcasses were collected, vacuumed-packaged and

transported to Loeffel meat laboratory at the University of
Nebraska-Lincoln.

Strip loins from the left sides of the carcasses were fabricated
on post-mortem aging Day 2 and 7, and strip loins from the
right sides of carcasses were fabricated on post-mortem aging
Day 14 and 21. Each strip loin was fabricated into two tenderness
samples (2.54 cm) and three laboratory samples (1.27 cm) for
each aging period, from the anterior to the posterior end of
the loin muscle. The remaining portions of the strip loins were
immediately vacuum-packaged in vacuum pouches (3-mm STD
barrier, Prime Source, St Louis, MO, USA) on a Multivac
packaging machine (Multivac C500, Multivac, Kansas City,
MO, USA) and aged to the next designated aging period.

Other than the steaks designated for 0-day retail display, all
steaks were overwrapped in Styrofoam trays (Styro-Tech,
Denver, CO, USA) with oxygen permeable polyvinyl chloride
film (PSM18, Prime Source) and subjected to retail display
conditions (2 � 2�C, and exposed to continuous 1000–1800 lx
warm white fluorescence lighting). Objective tenderness, free
calcium concentrations, and proteolysis samples were obtained
from steaks displayed for 0 and 7 days of each aging period, and
lipid oxidation samples were obtained from steaks displayed
for 0, 4, and 7 days of each aging period. Sarcomere length
samples were obtained from steaks aged for 2 days with 0-day
retail display. For SR membrane fatty acids, phospholipid,
neutral lipid and total lipid analyses, samples were obtained
from steaks aged for 14 days with 0 days of retail display.
Samples were vacuum-packaged and frozen at �20�C (tenderness
samples) or �80�C (laboratory samples) until analysis. The
laboratory samples were pulverised in liquid nitrogen with a
blender (model 51BL32, Waring Commercial, Torring, CT,
USA) before each assay.

Objective tenderness (Warner–Bratzler shear
force – WBSF)
Steaks were removed from the freezer and thawed at 4�C for 24 h
before grilling. An insulated type T thermocouple (5SC-TT-T-
30–120, OMEGA Engineering, Inc., Stamford, CT, USA) was
inserted into the geometric centre of each steak and attached to an
OMEGA 450-ATT thermometer (OMEGA Engineering, Inc.) to
monitor the internal temperature of the steak. Steaks were grilled
on a Hamilton Beach Indoor-Outdoor grill (Model 31605A,
Proctor-Silex, Inc., Washington, NC, USA), flipped once when
the internal temperature reached 35�C, and removed from the
grill when they reached an internal temperature of 71�C. Grilled
steaks were cooled at 4�C for 24 h, and six cores, 1.27 cm in
diameter, were removed parallel to the muscle fibres using a drill
press. Coreswere sheared on a texture analyser (TMS-PRO,Food
Technology Crop., Sterling, VA, USA) with a Warner–Bratzler
blade. Themean peak shear force (kg) of six cores was calculated
for each steak.

Free calcium concentration
Free calcium was quantified using the methods described
by Parrish et al. (1981) with modifications. Three grams of
powdered sample was centrifuged at 196 000g (Beckman
L7–65 ultracentrifuge with a SW55Ti rotor; Beckman Coulter,
Brea, CA, USA) at 4�C for 30 min. Seven-hundred mL of the

Table 1. Composition of finishing diets on a dry matter (DM) basis
NDF, neutral detergent fibre; WDGS, wet distillers grains plus solubles

Dietary treatments
Ingredients (% DM) 50% WDGS 0% WDGS

Dry rolled corn 16.50 41.50
High moisture corn 16.50 41.50
WDGS 50.00 –

Corn silage 13.00 13.00
SupplementA 4.00 4.00
Fine ground corn 1.87 1.87
Limestone 1.64 1.64
Tallow 0.10 0.10
Salt 0.30 0.30
Trace mineral 0.05 0.05
Vitamin A-D-E 0.01 0.01
Rumensin-90B 0.02 0.02
Tylan-40B 0.01 0.01

Analysed composition (%)
Fat 8.2 4.5
Crude protein 18.1 11.4
Sulfur 0.41 0.09
NDF 34.00 13.50

ASupplement formulated to be fed at 4% of diet DM.
BFormulated to containmonensin (29.7mg/kgof feed;ElancoAnimalHealth,
Indianapolis, IN, USA) and tylosin (11 mg/kg of feed; Elanco Animal
Health).

2216 Animal Production Science M. D. Chao et al.



supernatant was collected and treated with 0.1 mL of 27.5%
trichloroacetic acid. Samples were centrifuged at 6000g
(Eppendorf model 5430; Eppendorf, Hamburg, Germany) at
room temperature for 10 min. Four-hundred mL of supernatant
was transferred to a syringe, and the volume was brought to
4 mL with deionised distilled water (ddH2O). The diluted
calcium sample was filtered through 13-mm-diameter Millex-
LG 0.20-mm syringe filters (Millipore, Bedford, MA, USA).
Calcium concentration of samples was quantified using an
inductively-coupled plasma emission spectrometer (iCAP 6500
Radial; Thermo Electron, Cambridge, UK) with calcium
concentration standards of 0, 25, 50, 150 mg/L.

Lipid oxidation
Lipid oxidation samples were prepared using the thiobarbituric
acid assay (TBARS) described by Ahn et al. (1998). Duplicate
200-mL aliquots of supernatant from each sample was transferred
to 96-well plates and read with a microplate spectrophotometer
(Model Epoch, Biotek, Winooski, VT, USA) at 540 nm. All
96-well plates had standards to calculate standard curves, and
each sample was calculated as mg of malonaldehyde per kg of
muscle tissue using the standard curve from each plate.

Sarcomere length
A few specks of muscle powder from each sample were gently
spread on a microscope slide. A single drop of 0.25 M sucrose
and 0.002 M potassium chloride solution at pH 7.0 was applied
to the muscle powder on the microscope slide. The prepared
microscope slide was placed on the stage of a Helium-Neon laser
(Melles Griot, Carlsbad, CA, USA) stand, and the average length
of five sarcomere positions per sample were determined using
the light diffraction method described by Cross et al. (1981).
Dolazza and Lorenzen (2014) demonstrated that there was no
difference in sarcomere length between fresh whole muscle and
powdered liquid nitrogen frozen muscle. However, laboratory
work time can be shortened significantly by applying the
powdering method for sarcomere length measurement.

Proteolysis
Myofibrillar proteins were isolated according the method
described by Pietrzak et al. (1997) with modifications. Three g
of powdered meat sample were suspended in 10 mL ice-cold
rigor buffer (0.1 M KCl, 2 mM MgCl2, 1 mM EGTA, and
10 mM K2HPO4) at pH 7.4 and homogenised using a
Polytron homogeniser (model CH-6010; Kinematica, Luzern,
Switzerland) at setting 6 for 15 s. The homogenate was filtered
thorough doubled-layered cheese cloth to remove connective
tissue and fat. One mL of homogenate was transferred and
centrifuged at 4000g for 5 min at room temperature. The
supernatant was decanted and the pellet was resuspended in
1 mL of ice-cold rigor buffer. The pellet washing step was
repeated three times. One mL of extraction buffer (0.1 M
TRIS-HCl, 1.25 mM EDTA, 5% SDS) at pH 8 was added to
thewashed pellet and vortexed thoroughly. Protein concentration
was determined using a Pierce bicinchoninic acid protein assay
kit (Pierce Biotechnology, Rockford, IL, USA). All myofibrillar
protein samples were diluted to 2 mg/mL with ddH2O.

Degree of proteolysis was measured by troponin-T (TNT)
degradation. All of the following procedures were conducted at
room temperature. Twenty-five mL of the 2 mg/mL myofibrillar
protein samples were mixed with 2x Laemmli sample buffer
(65.8 mM TRIS-HCl, 2.1% SDS, 26.3% glycerol, 0.01%
bromophenol blue) with 5% b-mercaptoethanol at 1 : 1 ratio.
All samples were heated at 95�C for 5 min. Five mL
Kaleidoscope Pre-stained Protein Standard and prepared
myofibrillar protein samples (5 mg) were loaded on 4 to 20%
Mini-PROTEAN TGX� precast polyacrylamide gels (Bio-Rad
Laboratories, Hercules, CA, USA) using a Bio-Rad Mini-
PROTEIN 2 Cells system (Bio-Rad Laboratories). The system
was run at constant voltage of 200 V for 40 min with a running
buffer consisting 25 mM Tris-base, 192 mM glycine and 0.1%
SDS (pH 8.3). Proteins in the gels were blotted to polyvinylidene
difluoride membranes (0.45 mm, Immobilon-FL transfer
membrane; Millipore) using a Bio-Rad Mini-Trans-Blot
Electrophoretic transfer cell (Bio-Rad Laboratories) for 60 min
at a constant voltage of 100 V with ice-cold transfer buffer
(25 mM Tris-base, 192 mM glycine, 20% methanol, 0.1%
SDS at pH 9.2). Membranes were blocked for 2 h in Odyssey
Blocking Buffer (LI-COR, Lincoln, NE, USA) and incubated
for 1 h in primary anti-TNT antibody (JLT-12; Sigma-Aldrich,
St Louis, MO, USA) at a dilution of 1 : 10 000 in Odyssey
blocking buffer containing 0.2% Tween-20. Membranes were
washed three times with Tris Buffered Saline containing
0.2% Tween-20 for 15 min and incubated in IRDye 680 LT
Conjugated Goat Anti-Mouse IgG1 secondary antibody
(LI-COR) at a dilution of 1 : 10 000 in Odyssey blocking
buffer containing 0.2% Tween-20 for 1 h. Membranes were
washed three times with TBST and scanned using Odyssey
Infrared Imaging system (LI-COR) at 700 nm.

All intact TNT and degraded TNT products were measured
by quantifying band intensities (k. pixels) using Odyssey
application software version 1.1. Bands ranging from 38 and
35 kD corresponded to intact TNT because their intensities
decreased over time, whereas, bands ranging from 30 and
28 kD corresponded to degraded TNT because these bands
increased in intensities over time. Percent TNT degraded was
measured by band intensities of degraded bands divided by
band intensities of all bands in a specific lane.

SR membrane extraction
The SR membrane was extracted from muscle tissue
according to the method described by Hemmings (2001) with
modifications. Ten g of powdered samples were suspended in
35 mL of ice-cold homogenisation buffer (10 mM NaHCO3,
2 mM sodium azide, 10 mM Tris-Cl, and 1 mM dithiothreitol)
at pH 7.5 and homogenised using a Polytron homogeniser
(Kinematica) at setting 6 for 15 s. Homogenate was transferred
into a 50-mL plastic centrifuge tube and centrifuged at 2000g
for 10 min at 4�C. The supernatant was collected and
centrifuged at 10 000g (Sorvall RC5B Superspeed Centrifuge;
Thermo Scientific, Rockford, IL, USA) for 30 min at 4�C. Four
and a half percent KCl (w/v) was added to the supernatant
and stirred for 30 min on ice. The supernatant was centrifuged at
100 000g for 60 min at 4�C (Beckman L7–65 Ultracentrifuge
with a SW28 rotor; Beckman Coulter). The final supernatant
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was discarded, and the pellet was resuspended in 1 mL of
10 mM tris buffer and stored at �80�C until use.

SR membrane fatty acids
For SR membrane fatty acids, total lipid was extracted
following the procedure of Bligh and Dyer (1959). After
extraction, lipids were converted to fatty acid methyl esters
according to Morrison and Smith (1964) and Metcalfe et al.
(1966). The prepared fatty acid methyl esters were further
concentrated by drying at 60�C under constant nitrogen gas
purging and mixed with 100 mL of hexane. The fatty acid
methyl esters were transferred to 100-mL spring bottom vial
inserts and inserted into the GC vials. The samples were
analysed using gas chromatography (Hewlett-Packard 6890
FID GC System; Agilent Technologies, Santa Clara, CA,
USA) with setups described by Mello et al. (2012).

SR membrane phospholipids
Total lipids were extracted from a second set of SR membrane
samples. ThirtymLof 2%methanol and 1%ddH2O in chloroform
was added to each lipid sample. For SRmembrane phospholipid,
neutral lipid and total lipid profile, samples were separated
into 10 different lipid groups by one-dimensional thin-layer
chromatography (TLC) described by Leray et al. (1987) with
modifications. Briefly, Whatman LK5 TLC plates (Whatman,
Clifton, NJ, USA) were prewashed by migration up to 1 cm
from the top with chloroform/methanol (1/1, v/v) and wetted
thoroughly with 2.3% (w/v) boric acid solution. All 30 mL of
each extracted lipid sample was deposited on the plate and
placed in the chromatography tank containing the following
solvent: chloroform/ethanol/ddH2O/triethylamine (30/35/7/35,
v/v). After the migration was complete, lipid and phospholipid
spots were quantified by the method described by Baron and
Coburn (1984) with modifications. Each plate was dampened
with a 10% (w/v) cupric sulfate solution in 8% (w/v) phosphoric
acid and placed in an oven at 180�C for 10–15 min. The isolated
fractions were identified by comparing their Rf values with
known lipid standards. The plate was scanned by a desktop
scanner (Artisan 730, Epson, Nagano, Japan) and the isolated
fractions were quantified using Quantity One 1-D Analysis
Software (Bio-Rad). Each phospholipid was measured as a
percentage of total phospholipids in one lane.

Statistical analyses
Data for WBSF, free calcium concentration, lipid oxidation,
and TNT degradation were analysed as a split-split plot design
with dietary treatments as the whole-plot, aging period as the
split-plot and retail display time as the split-split plot. Animals
within diet was considered the whole-plot error term, and age
by diet was considered as the split-plot error term and display day
by diet was considered the split-split plot error term. Sarcomere
length, SR membrane fatty acid, phospholipid and total lipid
profiles were analysed as a completely randomised design.
Animal was considered the random effect. Tukey’s test was
used for multiple comparisons. Data were analysed using the
GLIMMIX procedure of SAS (version 9.2, 2009, Cary, NC,
USA). For all analysis, separation of means was conducted using
LSMEANS procedure (least significant differences) at P < 0.05.

Results and discussion

SR membrane fatty acids

Results for the SR membrane fatty acid profile analyses
are presented in Table 2. Feeding 50% WDGS decreased
(P < 0.05) concentrations of 15:1, 16:1, 17:1, 18:1, 18:1V and
total monounsaturated fatty acid (MUFA), increased (P < 0.05)
concentrations of 18 : 0 and 18 : 2 fatty acids and tended to
increase (P < 0.10) total PUFA in the SR membrane. Long
and very long chain PUFA like 20:3, 20:4, 20:5, 22:4, 22 : 5
were not affected by the dietary treatment. When compared the
beef SR membrane fatty acid profiles from this study to the
beef muscle tissue fatty acid profiles (Domenech et al. 2014)
from the same set of cattle, total PUFA quadrupled in SR
membrane compared with the PUFA content of muscle tissue.
About half of the total lipids from the SR membrane measured
in this study are phospholipids (Table 3). Larick and Turner
(1990) and Noci et al. (2005) reported that PUFA, especially
18:2, are predominately associated with the phospholipid
fraction. Therefore, the greater content of PUFA in SR
membrane than muscle tissue was expected. The increase in
18 : 2 fatty acid and total PUFA of the SR membrane from
50% WDGS steers supported our hypothesis that feeding
WDGS may impair SR membrane integrity. Modification of
beef SR membrane fatty acid profiles by feeding WDGS likely
occurred by the same mechanism that modification of beef
muscle fatty acid profiles occurs. Although the majority of
the unsaturated fatty acids in the diet were biohydrogenated to
saturated fatty acid (SFA) by the rumen microflora, WDGS has
double the amount of corn oil (Ham et al. 1994) compared with
corn, which led to greater deposition of 18 : 2 and PUFA in the

Table 2. Fatty acid profiles of sarcoplasmic reticulum membranes
from strip loins (Longissimus lumborum) from steers fed a corn-based
diet with 50% wet distillers grains plus solubles (WDGS) or 0%WDGS
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,

polyunsaturated fatty acids

Fatty acids (%) Dietary treatments (n = 15 for
each treatment)

s.e.m. P-value

50% WDGS 0% WDGS

C15:0 0.50 0.53 0.04 0.556
C15:1 1.51 2.81 0.39 0.039
C16:0 22.16 23.25 0.50 0.134
C16:1 2.32 3.32 0.19 0.001
C17:0 0.95 0.94 0.08 0.937
C17:1 0.97 1.19 0.04 0.001
C18:0 10.30 9.06 0.41 0.039
C18:1 26.48 30.30 1.61 0.027
C18:1V 1.93 2.47 0.09 <0.001
C18:2 16.81 12.46 1.32 0.027
C18:3 0.42 0.39 0.05 0.629
C20:3 1.30 1.39 0.12 0.586
C20:4 4.97 5.57 0.47 0.374
C20:5 0.48 0.52 0.08 0.711
C22:4 0.80 0.85 0.11 0.748
C22:5 0.22 0.19 0.02 0.082
SFA 36.04 35.53 0.99 0.717
MUFA 33.09 38.52 1.28 0.006
PUFA 28.73 23.91 1.92 0.087
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muscle tissue and SR membrane. All individual MUFA and
total MUFA decreased in SR membrane for WDGS-fed steers.
However, the reason for such a decrease is still unclear. Unlike
18:2, which is entirely derived from the diet, medium and long
chain MUFA are products of biohydrogenation from dietary
PUFA or SFA to MUFA conversion from delta-9-desaturase
(Wood et al. 2008; Smith et al. 2006). Perhaps, the 0% WDGS
steers needed to generate more MUFA from SFA because less
PUFA was available in the plasma to incorporate in the
organelle membrane. The other possibility is that the 50%
WDGS diet (high in PUFA) may have suppressed the stearoyl-
CoA desaturase gene, which is the gene that encodes for delta-9-
desaturase (Chung et al. 2007).

SR membrane phospholipids

Results for the SR membrane phospholipids, neutral lipid,
and total lipid profiles are presented in Table 3. Feeding
50% WDGS tended to decrease (P = 0.10) phospholipid
concentration and tended to increase (P = 0.10) total neutral
lipid concentrations in the SR membrane. Feeding 50%
WDGS also increased (P < 0.01) concentration of
phosphatidylcholine (PC), but decreased (P < 0.05) concentration
of phosphatidylethanolamine (PE) in the SR membrane
phospholipids. Deaver et al. (1986), Brasitus et al. (1985)
and Thi-Dinh et al. (1990) found that feeding rats a high
unsaturated fat diet decreased the phospholipid concentration
in liver, enterocytes and the plasma membrane of adipocytes,
respectively. Feed stuffs rich in PUFA, like pasture and WDGS,
are known to increase the proportion of PUFA in muscle
tissue phospholipids of beef (Dannenberger et al. 2007), fish
(Huang et al. 1998) and pork (Nurnberg et al. 1998). Mead
et al. (1980) further suggested lipid oxidation can increase
the activity of phospholipases to remove esterified fatty
acids. Perhaps, the greater PUFA content contributed to
oxidation of SR membrane phospholipids, thus resulting in

accelerated SR membrane phospholipid degradation and
causing differences in phospholipid concentration between
the two treatments. Mlekusch et al. (1993) also found that
feeding rats a diet high in PUFA increased concentration of
PC, but decreased the concentration of PE in rat liver. However,
no clear explanation was given for the phenomenon. Beare and
Kates (1964) reported that rat muscle tissue PC can incorporate
18 : 2 better than PE can. In the present study, feeding 50%
WDGS increased 18 : 2 content of beef SR membrane by 35%.
Perhaps, the shifts of phospholipid profiles found in Mlekusch
et al. (1993) and this study can be explained by the increase of
18 : 2 content in the diets.

WBSF and free calcium concentration

There was a (P < 0.05) three-way interaction among treatment,
aging and retail display time on steak WBSF. Compared with
steaks from steers fed 0% WDGS, steaks from the 50% WDGS
group were more tender (P < 0.01) at 2 days of aging with 0 days
of retail display (Fig. 1). There was no difference tenderness
concentrations between treatments for any other aging and retail
display period (data not presented). Segers et al. (2011) reported
that beef from cattle supplemented with 25% dried distillers
plus solubles for 100 days was more tender than beef from
cattle supplemented with soybean meal at 7 days of aging, and
Depenbusch et al. (2009) reported sensory overall tenderness
ratings increased linearly as dietary level of distillers grains
increased from 0% to 75%. Finally, Senaratne (2012) reported
that beef from steers fed 30% WDGS tended (P < 0.10) to be
more tender than beef from steers not fed a corn-only diet.
However, extended aging beyond 2 days appeared to mitigate
the tenderisation effects from theWDGS treatments for this study.

There was also a (P < 0.05) three-way interaction among
treatments, aging and retail display day on free calcium
concentrations. Steaks from steers fed 50% WDGS had greater
(P < 0.01) free calcium concentrations at 2 days of aging after
7 days of retail display (Fig. 2), and therewas no difference in free

Table 3. Phospholipid and neutral lipid and total lipid profiles of
sarcoplasmic reticulum membrane from strip loins (Longissimus
lumborum) from steers fed a corn-based diet with 50% wet distillers

grains plus solubles (WDGS) or 0% WDGS

Dietary treatments (n = 15
for each treatment)

s.e.m. P-value

50% WDGS 0% WDGS

Phospholipids (%)
Phosphatidylcholine 43.00 36.07 1.19 <0.001
Phosphatidylethanolamine 31.89 38.78 2.08 0.027
Phosphatidylinositol 2.86 2.66 0.24 0.560
Phosphatidylserine 1.03 1.15 0.14 0.527
Sphingomyelin 21.89 21.71 1.26 0.925

Neutral lipid (%)
Mono, di and triacylglyceride 91.03 88.11 1.81 0.118
Cholesterol 8.59 11.49 1.74 0.108
Free fatty acids 0.39 0.41 0.13 0.897

Lipid (%)
Phospholipid 47.90 53.74 2.45 0.103
Neutral lipid 52.10 46.26 2.45 0.103
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Fig. 1. Warner–Bratzler shear force (WBSF) of strip loins (Longissimus
lumborum) aged for 2, 7, 14, 21 days (0-day retail display) from steers fed a
corn-based diet with 50% wet distillers grains plus solubles (WDGS) or 0%
WDGS. Means without a common letter (a–c) differ at P < 0.05.
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calcium concentrations between treatments for any other aging
and retail display period (data not presented). Senaratne (2012)
was the first to the authors’ knowledge to evaluate diet effect on
beef muscle tissue free calcium level, and that study reported
beef from steers fed 30% WDGS tended (P < 0.10) to have
greater free calcium concentrations than beef from steers fed
corn-only. Miller et al. (2011) also found differences in free
calcium concentration between tender and tough samples early
post-mortem (24 and 48 h). However, the tenderness difference
from that study was created through implant and b-agonist rather
than diet, and no measurement on SR membrane integrity was
performed.

Although differences were detected in both WBSF and free
calcium concentration assays, the results from this study did
not fully support the authors’ hypothesis. The time courses for
free calcium concentrations differences (9 days post-mortem)
and tenderness differences (2 days post-mortem) between
treatments did not match up with the time courses proposed in
the authors’ hypothesis.

Lipid oxidation

There was a significant (P < 0.01) interaction between aging
and treatments for lipid oxidation. Steaks from steers fed 0%
WDGS had greater malonaldehyde concentrations than steaks
from steers fed 50% WDGS (P < 0.05) at 21 days of aging
(Fig. 3). Lipid oxidation data from this study revealed another
intriguing phenomenon that beef from cattle fed 0% WDGS
was more oxidised than beef from cattle fed 50% WDGS
during retail display. This result contradicted the results
from many other studies that reported feeding cattle high
concentration of WDGS increases lipid oxidation levels
compared with feeding 0% WDGS (Gill 1996; Kinman
et al. 2011; Senaratne et al. 2011). However, this is not the
first time that feeding distillers grains was reported to decrease
lipid oxidation. Song et al. (2013) also found that lipid

oxidation values were not different between pigs fed 30%
dried distillers grains plus solubles or corn/soybean-based
control diets. One explanation for such a phenomenon is
that the greater concentration of sulfur in 50% WDGS diet
[0.41% vs 0.09% in 0% WDGS diet (Jolly et al. 2014)] may
cause an antioxidant effect. The high concentration of sulfur
may synthesise sulfur-containing amino acids and thus
alleviate the oxidative stress induced by PUFA in WDGS
(Song et al. 2013). Sulfur-containing amino acids such as
methionine, cystine, taurine, and glutathione have been studied
extensively for their antioxidant properties (Parcell 2002;
Atmaca 2004; Battin and Brumaghim 2009). Hwang et al.
(2000) fed 5% taurine to rats and observed decreased liver
lipid oxidation from feeding diets containing 3% oxidised
fish oil, which indicated that taurine may protect against
lipid oxidation. Sulfur in water and feed exists in the form
of sulfate; in ruminants, sulfate-reducing bacteria reduce
sulfate to hydrogen sulfide, which is utilised to produce
sulfur-containing amino acids (Drewnoski et al. 2014). It is
possible that the increase in hydrogen sulfide also increased the
production of sulfur-containing amino acids, thus triggering
the antioxidant effect to protect PUFA in beef.

Sarcomere length and proteolysis

No differences (P > 0.10) in sarcomere length between
treatments were observed. The average sarcomere length of
strip loins from 50% WDGS and 0% WDGS steers were 1.84
and 1.82 mm, respectively. Similarly, Oltra et al. (2008) also
reported that feeding distillers grains had no effect on sarcomere
length. Sarcomere length is established as a marker for pre-rigor
free calcium level (Pearson et al. 1973). It is likely there were
still plenty of antioxidants available to prevent membrane lipid
oxidation early post-mortem, so the pre-rigor time course of
calcium release was not be affected by the greater PUFA
content in the SR membrane. In fact, Stanley (1991) pointed
out that the presence of PUFA in membranes can inhibit
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hydrocarbon chain packing, thereby better preserve membrane
integrity at lower temperature.

An example of a western blot used to quantify TNT
degradation is presented in Fig. 4. There were no differences
(P > 0.10) in TNT degradation between treatments in any of the
aging or display period (data not presented). TNT degradation
results indicated that the calpain activity was not different
between treatments, but the WBSF results indicated otherwise.
Taylor et al. (1995) pointed out that the proteolytic degradation
of specific proteins may be attributed to inconsistent relationship
between WBSF and proteolysis. It is possible that proteolysis
was different for some other proteins such as titin, desmin,
vinculin, or nebulin in this study.

Possible mechanisms

Based on the results from this study, three possible mechanisms
were speculated for the differences in free calcium concentrations
between treatments. First, Cheah (1981) reported that free 18 : 2
fatty acid can stimulate the release of calcium and inhibit calcium
uptake from the SR membrane. It is possible that 18 : 2 from the
SRmembrane released by endogenous phospholipase A2 induced
the ryanodine receptor (RyR1) to release calcium. Second,
phospholipid PE has the ability to enhance the activity of sarco-
endoplasmic reticulum calciumATPase in SR membrane through
specific headgroup interactions (Hunter et al. 1999). It is possible
that a reduction in SRmembrane PE inWDGS-fed cattle impeded
calcium influx, resulting in an increase of sarcoplasmic free
calcium concentration. Third, Ji and Takahashi (2006) reported
that concentrations of SR membrane phospholipid are negatively
correlated with sarcoplasmic calcium concentration during aging
of pork and beef, and they hypothesised that calcium ions leaked
into the sarcoplasm through channels formed by the degradation of
phospholipids. It is possible that the decrease in SR membrane
phospholipid concentration in 50%WDGS samples contributes to
the increase of free calcium.

In addition to SR membrane lipid oxidation, the contribution
of protein oxidation should also be considered. The RyR1 of
SR membrane possesses several highly reactive sulfhydryl
(SH) groups that are susceptible to oxidation (Sun et al. 2001).
Abramson and Salama (1989) reported that oxidised SH groups
can stimulate calcium release by forming disulfide bonds, which
cause theRyR1 tomaintain in the open state.Hidalgo et al. (2000)
further reported that oxidised RyR1 becomes active at low (mM)
luminal calcium concentrations and was not inhibited by high
(mM) sarcoplasmic calcium concentrations. Unfortunately, no
measurement of SR membrane protein oxidation was made in
this study.

Conclusions

This study reported that feeding WDGS may increase early
post-mortem tenderness and free calcium release. The increase
in free calcium concentration was likely the result of increased
total PUFA and decreased total phospholipids in the SR
membrane from early onset of oxidation. Although the true
mechanism and time course of membrane oxidation and free
calcium release and their effects on beef tenderness are still
unclear, results from this study provide conceptual foundation
for a new research perspective on meat tenderisation.
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