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TRANSCRIPTOME ANALYSIS TO CHARACTERIZE
GENES RELATED TO THE MARBLING TRAIT ON
MEAT QUALITY OF ABERDEEN ANGUS
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We compared the intramuscular fat deposition in ribeye and subcutaneous fat muscle of Aberdeen
Angus beef cattle. Eight samples of the best and worst muscle marbling grade of Angus cattle were
collected from 120 Angus cattle after slaughtering. High-quality RNA was subsequently extracted
from the beef ribeye and subcutaneous fat muscle and the transcriptome was sequenced using RNA-
seq technology. Approximately 37.22 GByte of clean sequencing reads were obtained in this study. A
total of 15 differentially expressed genes (DEGs) and 16 DEGs were detected in the ribeye and
subcutaneous fat muscle tissues respectively. In the beef ribeye, six genes were up-regulated (CYP1Al,
RRAD, RETRGI1, LOC787269, XIRP1, OTUDI1) and nine genes down-regulated
(Bos_taurus_newGene 1359, Bos_taurus newGene 4387, KRT18, MYL9, ACTA2, PTGDS, DSTN,
CDSL, MYLG6B), whereas the subcutaneous fat muscle, characterized by good marble meat quality,
had 14 genes up-regulated (CYP1A1, SLC25A13, S100A1, KLHL40, THRSP, MYLK4, TNFRSF12A,
RRAD, HMOX1, AMPD3, DNAJA4, PTPN3, LOC782922, IFITM10) and two down-regulated genes
(Bos_taurus_newGene 996, FST). Gene analysis revealed that the differentially expressed genes were
mostly associated with myocyte differentiation, for example MYL9, ACTA2 and MYLK4 genes. Gene
ontology (GO) was then used to perform a term enrichment analysis and significant GO terms included
the vascular smooth muscle contraction pathway and arachidonic acid (AA) metabolism. Taken together,
we observed that the DEGs play an important role in marble texture and intramuscular fat deposition
of the different parts of Angus cattle. Hence, a strong basis for improving the meat quality of Aberdeen
Angus was considered.
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Beef cattle have become a vital, daily food
source for human consumption (Zuo,
2014), because of its high protein, low fat,
low cholesterol and other characteristics
(Chen, 2015). The quality of beef is
dependent on a number of factors,

previously identified to include meat color,
tenderness, hydraulic and intramuscular fat
(IMF) content. The difference between
intra- and inter-muscular fat depends on the
distribution of the fat. Intermuscular fat is
when fat is distributed in adipocytes
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between the muscle fibers to form marble-
textured muscle meat, whereas
intramuscular fat is when fat droplets are
formed and distributed within the muscle
fibers. Their content and fiber structure are
essential to the quality, palatability,
appearance and nutritional value of the beef,
and thus an important determinant in the
decision quality index (Hwang et al., 2010;
Scollan et al., 2006). Nevertheless,
differences between cattle breeds, growth
rates, perception and the expected quality
exist. The Angus cattle are native to the
northeast of Scotland and well known for
their good meat, easy growth, coarse
feeding and large muscle-stone texture. It
is arguably one of best beef varieties in the
world (Li, 2002). For the cattle, ribeye and
subcutaneous fat muscle are the main parts
of intramuscular fat deposition and play the
important roles in stabilizing the metabolic
balance of the body.

In recent years, the rapid development of
sequencing technology has made RNA-
sequencing a mainstream and cost-effective
method for the quantification of gene
expression (Li et al., 2015). The Illumina
HiSeq TM 2500 sequencing platform
adopts the principle of reversible end-side
synthesis, which makes it superior to
traditional genomics and functional
genomics on the account of higher flux,
higher sensitivity and higher accuracy
(Hou, 2011). Such transcriptome analyses
evaluate the sum of all the transcription
products in a certain physiological
condition and are used to study phenotypes

and gene functions (Blencowe et al., 2009).
Previously, high-throughput sequencing
technologies have highlighted differences
in the transcriptome of different muscle
types. It demonstrated the importance of
increasing our understanding and the
significance of studies exploring the
relationship between gene expression and
the phenotypic mechanisms of IMF
(Aksyonov et al., 2006).

The distribution of beef muscle and IMF
sedimentation is dependent on the variety,
the individual, nutrition level etc (Pethick
et al.,2004). The marble texture is regulated
by multiple genes, but the IMF content
cannot direct detection in living (Grobet et
al., 1997). Research into the gene(s) and
molecular mechanism(s) of IMF deposition
has, therefore, become a focus point when
looking at beef quality. The study presented
herein used an Illumina HiSeq TM 2500
sequencing platform to compare the gene
expression in different marbled muscle
textures of female Angus cattle and identify
differentially expressed genes. Following
their functional annotation and a Kyoto
Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, these genes
were associated with muscle or muscle fat
and used to elucidate the underlying
molecular mechanism of fatty acid
deposition in different parts of the body.

MATERIALS AND METHODS

All experimental animals were 1.5 years old
and obtained from the Animal Science and
Veterinary Medicine of Shanxi Agricultural
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College. Within 30 minutes of slaughter,
four female cattle were selected from 120
Angus cattle after slaughtering and 5 cm’
samples of beef ribeye and subcutaneous
fat muscle of the highest and lowest marble
level were taken. There were two biological
replicates of each cut (eight samples per
animal), which were all stored in liquid
nitrogen until use. Beef ribeye was labeled
Y and subcutaneous fat muscle as ZP.

RNA extraction and quantification: Total
RNA of the muscle tissues was extracted
using Trizol (Invitrogen, Carlsbad, USA)
following the manufacturer’s protocol.
RNA concentrations were measured with
the Qubit RNA broad-range Assay Kit and
a Qubit 2.0 Fluorometer (Life
Technologies, California, USA). RNA
integrity was assessed using the RNA Nano
6000 Assay Kit and the Agilent Bioanalyzer
2100 system (Agilent Technologies, CA,
USA).

Transcriptome library preparation and
sequencing: After total RNA qualification
and quantification, 1 pg of RNA per sample
was used for the library construction (BMK
cloud platform). Total mRNA samples were
first obtained using poly-T oligo-attached
magnetic beads (dT) and then fragmented
using divalent cations. These fragments
were then used to obtain a cRNA library
by (1) reverse transcription of the template,
(2) phosphorylation, (3) addition of a

FPKM =

sequence connector, (4) enrichment of the
fragments, and finally, (5) purification by
PCR amplification. Finally, the cRNA
library was performed using paired-end
sequencing. Sequence reads containing
adapters, poly-N and low-quality reads
were removed before performing the
downstream bioinformatic analyses.
Cufflinks was used to map the clean data
to the reference genome of Bos taurus.
Based on these alignments, the genes were
annotated and also new genes were
discovered, which were submitted to Gene
Bank. A quantitative analysis of the gene
expression levels identified the
differentially expressed genes and SPSS
was used to determine their statistical
significance. KEGG pathway analyses were
performed using DAVID.

RESULTS

After cleaning, the RNA-seq data set was
reduced to 37.22 GByte for further analysis.
The clean reads ranged from 20824314 to
35324449 and the guanine-cytosine content
(GC-content) between 48.72% and 50.04%.
The quality score of 30 to clean bases was
more than 96.69% for all eight samples,
which is indicative of the high quality of
our sequencing data (Table 1).

Identification of differentially expressed
genes: We obtained the distribution of
fragments per kilobase of transcript per
million mapped reads (FPKM):

cDNA Fragments

Mapped Fragments (Millions )x Transcript Length (kb)
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The protein-coding gene expression level of magnitude across 10" 2 to 10 *4 in the
FPKM values was sequenced six orders eight samples (Fig. 1).

Table 1. Sequence data statistics

Samples Clean reads Clean bases GC Content(%) =Q30
Y11 28,305,026 4,729,548,532 49.90 96.92
Y12 24,894,792 4,163,607,540 50.04 96.92
Y21 26,300,616 4,413,944,094 49.60 96.98
Y22 33,518,491 5,617,008,512 49.57 96.96
ZP11 35,324,449 5,903,105,288 49.17 96.93
ZP12 31,234,110 5,249,996,185 48.96 97.00
7P21 22,251,594 3,676,074,808 49.39 96.69
7P22 20,824,314 3,462,843,357 48.72 96.79

Y: Beef ribeye, ZP: Subcutaneous fat muscle, Q30: Quality s
Table 2. List of abbreviations

Number Abbreviation The full name

1 DEGs Differentially expressed genes

2 GO Gene ontology

3 IMF Intramuscular fat

4 KEGG Kyoto Encyclopedia of Genes and Genomes

5 GC-content Guanine-cytosine content

6 FPKM Fragments per kilobaseof exon per million fragments mapped
7 CYPI1Al Cytochrome P450, family 1, subfamily A, polypeptide 1
8 RRAD Ras-related Associated with Diabetes

9 CYP21A2 Cytochrome P450, family 21, subfamily A, polypeptide 2
10 E2F Dimerization partner 1

11 DP1 Dimerization partner

12 KHLH40 Kelch-like family member 40

13 THRSP Thyroid hormone response protein

14 RORC ROR-gamma

15 MYL9 Myosin light chain 9

16 ACTA2 o-2 actin

17 MYLK4 Myosin light chain kinase 4

18 AA Arachidonic acid
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Fig. 1. Comparison of FPKM density distribution of each sample
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Fig. 5. The cluster tree diagram

(The cluster tree diagram of all genes was analyzed by weighted gene co-expression network analysis and
eight gene modules represent different functions, were identified.)
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The protein-coding gene expression level
FPKM values was sequenced six orders of
magnitude across 10" 2 to 10 *4 in the eight
samples (Fig. 1).

In addition, the beef ribeye and
subcutaneous fat muscle had 15 and 16
differentially expressed genes respectively,
with a screening standard of fold change >
2 and a false discovery rate < 0.01. Among
them, there were respectively 6 and 14
genes significantly up regulated, and 9 and
two genes significantly down regulated
(Fig. 2, Fig. 3).

GO functional classification of the
DEGs: We performed GO on the
aforementioned DEGs, covering the three
domains: cellular component, molecular
function and biological processes. Based on
the Fisher results (P < 0.05), 113 GO
biological process terms were significantly
enriched in beef ribeye (Fig. 3). These
included: the regulation of gene expression
(GO:0010468) (GO:0010467), the
regulation of primary metabolic process
(GO:0080090), striated muscle tissue
development (GO:0014706), skeletal
muscle fiber development (GO:0048741),
muscle cell differentiation (GO:0042692)
and skeletal muscle thin filament assembly
(G0O:0030240). In the subcutaneous fat
muscle, 157 GO biological process terms
were significantly enriched (Fig. 4). These
included: the positive regulation of gene
expression (GO:0010628) (GO:0010468),
regulation of primary metabolic process
(GO:0080090), tissue development
(G0O:0009888), skeletal muscle cell
differentiation (GO:0035914) and skeletal

muscle satellite cell differentiation
(GO:0014816).

Differential expression of gene pathway
enrichment: KEGG pathway enrichment
analysis for the DEGs can be indicative of
the biological implications and possible
interactions (Du et al., 2014). Here, the
“KEGG Functional Annotation Chart”
module in DAVID was used to categorize
the DEGs. In beef ribeye, there were 18
KEGG pathways significantly enriched (P
< 0.05), including the oxytocin signaling
pathway (ko04921) and vascular smooth
muscle contraction (ko04270). Of the 19
KEGG pathways enriched in the
subcutaneous fat muscle (P < 0.05), the
regulation of the actin cytoskeleton
(ko04810) and ovarian steroidogenesis
(ko04913) were thought to be of particular
interest.

DISCUSSION
This study analyzed the underlying

molecular mechanism and complexity of fat
deposition and its impact on meat quality
at a transcriptional level.

All genes were analyzed by weighted gene
co-expression network analysis and eight
gene modules were identified (Fig. 5).
Following an enrichment analysis to obtain
specific KEGG and GO term and binding
characters, the blue module was shown to
be closely related to lipid metabolism, such
as the gene for human Emopamil binding
protein that participates in sterol
metabolism (Ma et al., 2007). Also, cellular
retinoic acid-binding protein 2, a member
of the cytoplasmic/ lipid-binding protein
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family, participates in the vitamin A
signaling pathway and increases the low
density lipoprotein cholesterol cycle (Yang
etal.,2016). Further, some new genes were
successfully identified, including gene 2869
and glycerophosphocholine
phosphodiesterase 1, which regulates lipid
metabolism in biological processes (GO:
0006629).

A further analysis using the CLC Genomics
workbench 6 software packages identified
15 and 16 differentially expressed genes
between beef ribeye and subcutaneous fat
muscle respectively. In respect to this, 6 and
14 of which were significantly up-
regulated, and 9 and 2 genes were
significantly down-regulated. The
expression of the protein-coding genes
cytochrome P450, family 1, subfamily A,
polypeptide 1 (CYP1A1) and Ras-related
Associated with Diabetes (RRAD) was
significantly increased in muscle fat of high
marble level as compared to low marbled
meat (|log2-fold change|= 2.09, |log2-fold
change| = 1.90). Previous studies suggested
that cytochrome P450, family 21, subfamily
A, polypeptide 2 (CYP21A2) of the
cytochrome P450 family is involved in the
synthesis of cholesterol (Wang et al.,
2017b), steroids and other lipids, and that
CYPIAI may also be involved in lipid
synthesis. The CYP1A family is mainly
involved in the metabolism of polycyclic
aromatic compounds and aromatic amines.
CYP1A1 was activated by intensifying
polychlorinated biphenyls to interact with
hepatic ~ 7-ethoxyl-isophenoxazole
deethylation and testosterone-6-f3-

hydroxylase in the liver and testicles
(Machala et al., 1998). Moreover, hepatic
triglyceride synthesis involves the reaction
of glycerol and ATP. Triglyceride and
phosphatides are the main constituents of
IMF (Large et al., 2004) and also the testes
are closely related to the deposition of
intramuscular fat (Wang et al., 2017b).
Usually, the mammalian reproductive
organs are damaged after castration, leading
to lower sex hormone levels and an
increased carbohydrate and lipid
metabolism, thereby increasing the
deposition of intramuscular fat and thus
improving the meat quality. RRAD inhibits
CAMK?2D activation and phosphorylation.
In arrhythmia pathways, RRAD has a
strong inhibitory effect on the Ca2+ current
of the L-closed circuit and co-regulates its
trafficking to the cell membrane. The
myocardial hypertrophy can also be
inhibited by calcium/ calmodulin dependent
kinase II. By comparing T29 and T29H cell
lines, researchers found that silencing
RRAD by DNA methylation promotes
glucose and lactic acid uptake (Wang et al.,
2014). The characteristics of lactic acid and
fat deposition were positively correlated
previously (Duan and Zhou, 2010) and the
up regulated genes CYP1A1 and RRAD
are, therefore, thought to be involved in the
deposition of IMF and the formation of the
marble texture.

Similarly, the transcription of the protein-
coding gene BCR (KLHL40) was also
positively correlated with meat quality. This
E3 ubiquitin ligase complex is important
for the development of skeletal muscle and
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regulates the activity of the dimerization
partner 1 (E2F) and dimerization partner
(DP1) transcriptional complex by
mediating the ubiquitination and
subsequent degradation of transcription
factor Dp-1. The Kelch-like family member
40 (KHLH40) proteins promotes the
stability of leiomodin 3 by negatively
regulating its ubiquitination. Interestingly,
leiomodin 3 has the ability to microfilament
nucleate and is usually enriched at the end
of the fibrous filament and expressed during
early muscle development (Kreissl, 2014).
Moreover, mutations in the KLHL40 gene
have been shown to cause congenital
nemaline myopathy (Benito et al., 2016).
Another up regulated gene in our study
encoded for adenosine monophosphate
deaminase 3, an isoform encoded by
erythrocytes. Other isoforms of the AMP
deaminase gene family are predominantly
encoded in muscle and liver cells. In this
study, the thyroid hormone response protein
(THRSP) was one of the strongest up
regulated genes in subcutaneous fat muscle
with good marble meat quality. THRSP is
known to be expressed in liver and fat cells,
especially in lipomata like breast tumors.
This suggests that THRSP has a certain role
in regulating lipid metabolism and may
have a role in tumorigenesis (Cui et al.,
2015). Reassuringly, in cattle, chickens,
pigs, and sheep, THRSP has already been
studied in relation to meat quality. In mice,
spot 14 was identified as a THRSP homolog
and the in vitro post-transcriptional protein
has been used to treat hypothyroidism
(Seelig et al., 1981). Spot 14 proteins was
found in the nucleus or cytoplasm (Kinlaw

et al., 1992) in liver, breast, and white and
brown adipose tissues in mice (Jump et al.,
1985). Moreover, THRSP expression can
increase fat generation enzyme levels, such
as fatty acid synthase in liver (Kinlaw et
al., 1995). Kirschner and Mariash (1999)
found that body index and fasting could
trigger a reduction in THRSP mRNA.
However, Ortega et al. (2010) found that
human THRSP mRNA was negatively
correlated with obesity. Nevertheless,
THRSP interacts with midline 1 interacting
protein 1 to inhibit its interaction with
acetyl-CoA carboxylase A. Clearly,
THRSP has a role in the biosynthesis of
triglycerides and medium fatty acid chains,
thereby regulating lipogenesis and
important for the deposition of
intramuscular fat (Komolka et al., 2014).

The down regulated gene encoding for the
CDS5 intact protein in beef ribeye has
previously been observed in avirulent Th17
cells and can reduce the content of
polyunsaturated fatty acyl. This, in turn,
promotes the two metabolic proteins
methylsterol monooxygenase 1 and
CYP51A1 to synthesize ligands of the
nuclear receptor ROR-gamma (RORC),
ultimately inhibiting RORC activity and
inflammatory gene expression. In brief,
CDSL regulates the intracellular fat
composition and inhibits the cholesterol
synthesis (Wang et al., 2015). The down-
regulation of CD5SL, as observed in this
study, is therefore believed to promote the
deposition of IMF. Other down regulated
genes from our study, such as keratin 18,
regulate cell differentiation and have been
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associated with the liver cell antithrombin
complex (Sudano et al., 2014).

In vivo, the biological function of a single
protein is not independent, but based on the
coordination of a set of genes/proteins.
Here, we used the DAVID “GO Functional
Annotations Chart” software and found that
the GO terms of the DEGs of beef ribeye,
as compared to subcutaneous fat muscle,
were mostly associated with the
development of monomers, myocardial
contraction, protein binding and
mitochondrial membranes. Among them,
myosin light chain 9 (MYL9) and a-2 actin
(ACTAZ2) are expressed in striated muscle
tissue and participate in muscle cell
differentiation and skeletal muscle growth
respectively. For the subcutaneous fat
muscle, the most relevant GO terms of the
upregulated genes included the negative
regulation of gene expression, main
metabolic pathways and the regulation
tissue growth. For example, myosin light
chain kinase 4 (MYLK4) is involved in
skeletal muscle growth and the
differentiation of myocardial cells. The GO
terms of the down regulated DEGs, on the
other hand, were associated with the
differentiation of hematopoietic progenitor
cells and the negative regulation of the
activational receptor signaling pathway.
Different body parts get different GO terms,
which may be the reason for the change in
IMF content of the different meat textures.
For example, the GO terms of beef ribeye
samples were mainly enriched in the
rhabdomyolysis and mitochondria. The
striated muscles are a red muscle, rich in

mitochondria and with a high-fat content
given that its polyunsaturated fatty acid
content is about 6% higher than white
muscle (Zuo, 2014). KEGG analyzed the
DEG of the beef ribeye and related them
mostly to vascular smooth muscle
contraction and oxytocin, systemic lupus
erythematosus, adjusting the actin
cytoskeleton and the metabolism of
arachidonic acid (AA). The latter is an
omega-6 fatty acid that stimulates growth
and the different genes through the
phosphatidylinositol-3-kinase signaling
pathway (Hughes-Fulford et al., 2006). In
subcutaneous fat, the DEGs in
intramuscular fat were shown to mainly
regulate the muscular protein skeleton and
purine metabolism, which has some effects
on lipids (Wolfram, 1989). Both the beef
ribeye and the subcutaneous fat muscle
were both enriched in the vascular smooth
muscle contraction (ko04270) KEGG
pathway, which is associated with muscle
development and fat deposition. Our study
showed that up regulated DEGs, like
myosin light streptokinase, and down
regulated DEGs, like myosin light-chain,
are likely to be associated with Angus beef
muscle. Myosin light streptokinase is a
member of the muscle immunoglobulin
gene family that regulates the
phosphorylation of the regulatory light-
chain and plays arole in the smooth muscle
cells (Sweeney et al., 1993). Myosin light-
chain is a calcium/ calmodulin-dependent
enzyme of the muscle immunoglobulin
gene family. Taken together, the results
obtained from our study showed that the
vascular smooth muscle contraction



Transcriptome analysis of the marbling trait 149

(ko04270) pathway could regulate
intramuscular fat deposition through
myosin and Ca,, channels.

This study used transcriptome sequencing
and further analyses to compare different
meat qualities of Angus cattle of beef ribeye
and subcutaneous fat muscle using Illumina
high-throughput sequencing technologies.
Following the comparison analysis, we
identified two significantly up regulated
differentially expressed genes CYP1A1 and
RRAD, the enrichment of the vascular
smooth muscle contraction pathway and
AA metabolism. By extension, the previous
were thought to be related to the
mechanisms underlying muscle fat
contribution, composition and the
distribution of marbled patterns. However,
deposits of IMF in the beef ribeye or the
subcutaneous fat muscle may also relate to
biological activities such as mitochondrial
capacity and purine metabolism (Wang et
al.,2017a). Previously it was suggested that
IMF deposition differences between
different breeds of cattle might be related
to differences in energy metabolism
maintenance and fatty acids synthesis by
the liver. In collaboration with our research
team, the genes encoding for acetyl-CoA
carboxylase [3 and apolipoprotein Al were
found to be key for lipid metabolism (Wang
etal.,2017a). In addition, DEGs as a result
of castration were shown to be involved in
immunity, lipid and fatty acid metabolism
and protein synthesis (Wang et al., 2017b).
Looking at the candidate genes regulating
the marbled meat texture, as identified in

the current study, it was concluded that their
gene expression may have been determined
by a variety of factors including castration
and the part of the Angus cattle. In order to
improve the Angus cattle meat quality, the
cattle industry should breed new varieties
as part of healthy and sustainable
development. The small sample size is an
acknowledged limitation of our study and
probably explains the relatively small
number of DEGs. A more in-depth analysis
of the functions of these DEGs and their
association with meat quality will be
addressed in future studies.
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