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Beef is one of the leading sources of protein, B vitamins, iron, and zinc in human food. Beef palatability is based on three general
criteria: tenderness, juiciness, and flavor, of which tenderness is thought to be the most important factor. In this study, we found
that beef tenderness, measured by the Warner-Bratzler shear force (WBSF), was dramatically increased by acute stress. Microarray
analysis and qPCR identified a variety of genes that were differentially expressed. Pathway analysis showed that these genes were
involved in immune response and regulation of metabolism process as activators or repressors. Further analysis identified that
these changes may be related with CpG methylation of several genes. Therefore, the results from this study provide an enhanced
understanding of the mechanisms that genetic and epigenetic regulations control meat quality and beef tenderness.

1. Introduction

Beef is a source of high-quality nutrition for human pop-
ulations. Beef palatability is generally determined by three
general criteria: tenderness, juiciness, and flavor. Of these
factors, beef consumers usually consider tenderness as the
most important palatability trait leading to a good eating
experience [1-3]. Inconsistency in tenderness has been
reported as the most important factor in determining con-
sumer satisfaction with beef quality [4-9]. It is well known
that beef tenderness is influenced not only by genetic
factors but also environmental aspects. Many studies have
been performed on beef quality and tenderness, identifying
various important candidate genes [ 10, 11], quantitative trait
loci (QTL), and single-nucleotide polymorphisms (SNPs)

[12-20]. High-throughput transcriptomics and proteomics
were also used to explore the mechanism of controlling beef
quality and tenderness [21-27]. These researches focused
much attention on genetic factors influencing beef tender-
ness. Anecdotally, farmers found that beef produced by cattle
which suffered from acute stress, such as injury, surgery,
or hardware disease, has much lower quality compared to
beef from normal cattle [28-31]. This phenomenon like
hardware disease may occur often; therefore the underlying
mechanism needs to be explored to better understand what
drives beef tenderness and to ultimately improve profitability
and efficiency of beef production. So far, we have not seen
research which examines the mechanisms of beef quality
alteration attributed to acute stress. In this experiment, we
found an acute stress event that altered beef tenderness.
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Since stress is a general phenomenon in beef industry, it is
meaningful to explore the biochemical mechanisms on beef
quality influenced by acute stress.

In this study, we hypothesized that a one time, acute
stress event would alter beef tenderness and quality through
gene expression changes, which may be mediated by epige-
netic mechanisms. The aims of the research were to further
detect the influence of stress on beef tenderness, to explore
underlying genes, pathways, and networks regulating beef
quality, and to obtain deep insights into the mechanisms of
beef tenderness affected by stress.

2. Materials and Methods

2.1. Sample Preparation and Experimental Design. Seven
purebred Angus steers were obtained from the Wye Angus
farm (Queenstown, MD, USA). The steers were acclimated
to a pelleted forge diet designed to meet maintenance needs.
At 10 months of age, 4 steers underwent a surgical procedure
that involved anesthetization and placement of a rumen
catheter. The surgery was an acute stress event. Three steers
received no surgery.

At the approximate age of 1 year, the steers were serially
harvested. Immediately after harvest, samples of longissimus
dorsi (LD) from the right side of the carcass were placed in
RNAlater solution (Qiagen, Valencia, CA, USA) at —80°C for
turther analysis. The carcasses were then chilled for 48 hours
at 4°C. Steaks of the LD from the 12~13th rib (2.59cm)
were obtained, vacuum packed, stored at 4°C for a total of 14
days post harvest, and then frozen at —20°C. Once all steaks
were obtained, aged, and then frozen, the steaks were thawed
at 4°C, cooked to an internal temperature at 70°C, cooled,
cored, and then analyzed for WBSF as previously described
[32]. All procedures followed the standard animal welfare
and used guidelines from the University of Maryland.

2.2. RNA Isolation and Microarray Hybridization. About
20~30 mg LD samples were homogenized in TRizol Reagent
(Invitrogen, Carlsbad, CA, USA), and total RNA was
extracted as described in the manufacturer’s instructions
(Invitrogen). Total RNA was purified using DNase I (Qia-
gen) and the RNA easy Mini column (Qiagen). The RNA
was quantified by NanoDrop ND 1000 Spectrophotome-
ter (Thermo Scientific, Wilmington, DE, USA) and RNA
integrity determined by 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). Agilent 4 X 44K bovine
microarrays were used in this study. This array was designed
based on the whole bovine genome sequence. RNAs from
all samples were mixed to an RNA pool as a reference
sample. Two microgram RNA of each sample was labeled
with Cy3 using the Agilent Quick-Amp labeling Kit (Agilent
Technologies) while 2 ug reference RNA was labeled with
Cy5. Then 825ng of the appropriate Cy3- and Cy5-labeled
complementary RNAs (cRNA) were hybridized to the 4 x
44K Agilent bovine arrays, and a total of 7 arrays were
hybridized.

2.3. Data Collection, Normalization, and Analysis. Following
stringency washes, slides were scanned on an Agilent G2505B
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microarray scanner, and the resulting image files were
analyzed with Agilent Feature Extraction software (Version
9.5.1). All procedures were carried out according to the
manufacturer’s protocols. Background adjustment, quantile
normalization across 7 microarrays, and statistical analysis
were performed using the Limma package (linear models
for microarray data). Significantly expressed probes, in the
comparisons of stress versus nonstress, were screened for
subsequent pathway and network analysis.

2.4. Clustering and Network Analysis. Hierarchical clustering
of expression profiles was performed using Cluster 3.0 [33].
The data were further normalized. Average linkage clustering
was performed and visualized using Treeview [33]. The
initial information on gene ontology (GO) functions and
functional relevance of significantly expressed probes were
obtained from the Gene Ontology Enrichment Analysis
Software Toolkit (GOEAST) [34]. Ingenuity pathway analysis
(IPA) (Ingenuity System, http://www.ingenuity.com/) was
used to generate networks and assess statistically relevant
biofunctions and canonical pathways. A dataset containing
gene name, logFC (fold change), and P value was uploaded
and mapped to corresponding expression genes in the
Ingenuity knowledge database. The biofunctional analysis
identified “molecular and cellular function” and “physiolog-
ical system development and function.” Canonical pathway
analysis identified pathways most significantly represented
in the dataset. The significance between the dataset and the
canonical pathway was measured using Fisher’s exact test for
a P value and a Benjamini-Hochberg correction for multiple
testing applied.

2.5. Quantitative Real-Time PCR. To validate the microarray
results, genes were selected based on their functions and
significance in the results of microarray. Quantitative real-
time PCR primers were designed online with primer 3
(http://frodo.wi.mit.edu/primer3/). The uniqueness of the
designed primer pairs was validated by a BLAST homol-
ogy search (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) to
ensure that homologous genes were not cross-amplified
by the same primer pair. Whenever possible, primers
were designed to span intron/exon boundaries. All primers
for target genes examined are given in Supplementary
Table 1 (see Supplementary Materials available online at
doi:10.1155/2012/756284).

Total RNA from the same LD sample was isolated, puri-
fied, quantified, and ingenuity determined in the same pro-
cedure as the microarray experiment. The first strand cDNA
was synthesized from 1 pug of total RNA using SuperScript
I Reverse Transcriptase (Invitrogen) with oligo(dT) primers
(Invitrogen). Samples were then analyzed by real-time PCR
using an iCycler iQ PCR system (Bio-Rad, Hercules, CA,
USA). The real-time PCR reactions were performed in a final
volume of 20 yL with a QuantiTect SYBR Green PCR Kit
(Qiagen) according to the manufacturer’s instruction. The
efficiencies of target genes and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) amplification were investigated by
performing a serial dilution of total RNA (1 ug to 0.1ng)
following recommendations [35]. The mRNA expression was
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TaBLE 1: Significant GO terms 137 significant probes were involved in.

GO ID Ontology Term Gene number P value

GO: 0019222 biological_process Regulation of metabolic process 16 0.032133

GO: 0031323 biological _process Regulation of cellular metabolic 15 0.032133
process

GO: 0032502 biological_process Developmental process 15 0.034002

GO: 0030154 biological_process Cell differentiation 12 0.018268

GO: 0048869 biological_process Cellular developmental process 12 0.021079

GO: 0048523 biological _process Negative regulation of cellular 10 0.043805
process

GO: 0042221 biological_process Response to chemical stimulus 0.042394

GO: 0006955 biological_process Immune response 0.032133

GO: 0032787 biological_process Monocarboxylic acid metabolic 6 0.021079
process

GO: 0006006 biological_process Glucose metabolic process 5 0.016802

GO: 0019318 biological_process Hexose metabolic process 5 0.023776

GO: 0005996 biological_process Monosaccharide metabolic 5 0.031139
process

GO: 0050873 biological_process Brown fat cell differentiation 4 0.006619

GO: 0045444 biological_process Fat cell differentiation 4 0.016802

GO: 0006094 biological_process Gluconeogenesis 3 0.023776

GO: 0019319 biological_process Hexose biosynthetic process 3 0.025047

GO: 0046364 biological_process Monosaccharide biosynthetic 3 0.032133
process

GO: 0032370 biological_process Positive regulation of lipid 2 0.046664
transport

GO: 0045598 biological_process Regulation of fat cell 2 0.046664
differentiation

GO: 0010871 biological_process Negatlve re.gulatlon of receptor 2 0.046664
Biosynthetic process

GO: 0044421 cellular_component Extracellular region part 9 0.032203

GO: 0005615 cellular_component Extracellular space 8 0.023776

GO: 0005125 molecular_function Cytokine activity 5 0.024213

GO: 0005126 molecular_function Cytokine receptor binding 5 0.032133

GO: 0019864 molecular_function IgG binding 2 0.046664

normalized against the housekeeping gene GAPDH, the most
commonly used housekeeping gene [36]. Each real-time PCR
program was run for 15 minutes at 95°C, followed by 40
repeats of 15s at 94°C, 30s at 58°C, and 30s at 70°C. Data
were analyzed using the 2722€T method [35]. The statistical
significance of the raw Ct values representing differences
in mRNA expression level was determined by two-tailed
student’s t-test. The correlation analysis between real-time
PCR and microarray expression data was conducted using
CORR procedure of SAS (SAS Inst. Inc.) [37].

2.6. Methylation Pattern Analysis of the Significant Genes.
Genes were selected based on their functions and sig-
nificance in microarray and CpG island enrichment on
their promoters. CpG island distributions in promoter
regions were checked using the UCSC Genome browser

(http://genome.ucsc.edu/), and promoter sequences of these
genes were downloaded from NCBI (http://www.ncbi.nlm
.nih.gov/). After CGs were replaced to YGs and then Cs were
converted to Ts, the sequence was input into the PSQ Assay
Design software (PyroMark 1D, Qiagen), and bisulfited-PCR
primers were designed to amplify these promoter regions.
The primers for methylation detection, including forward
primer, reverse primer, and sequencing, are listed in the
Supplementary Table 2.

Genomic DNA was isolated from the same LD sample
using NucleoSpin kit (Macherey-Nagel, Bethlehem, PA,
USA). One microgram of DNA was treated with a sodium
bisulfate conversion reagent (EZ DNA Methylation Golden
Kit) (Zymo Research Corporation, Irvine, CA, USA) accord-
ing to the instruction manual. The amplification efficiencies
of primers were investigated by performing dilution series of
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bisulfited DNA and PCR. Then the diluted bisulfited DNA
served as the template for bisulfited PCR using the HotStar
Taq polymerase (Qiagen), and a biotin-labeled universal
primer was added in each PCR reaction. Pyrosequencing
analysis by Pyro Q-CpG system (PyroMark ID, Qiagen)
was performed to detect methylation level of each CpG
site using 30uL of PCR products, which were analyzed
by gel electrophoresis to confirm that the PCR amplified
successfully [38].

3. Results

3.1. Tenderness of Angus Beef in This Experiment. Four steers
were anesthetized and given a surgery to place a rumen
catheter. This surgical procedure is an acute stress event
compared with 3 controls. To evaluate variation of beef
tenderness caused by this acute stress, the Warner-Bratzler
shear forces (WBSF) were measured [39]. The WBSF results
showed that the stress group was much tougher than the
control (nonstress) group (P < 0.0001) (Figurel). In
addition, all of the carcasses were qualitatively graded. Thus
differences in marbling did not contribute to any differences
in tenderness. Further, all of the steers were approximately 1
year of age, so age effects due to collagen crosslinking should
be minimized. Then, we performed further microarray
analysis based on these stress and control groups.

3.2. Differentially Expressed Genes in Divergent Stress Status.
To determine the differentially expressed genes between these
two groups of differential stress status, cDNA microarray
analysis was done using LD samples. With the aid of the
Limma package in Bioconductor, we selected significant
expressed probes based on a stringent statistical significance
threshold (P < 0.05, |I[gFC| > 1.5, and false discovery rate
(FDR) <0.3). The results showed that a total of 215 probes
were significantly differentially expressed, which attribute
137 unique probes. Of these 137 probes, 102 were assigned to
genes while 35 were assigned to ESTs. Among these 137 genes
(or ESTs), 73 were downregulated while 64 were upregulated
in tough stress compared to nonstress. To reveal the overall
expression profile of these significant genes (or ESTs) in these
two groups, clustering analysis was performed as previously
described [33]. The visualization showed that the expression
pattern of these significant genes was apparently different
between these two groups. Also, most of the genes had highly
consistently expression level within each group (Figure 2).

3.3. Quantitative Real-Time PCR Results. Four genes, heat
shock 70 kDa protein 1A (HSPA1A), chemokine (C-X-C motif)
ligand 2 (CXCL1), interleukin 12A (IL12A), and Josephin
domain containing 1 (JOSDI) which function in immune
response and also significantly differentially expressed in
microarray between tough stress and nonstress, were chosen
to perform RT-PCR to validate microarray results. qRT-
PCR results showed that gene expression patterns of these
4 genes were of significant difference between these two
groups (Figure 3) (P < 0.05). In addition, the dysregulation
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F1Gurke 1: The results of WBSF between nonstress group and tough-
stress group. Data are shown in mean + SE (***P < 0.0001).

directions and fold changes of these genes were highly
consistent between RT-PCR and microarray (R? = 0.9595).

3.4. Functional Annotation of Significantly Differentially
Expressed Genes. To investigate the functionality that these
significantly expressed genes are involved in, GO term
analysis was employed and the results showed that sig-
nificantly differentially expressed genes in GO biological
process terms were enriched in regulation of fatty acid and
protein metabolic process, receptor biosynthetic process,
receptor of myeloid cell apoptosis, negative regulation of
neuron differentiation, response to glucose stimulus, mono-
carboxylic acid metabolic process, gluconeogenesis, and so
forth. In cellular component category, GO terms related to
extracellular region part and extracellular space. The molec-
ular function category of GO term showed that cytokine
activity, cytokine receptor binding, and IgG binding were
enriched. Summaries of the enriched GO term categories
for significantly differentially expressed genes are shown in
Table 1.

To further visualize the pathways and networks these
significantly differentially expressed genes functioned in,
IPA was conducted. After uploading the gene set, 79 from
102 genes mapped to the IPA knowledge database. Analysis
results showed that carbohydrate metabolism, gene expres-
sion, lipid metabolism, small-molecule biochemistry, and
molecular transport were ranked in the top 5 of “molecular
and cellular functions” While differential regulation of
cytokine production in macrophages and T helper cells
by IL-17A and IL-17F, differential regulation of cytokine
in intestinal epithelial by IL-17A and IL-17F, LXR/RXR
activation, TR/RXR activation, and thyroid cancer signaling
were among the top canonical pathways. The most significant
networks functioned in cellular growth and proliferation,
cellular movement, and lipid metabolism. Summaries of the
enriched networks, their functions are shown in Table 2, and
graphical networks are represented in Figure 4, Supplemen-
tary Figure 1, and Supplementary Figure 2.
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FiGure 2: Cluster analysis of significant genes in microarray. These genes were visualized with Treeview after hierarchical clustering. Each
gene is represented by a single row of colored boxes; each individual from two groups is represented by a single column. Red color indicates
upregulated while green indicates downregulated. Genes that were expressed at higher levels are assigned progressively brighter shades of red
while genes expressed at lower levels are assigned progressively brighter shades of green.

Relative expression

HSPA1A

CXCL1 IL12A JOSD1

m Control
B Stress

Figure 3: The q-RT-PCR results showed the relative expression of
4 genes. All the 4 genes were significantly differentially expressed
between stress group and control group (*P < 0.05).

3.5. Methylation Patterns Analysis of Significantly Differen-
tially Expressed Genes. To ascertain whether a stress stim-
ulus induces any epigenetic alterations, DNA methylation
patterns of several genes were checked. We blasted these
significant genes in the bovine genome; 6 differentially
expressed genes enriched with CpG islands in promoter

regions were selected to detect methylation levels in LD
muscle using pyrosequencing. The results showed that the
methylation levels of 3 CpG sites in the promoter of HSPAIA
significantly increased in the stress group compared with the
control group (P < 0.05) and the methylation levels of 2 CpG
sites in LOC614805 significantly decreased in the stress group
compared with the control group (P < 0.05) (Figure 5).
Combining the methylation patterns and gene expression
levels in microarray, we found that for these genes the
methylation levels increased while the gene expression level
decreased and vice versa, implying that the gene expression
levels were inversely correlated with the methylation levels in
promoter regions in this study.

4. Discussion

Beef tenderness is deemed the most important palatability
attribute. Thus, improving tenderness and providing consis-
tently tender beef are the priority for beef industry. More
efforts have been put on factors influencing production,
including breed, sex, feed, handling, environment, finishing
weight and age at slaughter, and so forth [40]. In this study,
after a one-time acute stress event, those cattle produced
beef with significantly higher WBSE € indicating that acute
stress has tremendous influence on beef tenderness. From
c¢DNA microarray analysis in LD muscles of control and
stress groups, we identified 137 differently expressed genes
(or ESTs) related to variations on stress status and beef
quality.
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FIGURE 4: The top No. 1 network significantly differentially expressed genes involved. Solid line represents direct interaction and dash line
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Notably, acute stress can induce strong immune re-
sponse. The pathway analysis on significantly differentially
expressed genes showed that several chemokine or cytokine
encoded genes, such as interleukin 12A (IL12A), interleukin
13 (IL13), chemokine (C-C motif) ligand 8 (CCL8), chemokine
(C-C motif) ligand 24 (CCL24), and chemokine (C-X-C
motif) ligand 1 (CXCL1), were involved in immune response,
implicating that immune response to this acute stress by
chemokine or cytokine may play important roles in beef
tenderness variation. Chemokines play fundamental roles
in the development, homeostasis, and function in the
immune system, especially in skeletal muscle regeneration,
although the mechanisms involved are still poorly elucidated
[41-44]. Some chemokines, such as CXCLI, can directly

stimulate myoblast migration and are involved in the cellular
differentiation process [45]. Meanwhile, cytokines are pro-
teinaceous signaling compounds that are major mediators
of the immune response. Multiple findings indicate that
cytokines influence different physiologic functions of skeletal
muscle cells, such as anabolic and catabolic processes and
programmed cell death [46]. It has been found that cytokines
can regulate different stages of myocyte development,
including proliferation and differentiation of myoblasts,
expression of myogenic proteins, and fusion of myotubes
[47]. Some studies also found that cytokines were important
regulatory molecules in the complex network of signals
that control muscle protein breakdown [46]. Here, these
chemokine- or cytokine-encoded genes were dysregulated in
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FIGURE 5: Significant changes of methylation level in the promoter region of significant genes between tough-stress and nonstress groups.
x-axis represents CpG sites on the promoter; y-axis represents DNA methylation level of these sites (*P < 0.05).

stress group, implying that a complex network, combining
these chemokine and cytokine regulators together, may
coregulate muscle protein development and breakdown and
even postmortem proteolysis during carcass ageing, which
directly influences meat quality and tenderness. But the
mechanism needs to be further explored in the future
research.

The acute stress is associated with regulation of metabolic
process. The most significant GO terms identified were
enriched with genes involved in regulation of metabolism,
including activating transcription factor 3 (ATF3), regulator
of Calcineurin 1 (RCANI), adiponectin, CIQ and col-
lagen domain containing (ADIPOQ), growth arrest and
DNA-damage-inducible, gamma (GADD45G), single-minded
homolog 1 (SIM1), nuclear receptor subfamily 2, group F,
member 1 (NR2F1), zinc fingers and homeoboxes 3 (ZHX3),
GS homeobox 2 (Gsx2), and so forth. Further study of the
functions of these genes determined that they played roles in
regulation of metabolism as activators or repressors. ATF3 is
a member of the mammalian activation transcription factor.
This protein binds the cAMP response element (CRE) and
represses transcription from promoters with ATF sites [48].
RCANTI is a dose-sensitive gene whose overexpression has
been linked to disease neuropathology and to the response of
cells to stress stimuli. The protein encoded by this gene inter-
acts with calcineurin A and inhibits calcineurin-dependent
signaling pathways [49, 50]. ADIPOQ is involved in the
control of fat metabolism and insulin sensitivity [51]. This
protein can stimulate AMPK phosphorylation and activation
in the liver and the skeletal muscle, enhancing glucose
utilization and fatty acid combustion [52]. SIM1 is a basic

Helix-Loop-Helix/Per-Arnt-SIM (bHLH-PAS) transcription
factor [53]. It is reported that SIM1 expression is associated
with the early step of muscle progenitor cell migration in
chick and mouse [54]. Two SNPs on this gene were found to
be associated with carcass and meat quality traits in a porcine
population [55]. GADD45G is involved in stress signaling
in response to physiological or environmental stressors, and
this protein functions as stress sensors [56]. Protein NR2F1
consists of ligand-inducible transcription factors and can
stimulate initiation of transcription [57]. ZHX3 encodes
a member of the zinc fingers and homeoboxes (ZHX)
gene family. In the nucleus, the dimerized ZHX3 protein
interacts with the a subunit of the ubiquitous transcription
factor and may function as a transcriptional repressor [58].
Gsx2 can regulate the balance between proliferation and
differentiation of the neuronal progenitor [59, 60]. Taking
together, all of these genes encoding activators or repressors
dysregulated between stress and control groups, but how
they cooperate together to regulate muscle proliferation
and differentiation and beef tenderness needs to be further
explored.

Most importantly, we found that in some genes
the methylation levels increased while expression levels
decreased and vice versa, implicating that the gene expression
levels were inversely correlated with the methylation levels
in promoter regions, which supports the previous report
that DNA methylation represses gene expression [38]. Also,
detection of different DNA methylation patterns of these
several genes further supports our hypothesis that epigenetic
mechanisms involve in the acute stimulus through altering
expression of genes, suggesting that epigenetic mechanisms
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may at least partially determine the beef tenderness in this
study.

Of these methylated while dysregulated genes, HSPAIA
has been identified to be related with beef tenderness.
The heat shock proteins, encoded by this gene family, are
primarily intracellular molecular chaperones involved in cell
survival and in protecting the cell from a stressful condition
and exert profound effects on the host’s response to autoim-
munity and unknown stressors [61-63]. This study identified
epigenetic regulation of heat shock proteins in response to
acute stress. With epigenetic regulation, stress events very
early in life could persist and could be a factor in tough
beef from cattle that are healthy and not under stress at the
time of slaughter. Thus, to further elucidate the mechanism
of acute stress, such as hardware disease, in determining
beef tenderness, a comprehensive analysis between genome-
wide DNA methylation and this microarray results will be
further investigated, which will help us explore the genetic
and epigenetic factors coregulating gene expression and
cooperatively influencing beef tenderness.

In summary, acute stress had a significant influence
on beef tenderness. The differentially expressed genes were
involved in immune response and genes encoding activators
or repressors, suggesting that external stresses play important
roles in tenderness variation. Further analysis found that
DNA methylation was also associated with beef quality.
Future research will explore the mechanisms how genetic
and epigenetic factors determine meat quality and beef
tenderness.
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