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Abstract: The objectives of this experiment were to determine the impact of zinc (Zn) and ractopamine hydrochloride (RH)
supplementation of beef steers on early postmortem pH decline and meat quality development of aged longissimus thoracis
steaks. Angus steers (n= 20; 516 kg average initial bodyweight) were fed in a 2 × 2 factorial and equally assigned to Zn and
RH treatments: control (analyzed 36 mg Zn/kg dry matter [DM]) or supranutritional Zn supplementation (control dietþ
60 mg Zn/kg DM [from ZnSO4]þ 60 mg Zn/kg DM [from Zn–amino acid complex]) dietary treatments for the entire 89-d
trial. Starting 28 d before harvest, steers were blocked by body weight within Zn treatments to RH treatments of 0 or 300mg
per steer per day. Steers were harvested, and the following data were collected: longissimus thoracis pH and temperature
(1, 3, 6, and 24 h postmortem), carcass measurements, and quality attributes of aged steaks (1, 3, 7, or 14 d postmortem).
Muscle samples were taken at 1 h and 1, 3, 7, and 14 d postmortem for biochemical analysis. Supplementation of supra-
nutritional Zn trended for a lower (pH 5.49; P= 0.06) pH in samples at 6 h postmortem and lower (5.40 kg; P= 0.06)
Warner-Bratzler shear force value at 1 d postmortem. Supplementation of RH in samples resulted in a higher (pH
5.86; P= 0.04) pH at 6 h postmortem, greater (7.64 kg; P< 0.01) Warner-Bratzler shear force value at 1 d postmortem,
and lesser whole muscle desmin (P= 0.05) and troponin-T (P= 0.04) degradation at 1 d postmortem. The observed
differences in this study lends further credence to the need to more fully understand the role of Zn and RH in muscle growth
and early postmortem metabolism because of potential impacts on beef quality.
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Introduction

Tenderness is a primary trait that affects consumer
satisfaction of beef (Wilfong et al., 2016). Still, effi-
cient growth of beef cattle must also be considered
because it is key to the sustainability of beef cattle
production. Optimizing efficient growth by using
nutritional management practices, such as feeding
zinc (Zn) above the National Academy of Sciences,
Engineering, and Medicine (2016) recommendations
(i.e., supranutritional; Zn in the basal dietþ 120 mg

Zn/kg dry matter [DM] supplemented [Genther-
Schroeder et al., 2018]), and growth-promoting
technologies, such as the beta agonist ractopamine
hydrochloride (RH), have the potential to positively
impact the efficiency of beef cattle growth
(Genther-Schroeder et al., 2016a, 2016b; Ebarb et al.,
2017; Reinhardt et al., 2019). The impact of Zn sup-
plementation can vary depending on source and con-
centration as some literature has noted no differences
in cattle growth when cattle were supplemented
160 mg Zn/kg on a DM basis (Bohrer et al., 2014).
Zinc is an essential trace mineral that is critical for
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many biological processes, including muscle growth
and metabolism (Park et al., 1986), and may work syn-
ergistically with RH to optimize the growth of beef
cattle (Genther-Schroeder et al., 2016b;Reinhardt et al.,
2019).

Tenderness and the factors affecting tenderness
development are among the most studied facets of meat
science. Beef tenderness development is impacted by a
variety of factors, including rate and extent of pH
decline (Marsh et al., 1987;Wu et al., 2014), sarcomere
length (England et al., 2012), postmortem protein deg-
radation (Huff-Lonergan et al., 1996; England et al.,
2012), and collagen content (Nishimura et al., 2009).
However, the impact of feeding supranutritional Zn
and RH synergistically on beef tenderness and quality
development is not fully understood. Bohrer et al.
(2014) identified no difference in shear force values
(14 d postmortem) of steaks from cattle supplemented
with RH only and with RH with 160 mg Zn/kg and
1.25 mg chromium/kg on a DM basis (Bohrer et al.,
2014). Previous investigations into the antemortem sar-
coplasmic muscle proteome of cattle supplemented
with supranutritional Zn and RH fed in combination
influenced the abundance of proteins essential to carbo-
hydrate metabolism (Genther-Schroeder et al., 2016c).
Differences in carbohydrate metabolism have been
identified as potential sources of variability in beef
tenderness development (Antonelo et al., 2020). Zinc
is known to impact phosphorylation of proteins (Haase
and Maret, 2003; Lee et al., 2009), thus having the
capacity to alter proteins/enzymes involved in meta-
bolism. This could ultimately influence pH decline
in meat products through potential modulation of
phosphorylation of proteins essential to metabolism.
Therefore, it was hypothesized that RH and Zn supple-
mentation would influence meat quality by affecting
early postmortem pH decline, thus influencing tender-
ness development. The objective of this experiment
was to determine the impact of supplementation of
supranutritional Zn and RH of finishing beef steers
on early postmortem pH decline and meat quality
development of aged longissimus thoracis (LT) steaks.

Materials and Methods

Live animal procedures and protocols were
approved by the Iowa State University Institutional
Animal Care and Use Committee (#11-17-8645-B).
Twenty high-percentage Angus steers (∼516 kg initial
body weight) were obtained from a sole source and
fed one of 4 diets using an individual feed intake

monitoring system (GrowSafe bunks; GrowSafe
Systems Ltd., Airdrie, Alberta, Canada). All steers
were fed the same basal diet. Steers were assigned to
Zn and RH treatments based on similar growth poten-
tial (GeneMax gain score; GeneMax Focus, Zoetis,
Parsippany, NJ) and initial body weight. Zinc supple-
mentation occurred for the entire 89-d trial and
consisted of the following treatments: a non-Zn supple-
mented control (CON; analyzed 36 mg Zn/kg DM) or
supranutritional Zn (SUPZN; CONþ 60 mg Zn/kg
DM [as ZnSO4]þ 60 mg Zn/kg DM [as Zn-amino acid
complex; Availa-Zn; Zinpro, Eden Prairie, MN]).
Starting 28 d before harvest, RH treatments consisted
of 0 (NO) or 300 mg of RH per steer per day (RAC;
Actogain45, Zoetis, Parsippany, NJ). At finishing
weights (∼749 kg), steers were weighed at the Iowa
State University Beef Nutrition Research Farm and
transported to the Iowa State University Meat Labora-
tory, where they were held in lairage for approximately
17 h. One steer per treatment (n= 4) was harvested
under USDA inspection at the Iowa State University
Meat Laboratory on 5 different dates (N= 20). The
total harvest day range was across 26 d in a single
month (November). Harvest was completed using stan-
dard protocols in the United States, and carcasses were
not electrically stimulated. Stunning was completed
using a captive-bolt pistol prior to exsanguination.
Longissimusmuscle temperature and pHwere measured
between the 12th and 13th rib of the right side of the
carcass at 1, 3, 6, and 24 h post exsanguination using
a Hanna HI9025 pH meter (Hanna Instruments,
Woonsocket, RI). Each subsequent postmortem muscle
temperature and pH measurement wase taken 2.54 cm
anterior of the previous measurement. Calibration of
the pH meter and accuracy of measurements were veri-
fied using pH 4 and 7 buffers at harvest floor room tem-
peratures (22°C). Accuracy was monitored using the pH
7 buffer andwas recalibrated if pH readings in this buffer
fell out of range (pH range 6.95 to 7.05). Accuracy of
measurement was determined between each sample
measurement. A muscle sample (150 g) was excised
between the 12th and 13th rib on the right side of the
carcass at 1 h postmortem after 1-h pH and temperature
measurements were obtained. This sample was immedi-
ately cut into small cubes and stored at−80°C for protein
analysis. Two trained individuals collected carcass yield
(dressing percentage; ribeye area [REA]; fat thickness;
kidney, pelvic, and heart fat percentage [KPH]; and yield
grade [YG]) and quality (marbling score; Small= 400,
Modest= 500) data. Dressing percentage of each car-
cass was calculated using the following equation: hot
carcass weight (HCW)/live weight× 100. Yield grade

Meat and Muscle Biology 2021, 5(1): 37, 1–15 Schulte et al. Zinc, ractopamine, and beef tenderness

American Meat Science Association. 2 www.meatandmusclebiology.com

www.meatandmusclebiology.com


values were calculated using the following equation:
2.5þ (2.5× fat thickness)þ (0.0038×HCW)þ (0.2×
KPH)− (0.32 ×REA). Rib sections from the carcasses’
left sides were fabricated at 24 h postmortem into nine
2.54-cm-thick boneless steaks for quality attribute
analysis (Figure 1). An additional nine 0.64-cm-thick
steaks containing only the LT muscle were fabricated
for biochemical analysis (Figure 1). All steaks were vac-
uum packaged, aged (2°C) for 1, 3, 7, or 14 d, and frozen
until quality (frozen at −29°C) or biochemical analysis
(frozen at −80°C; Figure 1). Steaks from each post-
mortem timepoint were thawed (24 h at 2°C), and purge,
pH, Hunter L, a, and b values, and marbling score data
were collected on each pair of steaks. Purge was col-
lected by weighing the steak and the package with the
purge remaining in the package and then removing
the steak to obtain the weight of the package plus the
purge. Purge was calculated using the following for-
mula: [(weight of the package with purge−weight of
the package without purge)/(steak weight in the package
with purge – the weight of the package without
purge)]× 100. Steaks were removed from packages
and allowed to bloom for 30 min at room temperature
(∼22°C) before color analysis. Surface color measure-
ments (L, a, and b values) were collected using a
Commission Internationale de l’Eclairage (CIE) L*,
a*, and b* color space (L* = lightness; a* = redness;
b* = yellowness). Surface color measurements were
taken using a HunterLab MiniScan EZ 4500L colorim-
eter (Hunter Associates Laboratory Inc., Reston, VA) at

a 10° observer angle, using illuminant D65 (daylight at
6,500 K), and a 2.4-cm aperture size. Hue angle and
chroma values were calculated using the following for-
mulas: hue angle= arctangent (b*/a*) and chroma=
(a*2þ b*2)1/2 (American Meat Science Association,
2012). pH values were collected on each steak as
described earlier. Steaks were cooked on clamshell grills
(Cuisinart, East Windsor, NJ) to an internal temperature
of 68°C, and cook loss was determined using the follow-
ing formula: [(raw steak weight− cooked steak weight)/
raw steak weight]× 100. A minimum of three 1.27-cm
cores per steak were removed parallel to the muscle
fibers for Warner-Bratzler shear force (WBSF) analysis
(American Meat Science Association, 2016). This
resulted in a total of at least 6 cores per postmortem
aging timepoint per animal. A WBSF attachment
(100 kg compression load cell and crosshead speed of
3.3 mm/s) was fitted to an Instron (Instron, Norwood,
MA) for analysis.

Proximate composition

A food processor (KitchenAid, St. Joseph,MI) was
used to finely mince raw steak (∼200 g) containing
only the LTmuscle from the 12th rib to analyze protein,
fat, and moisture content in duplicate. Total fat and
moisture content were determined using AOAC
methods (AOAC International, 2013). Fat was evalu-
ated with the CEM ORACLE System (AOAC
International, 2013; CEM Corporation Matthews,
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NC), and moisture was evaluated with the CEM
SMART 6 System (AOAC International, 2013; CEM
Corporation). Protein content was measured with
the CEM Sprint Rapid Protein Analyzer (AOAC
International, 2011; CEM Corporation).

Whole muscle protein extraction

Frozen meat containing only the LT (200 g) was
homogenized and powdered in liquid nitrogen.
Samples from each postmortem timepoint (0.5 g) were
homogenized, and muscle proteins were solubilized
using 10 mM sodium phosphate (pH 7.0) and 2%
sodium dodecyl sulfate (SDS) (wt/vol) as described
by Carlson et al. (2017b).

Sarcoplasmic protein extraction

Frozen meat samples containing only the LT
(200 g) were homogenized and powdered in liquid
nitrogen. Samples from each postmortem timepoint
(3 g) were homogenized, and sarcoplasmic proteins
were extracted (4°C; 50 mMTris-HCl and 1 mM ethyl-
enediaminetetraacetic acid [pH 8.0]) as described by
Carlson et al. (2017a).

Gel electrophoresis running conditions

The samples from the whole muscle preparation
were used to evaluate degradation of desmin and
troponin-T (1 h and 1, 3, 7, and 14 d postmortem)
and calpain-1 autolysis (1 h and 1, 3, and 7 d post-
mortem) using one-dimensional SDS-polyacrylamide
gel electrophoresis (PAGE) asdescribedbyCarlson et al.
(2017a, 2017b). Desmin degradation products that were
soluble in the sarcoplasmic fraction (1 h and 1, 3, 7, and
14 d postmortem) and sarcoplasmic calpain-1 autolysis
(1 h and 1, 3, and 7 d postmortem) were determined
using one-dimensional SDS-PAGE as described by
Carlson et al. (2017a, 2017b). A reference sample, com-
posed of 4 samples at 1 d postmortem and 4 samples
from the same animals at 7 d postmortem, was created.
This day 1/day 7 mixed reference sample was loaded on
each gel for all western blot analysis. SE 260 Hoefer
Mighty Small II electrophoresis units (Hoefer, Inc.,
Holliston MA) were used to run 15% SDS-PAGE gels
(10 cm× 10 cm; acrylamide: N,N’-bis-methylene acryl-
amide= 100:1 [wt/wt], 0.1% [wt/vol] SDS, 0.05% [vol/
vol] tetramethylenediamine, 0.05% [wt/vol] ammonium
persulfate, 0.5M Tris-HCl [pH 8.8]) for desmin and tro-
ponin-T analysis and 10% SDS-PAGE gels (10 cm×
10 cm; acrylamide: N,N’-bis-methylene acrylamide=

100:1 [wt/wt], 0.1% [wt/vol] SDS, 0.05% [vol/vol] tet-
ramethylenediamine, 0.05% [wt/vol] ammoniumpersul-
fate, 0.5 M Tris-HCl [pH 8.8]) for calpain-1 autolysis.
Protein samples (40 μg) were loaded into each well
forwholemuscle extract desmin and troponin-T analysis
along with whole muscle extract and soluble sarcoplas-
mic calpain-1 autolysis. For analysis of soluble desmin
degradation products in the sarcoplasmic fraction, 50 μg
of protein was loaded into each well.

Transferring conditions and western blot
analysis

After running, the SDS-PAGE gels were transferred
to polyvinylidene difluoride membranes with pore sizes
of 0.2 μm (Immobilon-PSQ, 26.5 by 3.75 M RL,
VCAT#ISEQ00010, Millipore Corporation, Billerica,
MA) as described by Carlson et al. (2017b). Western
blot analysis was conducted as described by Carlson
et al. (2017a, 2017b). The following primary antibody
concentrations were made by diluting with phosphate-
buffered saline (PBS)-Tween and added to separate
blots: desmin (1:40,000) using polyclonal rabbit anti-
desmin antibody produced at Iowa State University
(Huff-Lonergan et al., 1996; Carlson et al., 2017a,
2017b), troponin-T (1:10,000) using monoclonal mouse
anti-troponin-T primary antibody (T6277, JLT-12;
Sigma-Aldrich, St. Louis, MO), and calpain-1 (1:5,000)
using monoclonal mouse anti-calpain-1 (MA3-940;
Thermo-Scientific, Rockford, IL). All blots were incu-
bated for 1 h at room temperature (∼22°C) with primary
antibodies. Desmin and troponin-T secondary anti-
bodies were diluted with PBS-Tween, and calpain-1
secondary antibodies were incubated in PBS-Tween
mixed with 5% nonfat dry milk. Secondary antibodies
were added to separate blots following washes at the
following concentrations: desmin (1:20,000): goat anti-
rabbit horseradish peroxidase (HRP) antibody (32430;
Thermo-Scientific); troponin-T (1:5,000): goat anti-
mouse HRP antibody (32430; Pierce); and calpain-1
(1:10,000): goat anti-mouse HRP antibody (A2554;
SigmaAldrich, St. Louis,MO). All blots were incubated
for 1 h at room temperature (∼22°C) with secondary
antibodies. Following incubation with secondary anti-
bodies, desmin and troponin-T blots were washed with
PBS-Tween 3 times for 10min, and calpain-1 blots were
washed 5 times for 10 min. Blots were analyzed as
described by Carlson et al. (2017a, 2017b). Using the
internal reference on each blot, the intensities of the
38-kDa desmin degradation product and a 30-kDa tro-
ponin-T degradation product were quantified as a com-
parative ratio of the sample protein band to the internal
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reference protein band on each gel. Calpain-1 autolysis
was analyzed as a percentage of the 80-, 78-, or 76-kDa
bands within each sample. All western blots were com-
pleted in at least duplicate with a coefficient of variance
value of the band of interest of 20% or less.

Statistics

Data were analyzed using the Mixed procedure of
SAS version 9.4 (SAS Institute Inc., Cary, NC) as a
2× 2 factorial with fixed effects of Zn and RH and the
interaction. Harvest group was included as a fixed effect
for all analyses. Whole muscle extract desmin and tropo-
nin-T degradation products, soluble sarcoplasmic desmin
degradation products, and whole muscle extract and
soluble sarcoplasmic calpain-1 data were analyzed using
theMixed procedure of SAS (version 9.4; SAS Institute)
as a 2× 2 factorial with fixed effects of Zn and RH
and the interaction. Gel was used as a random effect in
the model. Pearson correlations were generated using
PROC CORR using the following criteria: lowly corre-
lated (r≤ 0.35), moderately correlated (0.36≤ r≤ 0.67),
and highly correlated (r≥ 0.68; Taylor, 1990). Normality
was confirmed using the Shapiro-Wilk test. Cook’s D
was used to determine outliers at Cook’s D≥ 0.5. Signi-
ficance levels for all analyses were set at P≤ 0.05
and trends at 0.05< P≤ 0.10. Least-squares means and
standard errors were reported for all measured attri-
butes. Least-squares means were separated using SAS’s
PDIFF procedure (version 9.4; SAS Institute Inc.,
Cary, NC).

Results and Discussion

Postmortem pH decline and Warner-Bratzler
shear force values

The rate of pH decline and muscle temperature
have been shown to interact and impact ultimate pH
and tenderness development in beef (Hwang and
Thompson, 2001a; Hopkins et al., 2014; Warner et al.,
2014). This very complex biological reaction is still not
fully defined. Early studies of this subject demonstrated
differences in the rate of pH decline of different beef
muscles even when the temperature was kept at a con-
stant state (Bendall, 1978). This variation in rate of pH
decline was originally thought to simply be a mecha-
nism of excess calcium and adenosine triphosphate
turnover in the muscle system but is now deemed far
more complex. Several studies have demonstrated that
an intermediate rate of pH decline results in the most

tender beef products after aging (Marsh et al., 1987;
Hwang and Thompson, 2001a). It has also been dem-
onstrated that a rapid rate of pH decline early post-
mortem, typically due to electrical stimulation, can
result in more tender beef products at 1 d postmortem
(Hwang and Thompson, 2001b). These studies further
demonstrate the complex relationship between early
postmortem pH decline and tenderness development.
In this study, postmortem pH, temperature, and WBSF
values were not affected by the interaction of Zn and
RH, so the main effects will be discussed for the
remainder of this section.

A trend (Figure 2; P= 0.06) for lower pH at 6 h
postmortem was observed from steers supplemented
with supranutritional Zn, specifically in the Zn-only
(SUPZN-NO [pH 5.49]) treatment. Conversely, a
higher (Figure 2; P= 0.04) pH was observed in muscle
from steers supplemented with RH compared with
steers not supplemented with RH, specifically in
CON-RAC treatment (pH 5.86), at 6 h postmortem.
These 2 effects offset one another in the combination
treatment—SUPZN-RAC (pH 5.70)—showing greater
similarity to CON-NO (pH 5.68). These effects were
not influenced by differences in muscle temperature
at any timepoint (Figure 3). This difference in the rate
of pH decline followed a similar trend in the observed
differences inWBSF values at 1 d postmortem. Supple-
mentation of RH resulted in greater (Figure 4; P<
0.01) WBSF values at 1 d postmortem, whereas supra-
nutritional Zn supplementation trended (Figure 4;
P= 0.06) for a lower WBSF value at 1 d postmortem.
Specifically, supplementation of supranutritional Zn
alone (SUPZN-NO; 5.40 kg) resulted in a 2.2-kg-lower
WBSF value at 1 d postmortem than supplementation
of RH alone (CON-RAC; 7.64 kg). Compared with the
control treatment (6.72 kg; CON-NO), SUPZN-NO
demonstrated a 1.3-kg-lesser WBSF value at 1 d post-
mortem. Supplementation of RH has consistently
resulted in greater WBSF values at 3–14 d postmortem
in the longissimus lumborum of beef compared with
cattle not supplemented with RH (Avendaño-Reyes
et al., 2006; Scramlin et al., 2010; Boler et al., 2012;
Bohrer et al., 2014; Lean et al., 2014). The consistency
of greater WBSF values in steaks from cattle supple-
mented with RH remains unless steaks are aged for
extended periods (≥14 d; Scramlin et al., 2010; Boler
et al., 2012; Bohrer et al., 2014). This delay in onset of
or slower rate of tenderization could provide the oppor-
tunity to investigate and understand biological factors
that influence a delayed or hastened rate of tenderiza-
tion, even if tenderness differences do not persist
later postmortem (≥14 d). An understanding of this
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biological difference in rate of tenderness development
could provide for application of alternative merchan-
dizing strategies of beef products.

The differences between the treatments in pH
decline at 6 h postmortem andWBSF values at 1 d post-
mortem are strikingly similar in the observed figures

Figure 2. Effect of supranutritional zinc (Zn) and ractopamine hydrochloride (RH) supplementation on pH values of beef longissimus thoracismuscle at
different postmortem timepoints.1,2,3

1CON= no supplemental Zn (analyzed 36 mg Zn/kg dry matter [DM]); SUPZN=CONþ 60 mg Zn/kg DM (from ZnSO4)þ 60 mg Zn/kg DM
(from Zn–amino acid complex; Availa-Zn; Zinpro Corporation, Eden Prairie, MN). Fed for the entire 89-d trial.

2NO= no supplemental RH; RAC= 300 mg RH per head per day (Actogain45; Zoetis, Parsippany, NJ) starting 28 d prior to harvest.
3Means and standard errors of the mean are reported.

Figure 3. Effect of supranutritional zinc (Zn) and ractopamine hydrochloride (RH) supplementation on temperature values of beef longissimus thoracis
muscle at different postmortem timepoints.1,2,3

1CON= no supplemental Zn (analyzed 36 mg Zn/kg dry matter [DM]); SUPZN=CONþ 60 mg Zn/kg DM (from ZnSO4)þ 60 mg Zn/kg DM
(from Zn–amino acid complex; Availa-Zn; Zinpro Corporation, Eden Prairie, MN). Fed for the entire 89-d trial.

2NO= no supplemental RH; RAC= 300 mg RH per head per day (Actogain45; Zoetis, Parsippany, NJ) starting 28 d prior to harvest.
3Means and standard errors of the mean are reported.
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(Figures 2 and 4). Correlation coefficients found in
Table 1 demonstrate a moderately strong positive cor-
relation of pH values at 3 h (r= 0.50; P= 0.03) and 6 h
(r= 0.55; P= 0.01) postmortem with WBSF values at
1 d postmortem. This relationship is consistent with
Hwang and Thompson (2001a) observations, demon-
strating a lower early postmortem WBSF value in
beef muscles with the most rapid rate of pH decline.
These data further underscore the need to investigate
the biochemistry underlying the relationship of early

postmortem pH decline and metabolism with tender-
ness development.

Consistent evidence of the relationship of pH to
tenderness supports the hypothesis that pH has an influ-
ence on biochemical factors that influence tenderness.
Wu et al. (2014) classified longissimus dorsi muscle
from bull carcasses into high (≥6.2), intermediate
(5.80–6.19), and low (≤5.79) ultimate pH classifica-
tions based on 48-h pH measurements. Beef with
highest ultimate pH resulted in the lowest WBSF value

Figure 4. Effect of supranutritional zinc (Zn) and ractopamine hydrochloride (RH) supplementation on Warner-Bratzler shear force (WBS) values of
beef longissimus thoracis steaks at different postmortem timepoints.1,2,3.4

1CON= no supplemental Zn (analyzed 36 mg Zn/kg dry matter [DM]); SUPZN=CONþ 60 mg Zn/kg DM (from ZnSO4)þ 60 mg Zn/kg DM
(from Zn–amino acid complex; Availa-Zn; Zinpro Corporation, Eden Prairie, MN). Fed for the entire 89-d trial.

2NO= no supplemental RH; RAC= 300 mg RH per head per day (Actogain45; Zoetis, Parsippany, NJ) starting 28 d prior to harvest.
3WBS values were averaged across 2 adjacent steaks.
4Means and standard errors of the mean are reported.

Table 1. Pearson correlations between postmortem pH, temperature (Temp), and Warner-Bratzler shear force
(WBSF) values1

pH 3 h pH 6 h pH 24 h Temp 1 h Temp 3 h Temp 6 h Temp 24 h WBSF 1 d WBSF 3 d WBSF 7 d WBSF 14 d

pH 1 h 0.56 0.41 0.2 −0.21 0.03 0.05 0.11 0.11 0.11 0.29 −0.04
pH 3 h 0.89 −0.03 −0.34 −0.11 −0.07 −0.21 0.50 0.02 −0.28 −0.17
pH 6 h −0.03 −0.40 −0.15 −0.16 −0.34 0.55 −0.03 −0.44 −0.33
pH 24 h 0.17 −0.01 −0.01 −0.17 −0.03 0.33 0.19 0.39

Temp 1 h −0.09 −0.03 0.01 −0.22 0.34 0.34 0.39

Temp 3 h 0.66 0.55 −0.50 −0.55 −0.15 −0.38
Temp 6 h 0.67 −0.42 −0.52 0.06 −0.27
Temp 24 h −0.63 −0.53 0.17 −0.25
WBSF 1 d 0.58 −0.16 0.15

WBSF 3 d 0.44 0.67

WBSF 7 d 0.57

1Significant correlations are bolded (P≤ 0.05). Trending correlations are italicized (0.05< P≤ 0.10).
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at each day of aging (1, 2, 7, 14, 21, and 28 d post-
mortem) (Wu et al., 2014). The intermediate ultimate
pH classification resulted in the greatest WBSF values
across all postmortem aging timepoints, and the lowest
ultimate pH classification was in between the 2 classi-
fications (Wu et al., 2014). In the current study, a trend
for a moderately strong positive correlation was deter-
mined between the pH at 24-h-postmortem and 14-d-
postmortem WBSF values (r= 0.39; P= 0.09). The
24-h pH values ranged from 5.38 to 5.62 in this study;
thus, we did not have the extremes of ultimate pH val-
ues that Wu et al. (2014) suggested could strongly in-
fluence product quality.

As stated earlier, an intermediate rate of pH decline
results in the most tender beef products (Marsh et al.,
1987; Hwang and Thompson, 2001b). A moderately
strong negative correlation was observed between 6-
h pH and 7-d WBSF values (r=−0.44; P= 0.05),
demonstrating a less extreme rate of pH decline result-
ing in a more tender product when given proper aging
time (≥7 d).

The rate of pH and temperature decline are contin-
uously interacting and influencing each other, thus col-
laborating to impact tenderness development (Hopkins
et al., 2014; Warner et al., 2014). In this study, no
differences in muscle temperature during harvest were
observed among treatments or their interaction at any
postmortem timepoint (Figure 3). A trend for a moder-
ately strong negative correlation of pH at 6 h post-
mortem with temperature at 1 h postmortem was
determined (Table 1; r=−0.40; P= 0.08). This corre-
lation supports the hypothesis that a higher initial tem-
perature can increase the rate of postmortem glycolysis,
thus causing amore rapid pH decline (Kim et al., 2014).
Amoderately strong negative correlation was observed
between temperature at 3 h (r=−0.50; P= 0.02), 6 h
(r=−0.42; P= 0.06), and 24 h (r=−0.63; P< 0.01)
postmortem and WBSF values at 1 d postmortem.
Similarly, temperature at 3 h (r=−0.55; P= 0.01),
6 h (r=−0.52; P= 0.02), and 24 h (r=−0.53; P=
0.02) postmortem showed a moderately strong nega-
tive correlation with WBSF values at 3 d postmortem.
This relationship between prerigor temperatures and
early postmortem (1–3 d) tenderness development
has been previously demonstrated (Hwang et al.,
2004; Kim et al., 2014). Hwang et al. (2004) showed
a lower WBSF value at 24 h postmortem in beef
longissimus dorsimuscle that was held at a higher pre-
rigor temperature after harvest. This difference in
WBSF value was attributed to postmortem proteolysis
variations. These correlations from this small data set
are consistent with previous reports of the strong

relationship between postmortem pH decline, temper-
ature decline, and tenderness development in beef
steaks from the LT.

Carcass characteristics and proximate
analysis

The use of RH to improve growth performance and
carcass lean yield has been extensively studied (Boler
et al., 2012; Bohrer et al., 2014; Bittner et al., 2016,
2017; Genther-Schroeder et al., 2016b; Hagenmaier
et al., 2017). However, many results related to these
characteristics are inconsistent. Live weight, HCW,
dressing percentage, and REA typically improve due
to RH supplementation (Avendaño-Reyes et al., 2006;
Boler et al., 2012; Bohrer et al., 2014). However, in this
study, carcass characteristics were not affected by sup-
plementation of Zn, RH, or the interaction (Table 2;
P≥ 0.17). Several previous studies have also demon-
strated no difference in these lean yield characteristics
of carcasses from cattle supplemented with RH
(Avendaño-Reyes et al., 2006; Samuelson et al., 2016;
Trotta et al., 2019).

No difference in 12th rib backfat, KPH, YG, or
marbling score was observed in this study due to sup-
plementation of Zn, RH, or their interaction (Table 2;
P≥ 0.17). Several studies have observed lesser fat
thickness and KPH along with lower marbling scores
and YG in carcasses from cattle supplemented with
RH (Bohrer et al., 2014; Bittner et al., 2016; Trotta
et al., 2019). Conversely, studies have shown no differ-
ence in carcass characteristics from cattle supple-
mented with RH (Samuelson et al., 2016; Trotta et al.,
2019). These inconsistencies are thought to be due to
several factors, including diet, background, dosage,
length of time of dosage, the power of the study, and
genetic variations.

Proximate results determined no difference in pro-
tein, moisture, or fat percentages (Table 2; P> 0.10)
due to supplementation of Zn, RH, or their interaction.

Limited differences in quality characteristics
existed. Data for these characteristics can be found in
Supporting Information Table S1.

Calpain-1 autolysis and desmin and
troponin-T postmortem protein degradation

The calpain proteolytic system, specifically
calpain-1, is the primary contributor to postmortem
protein degradation of myofibrillar, cytoskeletal, and
intermediate filament proteins in postmortem muscle
(Geesink et al., 2006; Koohmaraie and Geesink,
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2006). Autolysis of calpain-1 (76-kDa product) nega-
tively correlates with intact desmin, vinculin, and talin
in pork (Bee et al., 2007). A variety of factors can in-
fluence calpain-1 activity, including pH decline
(Melody et al., 2004), oxidative conditions (Rowe et al.,
2004; Maddock Carlin et al., 2006), nitric oxide
(Li et al., 2014; Liu et al., 2016, 2019; Zhang et al.,
2018; Hou et al., 2020), and calpastatin activity
(Pringle et al., 1993; Rowe et al., 2004). Zinc infused
at high levels via the vascular system in carcasses
immediately postmortem has been shown to limit cal-
pain activity (Koohmaraie, 1992). Investigation into
different fractions of muscle, such as the sarcoplasmic
and myofibrillar fractions, has demonstrated that myo-
fibrillar bound calpain-1 is nearly inactive proteolyti-
cally and arises from precipitation of calpain-1 onto
the myofibril (Boehm et al., 1998). Calpain-1 autolysis
in the whole muscle and in the sarcoplasmic fraction
was not impacted by supplementation of Zn, RH, or
their interaction (Table 3; P≥ 0.06). The observed
trends for greater 78-kDa and lesser 76-kDa calpain-
1 (Table 3; P< 0.10) in the sarcoplasmic fraction of
muscle from cattle supplemented with supranutritional

Zn is interesting. In ovine muscle, Koohmaraie (1992)
infused high levels of Zn chloride (1 mM) to examine
the impact of Zn infusion on postmortem proteolysis
and observed reduced calpain-1 activity (2.4% of
maximal activity) in the Zn-treated muscle. In the study
by Koohmaraie (1992), it was concluded that Zn
reduced the rate of calpain-1 autolysis rather than com-
pletely inhibiting autolysis of calpain-1. This relation-
ship between calpain-1 autolysis and Zn needs to be
studied further under physiological conditions. Addi-
tionally, a faster rate of pH decline has been demon-
strated to be related to a more rapid rate of calpain-1
autolysis in the psoas major of pork (Melody et al.,
2004). Differences in the rate of pH decline could be
impacting differences in calpain-1 activity and sub-
sequent loss of activity earlier postmortem. Although
activity was not measured in this study, several studies
have demonstrated the relationship between autolysis
and activity of calpain-1 in postmortem muscle
(Boehm et al. 1998; Melody et al., 2004).

Postmortem protein degradation significantly
impacts tenderness development (Wu et al., 2014).
Desmin and troponin-T degradation have commonly

Table 2. Effect of supranutritional zinc (Zn) and ractopamine hydrochloride (RH) supplementation on carcass
characteristics and proximate composition of beef finishing steers longissimus thoracis muscle

CON1 SUPZN1 SEM P Value

Item NO2 RAC2 NO2 RAC2
CON-
NO

CON-
RAC

SUPZN-
NO

SUPZN-
RAC

ZN
TRT

RAC
TRT

ZN
TRT ×RAC

TRT

Steers (n) 5 5 5 5

Initial BW, kg 512 516 519 516 4.0 4.0 4.0 4.0 0.35 0.84 0.36

Live Weight, kg 712 715 712 700 9.8 9.3 9.6 9.3 0.44 0.64 0.46

Hot Carcass Weight, kg 436 437 438 443 3.2 3.3 3.2 3.3 0.22 0.39 0.57

Dress, % 61.4 61.6 61.8 62.4 0.5 0.5 0.5 0.5 0.22 0.41 0.58

Ribeye Area, cm2 87.4 91.7 87.8 86.7 2.4 2.4 2.4 2.4 0.35 0.52 0.28

12th Fat Thickness, cm 1.41 1.23 1.52 1.45 0.19 0.19 0.19 0.19 0.41 0.51 0.77

KPH, % 1.7 1.6 1.7 1.5 0.1 0.1 0.1 0.1 0.68 0.23 0.36

Yield Grade3 3.6 3.1 3.7 3.6 0.3 0.3 0.3 0.3 0.29 0.37 0.47

Marbling Score4 460 480 500 429 40 40 40 40 0.85 0.50 0.17

Protein, %5 22.3 22.7 22.3 22.9 0.3 0.3 0.3 0.3 0.71 0.12 0.69

Fat, %5 5.4 5.9 6.5 5.0 0.8 0.8 0.8 0.8 0.93 0.56 0.23

Moisture, %5 71.7 71.4 71.1 71.8 0.5 0.5 0.5 0.5 0.80 0.68 0.35

1CON= no supplemental Zn (analyzed 36 mg Zn/kg dry matter [DM]); SUPZN=CONþ 60 mg Zn/kg DM (from ZnSO4)þ 60 mg Zn/kg DM (from
Zn–amino acid complex) (Availa-Zn; Zinpro Corporation, Eden Prairie, MN). Fed for the entire 89-d trial.

2NO= no supplemental RH; RAC= 300 mg RH per head per day (Actogain45; Zoetis, Parsippany, NJ) starting 28 d prior to harvest.
3Yield grade was calculated using the following equation: 2.5þ (2.5 * Fat Thickness)þ (0.0038 * HCW)þ (0.2 * KPH)− (0.32 * REA).
4Marbling scores: 400= small; 500=modest.
5Measured as a percentage of protein, fat, and moisture measurements.

Measurements were taken from the left side of the carcass between the 12th and 13th rib at ∼24 h postmortem.

BW= body weight; HCW= hot carcass weight; KPH= kidney, pelvic, and heart fat percentage; REA= ribeye area; SEM= standard error of the mean;
TRT= treatment.
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been examined as indicators of postmortem proteolysis
because of their known roles in structural integrity of
skeletal muscle and contraction (Clark et al., 2002).
Analysis of the whole muscle extract samples showed
that supranutritional supplementation of Zn trended to
have lesser whole muscle extract desmin degradation
products at 3 and 7 d postmortem and lesser sarco-
plasmic desmin degradation products at 3 and 14 d
postmortem (Table 4; P< 0.10). Additionally, supra-
nutritional Zn supplementation resulted in lesser tropo-
nin-T degradation at 3 and 14 d postmortem (Table 4;

P≤ 0.05). This may be related to the observed trends
for greater 78-kDa and lesser 76-kDa calpain-1
(Table 3; P< 0.10) in the sarcoplasmic fraction at
7 d postmortem of samples supplemented with supra-
nutritional Zn. Reduced calpain-1 activity or earlier
loss of calpain-1 activity will result in less postmortem
protein degradation (Rowe et al., 2004). Previously, Zn
introduced to muscle at levels higher than seen physio-
logically has been shown to have an inhibitory effect on
calpain-1 activity (Koohmaraie, 1992). Thus, our
results provide evidence that the relationship between

Table 3. Effect of supranutritional zinc (Zn) and ractopamine hydrochloride (RH) supplementation on whole-
muscle extract and soluble sarcoplasmic calpain-1 autolysis of beef longissimus thoracis muscle at different
postmortem timepoints

CON1 SUPZN1 SEM P Value

Item NO2 RAC2 NO2 RAC2
CON-
NO

CON-
RAC

SUPZN-
NO

SUPZN-
RAC

ZN
TRT

RAC
TRT

ZN
TRT ×RAC

TRT

Calpain-1, WM3

1 Hour 80 kDa4 100.0 100.0 100.0 100.0 ND ND ND ND ND ND ND

78 kDa4 ND ND ND ND ND ND ND ND ND ND ND

76 kDa4 ND ND ND ND ND ND ND ND ND ND ND

1 Day 80 kDa4 38.2 42.0 35.8 42.2 7.7 7.7 7.7 7.7 0.89 0.52 0.87

78 kDa4 32.6 33.2 33.4 32.4 2.1 2.1 2.1 2.1 1.00 0.93 0.72

76 kDa4 29.4 25.0 30.8 26.0 6.5 6.5 6.5 6.5 0.86 0.49 0.98

3 Days 80 kDa4 7.8 9.8 9.6 8.4 2.3 2.3 2.3 2.3 0.93 0.87 0.50

78 kDa4 26.2 28.2 28.4 27.4 2.9 2.9 2.9 2.9 0.81 0.87 0.62

76 kDa4 65.8 62.4 62.2 63.6 4.9 4.9 4.9 4.9 0.81 0.84 0.63

7 Days 80 kDa4 ND ND 1.2 2.6 1.5 1.5 1.5 1.5 0.22 0.64 0.64

78 kDa4 13.8 14.6 17.0 19.6 4.4 4.4 4.4 4.4 0.37 0.70 0.84

76 kDa4 87.2 85.4 82.0 77.8 5.0 5.0 5.0 5.0 0.23 0.56 0.81

Calpain-1, Sarcoplasmic5

1 Hour 80 kDa4 100.0 100.0 100.0 100.0 ND ND ND ND ND ND ND

78 kDa4 ND ND ND ND ND ND ND ND ND ND ND

76 kDa4 ND ND ND ND ND ND ND ND ND ND ND

1 Day 80 kDa4 34.4 33.2 32.2 34.0 6.5 6.5 6.5 6.5 0.92 0.96 0.82

78 kDa4 33.2 35.2 35.2 36.0 1.4 1.4 1.4 1.4 0.34 0.34 0.68

76 kDa4 31.6 31.0 33.2 30.2 5.8 5.8 5.8 5.8 0.95 0.76 0.84

3 Days 80 kDa4 3.6 7.4 7.8 7.2 1.8 1.8 1.8 1.8 0.28 0.39 0.24

78 kDa4 23.6 28.2 27.8 28.8 2.1 2.1 2.1 2.1 0.28 0.21 0.41

76 kDa4 72.8 64.4 64.2 64.0 3.7 3.76 3.7 3.7 0.25 0.27 0.29

7 Days 80 kDa4 0.4 2.2 2.6 2.6 0.8 0.8 0.8 0.8 0.14 0.30 0.30

78 kDa4 14.4 17.6 19.0 19.8 1.6 1.6 1.6 1.6 0.06 0.24 0.47

76 kDa4 85.2 79.8 78.6 77.8 2.2 2.2 2.2 2.2 0.07 0.18 0.31

1CON= no supplemental Zn (analyzed 36 mg Zn/kg dry matter [DM]); SUPZN=CONþ 60 mg Zn/kg DM (from ZnSO4)þ 60 mg Zn/kg DM (from Zn–
amino acid complex; Availa-Zn; Zinpro Corporation, Eden Prairie, MN). Fed for the entire 89-d trial.

2NO= no supplemental RH; RAC= 300 mg RH per head per day (Actogain45; Zoetis, Parsippany, NJ) starting 28 d prior to harvest.
3Whole muscle (WM) extracted calpain-1.
4Values are expressed as a ratio of the catalytic subunit present as the intact band (80 kDa) or the autolyzed bands (78 and 76 kDa) of the catalytic subunit of

calpain-1.
5Water-soluble protein fraction extracted calpain-1.

ND= not detectable; SEM= standard error of the mean; TRT= treatment.
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physiologically achievable Zn concentrations and cal-
pain activity/autolysis needs to be characterized more
fully. However, it must be kept in mind that, despite
these observed trends of differences in calpain-1
autolysis at 7 d postmortem, this did not result in
differences in WBSF values at 7 or 14 d postmortem
between treatments.

Supplementation of RH resulted in lesser whole
muscle extract desmin and troponin-T degradation prod-
ucts at 1 d postmortem (Table 4; P≤ 0.05) compared
with samples not supplemented with RH. Lesser protein
degradation at 1 d postmortem in samples supplemented
with RH compared with samples not supplemented with
RH could explain the increased WBSF values at 1 d
postmortem in samples supplemented with RH com-
pared with samples not supplemented with RH. Along
with a higher pH at 6 h postmortem, a strong relationship
between rate of pH decline, day-1 WBSF values, and

day-1-postmortem proteolysis of desmin and troponin-
T of whole muscle extracts is demonstrated in samples
supplemented with RH. Correlation analysis further
demonstrates this relationship between pH decline and
postmortem proteolysis (Table 5). Sarcoplasmic cal-
pain-1 76-kDa autolysis product demonstrated a moder-
ately strong negative relationship with pH values at 3 h
(r=−0.58; P= 0.01) and 6 h (r=−0.61; P< 0.01)
postmortem. This relationship is strengthened with the
shown correlation of pH values at 6 h postmortem trend-
ing to have amoderately strong negative correlationwith
whole muscle desmin (r=−0.44; P= 0.06) and tropo-
nin-T (r=−0.39; P= 0.09) degradation products at 1 d
postmortem.

Additionally, RH supplementation resulted in less
desmin degradation product in the whole muscle
extract at 3 and 7 d postmortem and less appearance
of the soluble desmin degradation product in the

Table 4. Effect of supranutritional zinc (Zn) and ractopamine hydrochloride (RH) supplementation on whole-
muscle (WM) extract desmin, soluble sarcoplasmic desmin, and troponin-T degradation products of beef
longissimus thoracis muscle at different postmortem timepoints

CON1 SUPZN1 SEM P Value

Item NO2 RAC2 NO2 RAC2
CON-
NO

CON-
RAC

SUPZN-
NO

SUPZN-
RAC

ZN
TRT

RAC
TRT

ZN
TRT× RAC

TRT

WM Desmin Degradation3

1 Hour 0.25 0.20 0.17 0.21 0.03 0.03 0.03 0.04 0.19 0.85 0.04

1 Day 0.45 0.22 0.29 0.26 0.06 0.06 0.07 0.07 0.37 0.05 0.14

3 Days 1.18 0.75 0.88 0.54 0.15 0.15 0.14 0.16 0.09 0.01 0.75

7 Days 2.86 2.03 1.63 1.31 0.21 0.21 0.22 0.21 <0.01 <0.01 0.12

14 Days 3.77 1.93 1.67 1.38 0.21 0.19 0.21 0.18 <0.01 <0.01 <0.01

Soluble Sarcoplasmic Desmin
Degradation4

1 Hour ND ND ND ND ND ND ND ND ND ND ND

1 Day ND ND ND ND ND ND ND ND ND ND ND

3 Days 0.44 0.14 0.18 0.05 0.08 0.08 0.08 0.07 0.03 <0.01 0.28

7 Days 0.66 0.31 0.12 0.40 0.15 0.16 0.14 0.13 0.07 0.74 <0.01

14 Days 1.41 1.19 0.36 0.45 0.23 0.23 0.23 0.22 <0.01 0.73 0.41

Troponin-T Degradation5

1 Hour ND ND ND ND ND ND ND ND ND ND ND

1 Day 1.29 0.68 1.09 0.65 0.24 0.24 0.23 0.26 0.64 0.04 0.74

3 Days 3.44 2.59 2.38 1.60 0.53 0.49 0.53 0.48 0.05 0.11 0.95

7 Days 4.93 4.56 3.71 4.55 0.61 0.55 0.59 0.54 0.16 0.59 0.18

14 Days 7.55 6.20 4.78 4.31 0.89 0.76 0.79 0.79 <0.01 0.27 0.59

1CON= no supplemental Zn (analyzed 36 mg Zn/kg dry matter [DM]); SUPZN=CONþ 60 mg Zn/kg DM (from ZnSO4)þ 60 mg Zn/kg DM (from
Zn–amino acid complex; Availa-Zn; Zinpro Corporation, Eden Prairie, MN). Fed for the entire 89-d trial.

2NO= no supplemental RH; RAC= 300 mg RH per head per day (Actogain45; Zoetis, Parsippany, NJ) starting 28 d prior to harvest.
3Ratio of the densitometry units of the degraded 38-kDa band of the sample compared with the 38-kDa band of the reference sample.
4Ratio of the densitometry units of the degraded 38-kDa band of the sample compared with the ∼52-kDa band of the reference sample.
5Ratio of the densitometry units of the degraded 30-kDa band of the sample compared with the 30-kDa band of the reference sample.

ND= not detectable; SEM= standard error of the mean; TRT= treatment.
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sarcoplasmic fraction at 3 d postmortem (Table 4; P<
0.01). Less postmortem proteolysis in samples from
RH-supplemented cattle could potentially also be
due to greater calpastatin activity and inhibition of
the calpains, resulting in less calpain-1 activity in
muscle from cattle fed RH (Strydom et al., 2009).

The interaction of Zn and RH supplementation
resulted in less whole muscle extract desmin degrada-
tion product at 1 h (Table 4; P= 0.04) and 14 d
(Table 4; P< 0.01) postmortem compared with sam-
ples not supplemented with Zn or RH. Additionally,
the interaction of Zn and RH supplementation resulted
in less soluble sarcoplasmic desmin degradation prod-
ucts at 7 d (Table 4; P< 0.01) postmortem compared
with samples not supplemented with Zn or RH.
These observed differences in protein degradation fur-
ther lend credence to the need to more fully understand
the role of Zn and RAC fed in combination in muscle
growth and early postmortem metabolism.

The relationship between postmortem protein
degradation and instrumental tenderness values has
been extensively studied (Huff-Lonergan et al., 1996;
Hwang et al., 2004; Melody et al., 2004; England et al.,
2012; Carlson et al., 2017b), and these data continue to
demonstrate this strong relationship (Table 5). A mod-
erately strong negative relationship was demonstrated

between WBSF values at 3 d postmortem and the
following: whole-muscle desmin degradation products
at 1 h (r=−0.49; P= 0.03), 3 d (r=−0.41; P= 0.07),
and 7 d (r=−0.46; P= 0.04) postmortem; sarcoplas-
mic calpain-1 autolysis at 7 d (r=−0.49; P= 0.03)
postmortem; and whole-muscle troponin-T degrada-
tion products at 1 d (r=−0.40; P= 0.08), 3 d
(r=−0.52; P= 0.02), and 14 d (r=−0.39; P= 0.09)
postmortem. Furthermore, WBSF value at 7 d post-
mortem showed moderately and highly negative
correlations with whole-muscle desmin degradation
products at 7 d (r=−0.48; P= 0.03) and 14 d (r=
−0.59; P= 0.01) postmortem, sarcoplasmic calpain-1
autolysis at 7 d (r=−0.69; P< 0.01) postmortem,
and whole-muscle troponin-T degradation products
at 7 d (r=−0.62; P< 0.01) and 14 d (r=−0.50;
P= 0.02) postmortem. Warner-Bratzler shear force
values at 14 d postmortem were moderately and highly
negatively correlated with whole-muscle desmin deg-
radation products at 3 d (r=−0.39; P= 0.09), 7 d (r=
−0.60; P= 0.01), and 14 d (r=−0.55; P= 0.01) post-
mortem, sarcoplasmic calpain-1 autolysis at 7 d (r=
−0.57; P= 0.01) postmortem, and troponin-T degrada-
tion products at 3 d (r=−0.45; P= 0.05), 7 d (r=
−0.70; P< 0.01), and 14 d (r=−0.71; P< 0.01)
postmortem. These results show the very strong

Table 5. Pearson correlations between postmortem pH, temperature (Temp), Warner-Bratzler shear force
(WBSF), whole muscle desmin and troponin-T degradation products, and sarcoplasmic calpain-1 76-kDa
autolysis1

Desmin1 h Desmin1 d Desmin3 d Desmin7 d
Desmin14

d
Calpain-
11 d

Calpain-
13 d

Calpain-
17 d

Troponin-
T1 d

Troponin-
T3 d

Troponin-
T7 d

Troponin-
T14 d

pH 1 h 0.01 −0.1 −0.31 −0.36 −0.39 −0.22 −0.33 −0.27 −0.25 −0.23 −0.20 −0.16
pH 3 h −0.06 −0.32 −0.37 −0.10 −0.16 −0.58 −0.47 0.05 −0.39 −0.21 0.04 −0.13
pH 6 h 0.07 −0.44 −0.32 0.06 0.02 −0.61 −0.31 0.25 −0.39 −0.13 0.27 0.09

pH
24 h

−0.30 −0.10 −0.16 −0.21 −0.30 0.01 0.12 0.07 −0.25 −0.22 −0.24 −0.15

Temp
1 h

−0.07 0.15 0.06 −0.11 −0.17 0.42 0.17 −0.34 0.12 −0.23 −0.28 −0.29

Temp
3 h

0.06 0.17 0.11 0.11 −0.09 −0.15 −0.12 0.04 0.08 0.13 −0.05 −0.01

Temp
6 h

−0.02 0.17 0.14 −0.08 −0.29 0.12 −0.10 −0.03 0.17 0.18 −0.12 −0.01

Temp
24 h

0.19 0.24 0.22 0.03 −0.04 0.20 0.07 −0.02 0.24 0.26 −0.14 0.04

WBSF
1 d

−0.26 −0.13 −0.23 −0.17 −0.05 −0.20 −0.22 −0.04 −0.24788 −0.11 0.14 −0.01

WBSF
3 d

−0.49 −0.24 −0.41 −0.46 −0.36 −0.04 −0.25 −0.49 −0.40 −0.52 −0.37 −0.39

WBSF
7 d

−0.33 0.01 −0.13 −0.48 −0.59 0.31 −0.00 −0.69 −0.04211 −0.28 −0.62 −0.50

WBSF
14 d

−0.33 −0.10 −0.39 −0.60 −0.55 0.12 −0.11 −0.57 −0.33 −0.45 −0.70 −0.71

1Significant correlations are bolded (P≤ 0.05). Trending correlations are italicized (0.05< P≤ 0.10).
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relationship between tenderness development and post-
mortem protein degradation that has been identified by
the literature.

Conclusions

Supplementation of RH influenced pH at 6 h
postmortem, possibly influencing the rate of proteoly-
sis and WBSF values at 1 d postmortem. Supra-
nutritional Zn supplementation trended to influence
pH at 6 h postmortem and WBSF values at 1 d post-
mortem. Samples from cattle supplemented with
supranutritional Zn alone trended to have the lowest
pH at 6 h postmortem and the lowest WBSF value
at 1 d postmortem compared with samples from cattle
not supplemented with supranutritional Zn alone.
Samples from cattle supplemented with the RH treat-
ment alone had a higher pH at 6 h postmortem and
the highest WBSF values at 1 d postmortem compared
with samples not supplemented with RH alone.
Samples from cattle supplemented with the RH treat-
ment had less protein degradation at 1 d postmortem,
which could explain the higher WBSF value in RH-
supplemented cattle. Supplementation of supranutri-
tional Zn did not influence indicators of protein deg-
radation at 1 d postmortem. Due to the differences in
postmortem pH decline at 6 h postmortem and WBSF
values at 1 d postmortem, further investigation into
the molecular explanations of these differences in
pH decline and their impact on WBSF values and
postmortem proteolysis is necessary in order to under-
stand the impacts of supplementation of supranutri-
tional Zn and RH in the diet.
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Supplemental Table 1. Effect of supranutritional zinc (Zn) and ractopamine hydrochloride (RH) supplementation
on quality characteristics of beef longissimus thoracis steaks at different postmortem timepoints.

CON1 SUPZN1 SEM P-value

Item NO2 RAC2 NO2 RAC2 CON-NO CON-RAC SUPZN-NO SUPZN-RAC ZNTRT RACTRT ZNTRT x RACTRT

Percent Purge3

1 Day 2.3 2.6 2.4 2.6 0.3 0.3 0.3 0.3 0.79 0.39 0.75

3 Day 2.1 1.9 2.0 2.1 0.2 0.2 0.2 0.2 0.91 1.00 0.55

7 Day 1.7 1.7 1.6 1.7 0.2 0.2 0.2 0.2 0.83 0.94 0.81

14 Day 1.6 1.4 1.4 1.5 0.1 0.1 0.1 0.1 0.75 0.81 0.24

pH

1 Day 5.46 5.47 5.48 5.46 0.03 0.03 0.03 0.03 0.79 0.91 0.63

3 Day 5.47 5.47 5.46 5.44 0.02 0.02 0.02 0.02 0.38 0.55 0.77

7 Day 5.57 5.57 5.57 5.53 0.01 0.01 0.01 0.01 0.14 0.06 0.18

14 Day 5.51 5.50 5.45 5.49 0.03 0.03 0.03 0.03 0.23 0.65 0.32

Marbling Score4

1 Day 430 490 530 480 34 34 34 34 0.23 0.89 0.14

3 Day 450 500 540 440 31 31 31 31 0.56 0.36 0.04

7 Day 560 540 590 520 45 45 45 45 0.88 0.36 0.58

14 Day 520 480 560 550 39 39 39 39 0.17 0.57 0.68

Percent Cook Loss5

1 Day 23.7 23.8 19.9 23.4 1.6 1.6 1.6 1.6 0.22 0.29 0.30

3 Day 22.8 25.1 20.9 21.5 1.1 1.1 1.1 1.1 0.03 0.23 0.47

7 Day 20.6 24.8 24.1 22.5 1.4 1.4 1.4 1.4 0.68 0.36 0.06

14 Day 23.8 23.6 26.1 25.8 0.8 0.8 0.8 0.8 0.02 0.73 0.98

L*6

1 Day 38.57 39.81 40.00 40.34 0.83 0.83 0.83 0.83 0.26 0.36 0.60

3 Day 39.61 41.55 40.03 41.20 0.79 0.79 0.79 0.79 0.96 0.07 0.64

7 Day 42.01 43.32 42.21 43.42 0.77 0.77 0.77 0.77 0.85 0.13 0.94

14 Day 41.22 42.38 42.13 43.33 0.69 0.60 0.60 0.60 0.16 0.09 0.98

a*6

1 Day 19.58 19.29 19.71 18.52 0.44 0.44 0.44 0.44 0.47 0.11 0.32

3 Day 21.33 21.16 21.78 20.23 0.62 0.62 0.62 0.62 0.70 0.19 0.29

7 Day 20.49 20.06 20.16 20.10 0.42 0.42 0.42 0.42 0.74 0.57 0.66

14 Day 21.70 21.24 21.94 21.83 0.37 0.37 0.37 0.37 0.29 0.47 0.65

b*6

1 Day 16.34 16.88 17.01 16.19 0.48 0.48 0.48 0.48 0.98 0.77 0.18

3 Day 18.16 18.92 18.50 18.87 0.45 0.45 0.45 0.45 0.75 0.23 0.66

7 Day 18.35 18.62 18.37 18.54 0.34 0.34 0.34 0.34 0.93 0.52 0.87

14 Day 19.18 19.36 19.39 19.89 0.39 0.39 0.39 0.39 0.36 0.40 0.69

Hue Angle7

1 Day 39.85 41.16 40.79 41.13 0.38 0.38 0.38 0.38 0.25 0.05 0.22

3 Day 40.41 41.80 40.40 43.02 0.60 0.60 0.60 0.60 0.33 <0.01 0.32

7 Day 41.84 42.89 42.37 42.69 0.51 0.51 0.51 0.51 0.75 0.20 0.48

14 Day 41.45 42.34 41.47 42.34 0.58 0.58 0.58 0.58 0.99 0.16 0.99

Chroma8

1 Day 25.51 25.63 26.03 24.60 0.63 0.63 0.63 0.63 0.69 0.32 0.24

3 Day 28.01 28.39 28.59 27.67 0.71 0.71 0.71 0.71 0.92 0.71 0.38

7 Day 27.50 27.37 27.28 27.35 0.48 0.48 0.48 0.48 0.80 0.95 0.84

14 Day 28.96 28.74 29.28 29.54 0.45 0.45 0.45 0.45 0.24 0.96 0.61

1CON= no supplemental Zn (analyzed 36 mg Zn/kg dry matter[DM]); SUPZN=CONþ 60 mg Zn/kg DM from ZnSO4þ 60 mg Zn/kg DM from Zn-
amino acid complex (Availa-Zn; Zinpro Corporation, Eden Prairie, MN). Fed for the entire 89 d trial.

2NO= no supplemental RH; RAC= 300 mg RH per head per d (Actogain45; Zoetis, Parsippany, NJ) starting 28 d prior to harvest.
3Percent steak purge= (weight of package with purge- weight of package without purge/steak weight) x 100.
4Marbling Scores: 400= small; 500= modest.
5Steakswere cooked to an internal temperature of 68°C on clamshell grills. Percent cook loss= [(raw steakweight – cooked steakweight)/raw steakweight] x 100.
6Commission Internationale de l’Eclairage L*, a*, and b* values were determined with a HunterLab Miniscan EZ instrument using illuminant D65 light

source, 2.4 cm aperture, and a 10° observer angle.
7Hue angle was calculated using the following equation: arctangent (b*/a*)
8Chroma value was calculated using the following equation: (a*2þb*2)1/2
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