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Selection of candidate genes affecting meat quality and preliminary 
exploration of related molecular mechanisms in the Mashen pig

Pengfei Gao1,a, Zhimin Cheng1,a, Meng Li1, Ningfang Zhang1, Baoyu Le1, Wanfeng Zhang1,  
Pengkang Song1, Xiaohong Guo1, Bugao Li1, and Guoqing Cao1,*

Objective: The aim of this study was to select the candidate genes affecting meat quality and 
preliminarily explore the related molecular mechanisms in the Mashen pig.
Methods: The present study explored genetic factors affecting meat quality in the Mashen 
pig using RNA sequencing (RNA-Seq). We sequenced the transcriptomes of 180-day-old 
Mashen and Large White pigs using longissimus dorsi to select differentially expressed genes 
(DEGs). 
Results: The results indicated that a total of 425 genes were differentially expressed between 
Mashen and Large White pigs. A gene ontology enrichment analysis revealed that DEGs were 
mainly enriched for biological processes associated with metabolism and muscle development, 
while a Kyoto encyclopedia of genes and genomes analysis showed that DEGs mainly parti-
cipated in signaling pathways associated with amino acid metabolism, fatty acid metabolism, 
and skeletal muscle differentiation. A MCODE analysis of the protein-protein interaction 
network indicated that the four identified subsets of genes were mainly associated with trans-
lational initiation, skeletal muscle differentiation, amino acid metabolism, and oxidative 
phosphorylation pathways. 
Conclusion: Based on the analysis results, we selected glutamic-oxaloacetic transaminase 1, 
malate dehydrogenase 1, pyruvate dehydrogenase 1, pyruvate dehydrogenase kinase 4, and 
activator protein-1 as candidate genes affecting meat quality in pigs. A discussion of the related 
molecular mechanisms is provided to offer a theoretical basis for future studies on the im-
provement of meat quality in pigs.
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INTRODUCTION 

Pigs are widely used in meat production, constitute a main source of animal protein, and 
are a key economic resource. Over the past 2 decades, intensive selection of western pig 
breeds has led to the generation of animals with rapid and effective muscle growth. Yet, these 
features have been associated with the deterioration of meat quality [1,2]. With the improve-
ment of living standards and increased consumer consciousness, a high lean meat percentage 
is no longer the only requirement for pork; instead, modern consumers tend to select pork 
that is both high quality and healthy. For this reason, the simultaneous guarantee of growth 
rate and meat quality has become an important goal in the pig industry. Skeletal muscle is 
the main flesh-producing tissue in pigs and accounts for approximately 40% of body weight. 
Muscle fiber number and diameter are important factors that affect muscle traits. In addi-
tion to muscle fiber type, intramuscular fat content within skeletal muscle also has a major 
effect on meat quality indicators such as flavor, external appearance, and tenderness [3].
 RNA sequencing (RNA-Seq) is a transcriptomic method based on next-generation se-
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quencing technologies that enables the accurate measurement 
of RNA expression levels in tissue. Comprehensive transcrip-
tome analyses can accelerate the systematic understanding 
of gene expression, regulation, and networks. Given a variety 
of advantages, RNA-Seq technology has been widely applied 
to study the muscle transcriptomes of livestock [4,5]. For 
example, Huang et al [6] used RNA-Seq technology to select 
differentially expressed genes (DEGs) in the subcutaneous 
and intramuscular adipose tissues of Large White pigs and 
found that these genes were mainly involved in lipid meta-
bolism, regulated adipocyte differentiation through the MAPK 
signaling pathway, and accordingly affected lipid accumu-
lation in subcutaneous and intramuscular adipose tissues. 
In another study, Xu et al [7] sequenced the transcriptome 
of skeletal muscle tissue from Mashen pigs at 65 days of fetal 
age and at 3, 60, and 120 days of postnatal age and identi-
fied 338 DEGs. The results of a functional analysis revealed 
that DEGs were mainly associated with metabolism, myo-
fibril formation, the cytoskeleton, contractile activity, and 
signal transduction.
 The Large White pig is a classic western lean hog breed 
that is renowned for its high lean meat percentage and rapid 
growth rate and is widely used in the production of commer-
cial pigs [8]. In contrast, the Mashen is a Chinese domestic 
breed that has a lower growth rate, lower feed conversion 
efficiency, and a lower lean meat percentage compared to 
western breeds. Yet, the Mashen offers several advantages 
over western breeds in terms of genetic diversity, reproduc-
tive capability, intramuscular fat content, and meat quality. 
In a study by Zhao et al [9], Large White pigs had a signifi-
cantly higher growth rate than Mashen pigs. Zhao et al [10] 
found that the number and volume of adipocytes in the longis-
simus dorsi muscle were significantly higher in 180-day-old 
Mashen pigs compared to age-matched Large White pigs. 
Similarly, mRNA and protein levels of adipogenesis markers 
such as CCAAT enhancer binding protein beta (C/EBPβ), 
peroxisome proliferator activated receptor gamma (PPARγ), 
and fatty acid binding protein 4 (FABP4) were significantly 
higher in Mashen pigs than in Large White pigs. Therefore, 
the Mashen and Large White pigs are ideal breeds for study-
ing growth performance and meat quality [11]. A sequencing 
analysis of the longissimus dorsi muscles of different pig breeds 
at the transcriptome level not only informs breed-specific gene 
transcription and regulation patterns as they relate to muscle 
growth and development, but can also assist the characteriza-
tion of the genetic mechanisms of growth and meat quality 
differences in pigs [12,13]. Therefore, we selected 180-day-old 
Large White and Mashen pigs for transcriptome sequencing 
of longissimus dorsi muscle tissue using RNA-Seq technology 
for the selection of DEGs and the identification of regulatory 
networks relevant to muscle growth and development. The 
results of this study can serve as a reference for an analysis of 

genetic mechanisms that influence growth, development, and 
meat quality in pigs, and can also provide a theoretical basis 
for the enhancement of growth performance and meat quality.

MATERIALS AND METHODS 

Experimental materials
Three Large White pigs and three Mashen pigs aged 180 days 
were obtained from the Datong Pig Farm in Shanxi Province. 
All pigs were reared in the same environment under identi-
cal nutritional conditions. The experiment was performed in 
accordance with the Charter of the Animal Ethics Committee 
of Shanxi Agricultural University and was approved by the 
Shanxi Agricultural University. After slaughter, longissimus 
dorsi muscle samples were collected, labeled as L61, L62, L63, 
M61, M62, and M63 (L, Large White; M, Mashen), snap frozen 
in liquid nitrogen, transported back to the laboratory, and 
stored at –80°C until use.

RNA extraction, cDNA library construction, and 
Illumina sequencing
Total RNA was extracted using TRIzol Reagent (Thermo Fisher 
Scientific, Carlsbad, CA, USA). The obtained RNA was fur-
ther purified using the RNeasy Kit (QIAGEN GmbH, Hilden, 
Germany) and RNA integrity was assessed using an Agilent 
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Subse-
quently, cDNA libraries were constructed using the TruSeq 
Rapid Duo cBot Sample Loading Kit as per manufacturer 
instructions with the construction process including the 
isolation of mRNA with Oligo(dT) magnetic beads, RNA 
fragmentation, cDNA synthesis, and polymerase chain re-
action (PCR) amplification. Raw reads were then generated 
by 2×100 bp paired-end sequencing of the prepared cDNA 
on an Illumina HiSeq 2500 system (Illumina, Inc., San Diego, 
CA, USA).

Quality control
Clean reads were obtained by quality control of the raw reads 
using Perl scripts that removed adapter sequences, sequences 
with unknown nucleic sequence information >10%, and re-
dundant sequences with >50% of bases having quality scores 
of ≤10. 

Selection of differentially expressed genes
A directory of clean reads was created by running Bowtie2 
(v2.2.9) on the server and the sequence reads obtained after 
quality control were mapped to the pig genome using TopHat 
(v2.0.12; http://hgdownload.soe.ucsc.edu/goldenPath/susS-
cr3/bigZips/susScr3.fa.gz). Known transcripts were named 
with Ensembl IDs while unknown transcripts were named 
with TCON IDs. The reads were then assembled into a new 
GTF file using Cufflinks (v2.2.1) and Cuffmerge (v3), and 
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subsequent screening of the transcript information was per-
formed using Cuffdiff (v2.0.2). The fragments per kilobase 
of exon per million mapped reads method was used to nor-
malize transcript expression levels. Finally, transcripts with 
differential expression were selected using the following screen-
ing criteria: p<0.01, false discovery rate (FDR) <0.05, and 
|log2(fold change [FC])|≤1.

Functional annotation of transcripts
Gene ontology (GO) and Kyoto encyclopedia of genes and 
genomes (KEGG) annotations were applied to known tran-
scripts. For unknown transcripts, screening was first performed 
using the criteria of transcript length ≥200 bp and number 
of exons ≥2; then, BLAST was used to compare the pre-trans-
lated sequences of the unknown transcripts with the protein 
sequence databases non-redundant nucleotide sequence 
database, non-redundant protein sequence database, and 
SwissProt based on the same screening criteria for DEGs 
(p<0.01). Subsequently, DAVID was used to perform GO 
and KEGG annotations and to consolidate annotation in-
formation for known and unknown transcripts. 

Protein-protein interaction network analysis
The interaction network for known genes was obtained from 
the STRING database and imported into Cytoscape for visu-
alization. Nodes and modules of the gene network imported 
into Cytoscape (k-core = 4) were then analyzed for the iden-
tification of core genes using MCODE [14].

Validation of differentially expressed genes by 
quantitative real-time polymerase chain reaction 
Quantitative real-time PCR (qRT-PCR) was used to validate 
the transcription levels of DEGs. A quantity of 0.5 μg of RNA 
extracted from each muscle tissue sample was reverse transcrib-
ed into a cDNA template. The qRT-PCR was then performed 
using the SYBR PrimixScript RT-PCR Kit (TaKaRa, Tokyo, 
Japan). The reaction system consisted of the following: 1 μL 
cDNA, 0.2 μL forward primer, 0.2 μL reverse primer, 5 μL 
SYBR Premix Ex Taq (2×), and 3.6 μL RNase free H2O. The 
PCR procedure was as follows: pre-denaturation at 95°C for 
30 s, denaturation at 95°C for 10 s, and renaturation and ex-
tension at 60°C for 30 s, 40 cycles. The specific primers used 
for qRT-PCR are shown in Table 1, including primers for 18S 
rRNA as a reference gene. Relative mRNA expression levels 
were calculated using the 2–ΔΔCt method and the t-test in SPSS 
was used for statistical analysis of the relative expression levels 
(p<0.01).

RESULTS 

Sequencing results
A total of 98.7 Gb of raw data were obtained from six cDNA 

libraries after deep sequencing with the Illumina HiSeq 2500 
system, and 93.4 Gb of clean data were obtained after quality 
control. A total of 57 Gb of raw data were obtained from the 
muscle tissues of Large White pigs (L6, including L61, L62, 
and L63). After filtering adapter sequences and low-quality 
reads, a total of 50.4 Gb of clean data were obtained with Q20> 
95.90% and Q30>86.40%. A total of 45.3 Gb of raw data were 
obtained from the muscle tissues of Mashen pigs (M6, includ-
ing M61, M62, and M63). After filtering, 43 Gb of clean data 
were obtained with Q20>96% and Q30>87.10% (Table 2). 
Approximately 68% of reads were mapped solely to the ref-
erence pig genome; the overall mapping rate of the samples 
was 69.52% (Table 3). Based on these results, it was deduced 
that the generated sequencing data were of high quality and 
usable for subsequent analyses.

Table 1. Primer sequences of eight differentially expressed genes and 18S rRNA 
used in quantitative real-time polymerase chain reaction

Gene Primer sequence (5’-3’) Product length (bp)

PAH F: GTACATCAGACACGCGTCCA 114
R: TCCTGGGAAAACTGGGCAAA

GOT1 F: CATCCTGCGAGTCCTTTC 150
R: CGGTCAGCCATTGTCTTC

MDH1 F: TAAGGTTATCGTGGTGGG 124
R: TGCTTTAGCTCGGTTGTG

EGR1 F: TTCCCTTTCCTCCGCAGTTC 146
R: GGGTCAGGCATACGATGGAG

MYH6 F: CTGACCAGGTGACCCCTAAC 116
R: CCACAGGGCATATTTGGACC

FOS F: GGGAGCTGACTGACACACTC 125
R: GTGAGCTGCCAGGATGAACT

ATF3 F: TGGAGACAGGAGCAAAATGAT 110
R: CAAACACCAGTGACCCAGGA

PDK4 F: CCAGGATATGGAACGGATGC 141
R: GCTGCTTTCTTCGCCAACC

18S rRNA F: CCCACGGAATCGAGAAAGAG 122
R: TTGACGGAAGGGCACCA

PAH, phenylalanine hydroxylase; GOT1, glutamic-oxaloacetic transaminase 1; 
MDH1, malate dehydrogenase 1; EGR1, early growth response gene 1; MYH6, my-
osin heavy chain 6; FOS, fos proto-oncogene; ATF3, activating transcription factor 
3; PDK4, pyruvate dehydrogenase kinase 4.

Table 2. Number of RNA-Seq reads and Q value

Sample Raw bases (G) Clean reads (G) Q20 (%) Q30 (%)

L61 17.4 16.5 95.9 86.7
L62 16.6 15.6 95.9 86.4
L63 19.4 18.3 95.9 86.7
M61 14.2 13.5 96.0 87.1
M62 13.7 13.0 96.1 87.5
M63 17.4 16.5 96.2 87.6

L, White pig; M, Mashen pig.
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Differentially expressed genes 
Sequencing data for the 2 breeds were compared to determine 
the distribution of DEGs (Figure 1). Based on the screening 
criteria for DEGs (p<0.05, FDR<0.05, and |log2 (FC)|≤1), a 
total of 425 genes were differentially expressed between the 
breeds. Of these, 226 genes were upregulated in Large White 
pigs compared to Mashen pigs; 75 genes were known and 
151 genes were unknown. Alternatively, 199 genes were up-
regulated in Mashen pigs compared to Large White pigs; 80 
genes were known and 119 genes were unknown. The infor-
mation of known DEGs were shown in Supplementary Table 
S1. When DEGs were further grouped based on FC in expres-

sion level, it was found that 108 genes in Large White pigs and 
92 genes in Mashen pigs had a FC>100, while 33 genes in 
Large White pigs and 31 genes in Mashen pigs had a FC> 
1,000 (Figure 2). 

Results of gene ontology and Kyoto encyclopedia of 
genes and genomes enrichment analyses
The GO analysis was used for the functional annotation and 
classification of DEGs. Genes are classified into three main 
groups: biological process (BP), cellular component (CC), 
and molecular function (MF). The results of our GO analysis 
(p<0.05; Figure 3) yielded a total of 50 significantly enriched 

Figure 1. Volcano plot of differentially expressed genes in Mashen and Large White pigs. The points below of the “—” denotes genes with no significant changes; The 
points on the right of the “|” denotes up-regulated genes; The points on the left of the “|” denotes down-regulated genes.

Table 3. Number of RNA-seq reads and mapping results1)

Samples Total reads (bp) Unmapped reads (bp) Unique mapped reads (bp) Multiple mapped reads (bp) Mapping ratio (%)

L61 169,547,196 43,292,454 (25.5%) 123,384,970 (72.8%) 2,869,772 (1.69%) 74.5
L62 161,379,056 69,499,637 (43.1%) 89,810,577 (55.7%) 2,068,842 (1.28%) 56.9
L63 188,702,130 66,528,342 (35.3%) 119,154,238 (63.1%) 3,019,550 (1.60%) 64.7
M61 138,403,716 35,983,885 (26.0%) 100,380,419 (72.5%) 2,039,412 (1.47%) 74.0
M62 133,386,674 33,612,816 (25.2%) 97,700,986 (73.6%) 2,072,872 (1.55%) 74.8
M63 169,553,386 44,019,176 (26.0%) 121,851,714 (71.9%) 3,682,496 (2.17%) 74.0
Total 960,972,158 292,936,310 (30.5%) 652,282,904 (67.9%) 15,752,944 (1.65%) 69.5

L, White pig; M, Mashen pig.
1) The percentage of each column in the table represents the ratio of the column to the total logarithmic ratio.
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terms among DEGs, including 21 BP terms, 17 CC terms, 
and 12 MF terms. The corresponding gene list was shown in 
Supplementary Table S2. The enriched terms potentially as-
sociated with meat quality were as follows: i) BP: metabolic 
processes, structural development processes, and regulation 
of gene expression; ii) CC: cell parts and mitochondria; iii) 
MF: redox activity, catalytic activity, and molecular binding. 
A KEGG analysis was used to facilitate an understanding of 

higher-order functions and biological systems at the molec-
ular level. The top 20 pathways with significant enrichment 
among DEGs are shown in Figure 4 (p<0.05), and mainly in-
cluded amino acid metabolism, oxidative phosphorylation, 
lipid metabolism and pathways associated with certain dis-
eases (e.g., Parkinson’s disease and malaria). In particular, the 
expression levels of genes associated with oxidative phos-
phorylation were higher in Mashen pigs than in Large White 

Figure 2. The number of up-regulated and down-regulated differentially expressed genes in Large White pigs than that in Mashen pigs.

Figure 3. Gene ontology enrichment analysis of differentially expressed genes in Mashen and Large White pigs.
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pigs.

Protein-protein interaction network of differentially 
expressed genes 
A protein-protein interaction network analysis was performed 
for DEGs in order to identify key candidate genes potentially 
affecting meat quality. First, a basic protein-protein interac-
tion network was obtained from the STRING database. Then, 
a MCODE analysis was performed on the network using Cyto-
scape. Based on the MCODE algorithm, the network was 
divided into four subsets, each of which were subjected to a 
pathway enrichment analysis (Figure 5). The size of a single 
node in Figure 5 represents the number of proteins interacting 
with this single protein. The results showed that the enriched 
pathways among DEGs were translational initiation, skeletal 
muscle differentiation, amino acid metabolism, and oxidative 
phosphorylation. The module analysis results were consistent 

with that of the KEGG enrichment analysis results, supporting 
a possible relationship between proteins involved in skeletal 
muscle differentiation, amino acid metabolism, and oxidative 
phosphorylation pathways and meat quality. A combined 
analysis of the associated pathways and protein sizes in sub-
sets led to the identification of the following core proteins: 
glutamic-oxaloacetic transaminase 1 (GOT1), malate dehy-
drogenase (MDH1), cytochrome c oxidase subunit 7C (COX 
7c), and activator protein-1 (AP-1). It was hypothesized that 
these proteins had important effects on meat quality. 

Quantitative real-time polymerase chain reaction 
results
To validate the reliability of the RNA-Seq results, we selected 
eight DEGs were for validation by qRT-PCR (Figure 6). The 
trends of gene expression were similar between qRT-PCR and 
RNA-Seq which indicated that the RNA-Seq results were re-

Figure 4. Kyoto encyclopedia of genes and genomes enrichment analysis of differentially expressed genes in Mashen and Large White pigs.
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liable. 

DISCUSSION 

The growth traits of pigs are mainly manifested in muscle 
growth and development, and the rate of muscle growth di-
rectly affects meat yield. Lean hogs such as the Large White 
have a significant advantage over Mashen pigs in terms of 

muscle growth rate. Skeletal muscle is an extremely hetero-
geneous tissue that is composed of a large variety of fiber 
types. Different types of skeletal muscle exhibit differences in 
metabolic (oxidative and glycolytic capacities), biochemical, 
and biophysical characteristics (fiber size, fiber color, glycogen 
content, and fat content) [15,16]. Muscle fibers are generally 
classified as type I or type II. Type I muscle fibers, also known 
as oxidative fibers, are rich in mitochondria and mainly pro-

Figure 5. Protein-protein interaction network of differentially expressed genes. Red nodes indicate upregulation in Mashen pigs and blue nodes indicate upregulation in 
Large White pigs. Fold changes (FC) in expression are expressed as log2(FC) values. Node size indicates the extent to which the protein interacts with other proteins.

Figure 6. Comparison of quantitative real-time polymerase chain reaction and RNA-Seq results of differentially expressed genes.
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duce energy through oxidative phosphorylation. Type II muscle 
fibers have a lower mitochondrial content and mainly produce 
ATP through the glycolytic pathway; these fibers can be fur-
ther classified as type IIa, IIb, and IIx. Guo et al [17] examined 
differences in muscle fiber composition between 6-month-old 
Jinhua pigs (a Chinese domestic breed) and Landrace pigs (a 
western breed) and found that Jinhua pigs had significantly 
higher oxidative fiber content, especially type I muscle fibers, 
in the longissimus dorsi muscle tissue than Landrace pigs, 
while the content of Landrace pigs had higher glycolytic mus-
cle fiber content, especially type IIb muscle fibers. In the present 
study, we found that gene expression levels of oxidative phos-
phorylation pathway components were higher in Mashen 
pigs than in Large White pigs, accounting for the signifi-
cantly higher type I muscle fiber content and significantly 
lower type II muscle fiber content of skeletal muscle in Mashen 
pigs compared to Large White pigs. In addition to muscle 
fiber type, the number and diameter of muscle fibers are also 
key factors that affect muscle traits [18,19]. Myosin heavy 
chain 3 (MYH3) is a structural protein that affects muscle 
fiber type and its expression level is positively correlated with 
muscle fiber thickness. The expression level of MYH3 is sig-
nificantly higher in Large White pigs than in Mashen pigs, 
accounting for a higher growth rate and larger muscle fiber 
diameter in Large White pigs. The Gao study showed that 
muscle fiber diameter was significantly smaller and muscle 
fiber density was considerably higher in 180-day-old Mashen 
pigs than in Large White pigs [20]. Thinner and denser mus-
cle fibers result in higher muscle fat content, which explains 
the observation of higher intramuscular fat content in Mashen 
pigs compared to Large White pigs to a certain extent. Fur-
thermore, other studies have found that the expression level 
of myosin heavy chain 6 (MYH6) gene is significantly posi-
tively correlated with the density of type I muscle fibers, and 
sequencing results have indicated that MYH6 gene expres-
sion is significantly higher in Mashen pigs compared to Large 
White pigs. Therefore, it can be hypothesized that the up-
regulation of MYH6 expression in Mashen pigs results in a 
higher proportion of type I muscle fibers and smaller muscle 
fiber diameter. 
 The results of our MCODE analysis of the protein-protein 
interaction network revealed an association between the AP-1 
gene family and skeletal muscle differentiation. AP-1 is a tran-
scription factor that regulates many BPs in cells including cell 
proliferation, differentiation, and apoptosis. AP-1 specifically 
serves as a transcription-activating molecular switch and re-
gulates gene expression in response to cellular stress and other 
stimuli [21]. Members of the AP-1 family include c-Fos, c-Jun, 
and activating transcription factor (ATF); in particular, Fos 
forms homodimers or heterodimers with ATF and Jun to 
regulate gene expression [22], while ATF3 is involved in reg-
ulation of the cell cycle, apoptosis, and cellular responses to 

stress [23]. Studies have found that the induction of AP-1 
increases the expression of vascular endothelial growth factor, 
which in turn promotes the proliferation of endothelial cells 
and affects angiogenesis [24]. Early growth response gene 
1 (Egr1) promotes the expression of AP-1; the induction of 
Egr1 in uterine leiomyoma cells led to a significant increase 
in the expression levels of Egr1, ATF3, Fos, and Jun [25]. AP-1 
also participates in the oxidative stress response in skeletal 
muscle, and the oxidizing agent H2O2 induces AP-1 expres-
sion and exerts dose-dependent effects on the AP-1 gene 
family [26]. The overexpression of members of the AP-1 gene 
family accounts for a high muscle growth rate, large muscle 
fiber diameter, and low intramuscular fat content in Large 
White pigs. 
 Indicators of meat quality include color, tenderness, and 
moisture content, which are all closely related to muscle fiber 
type and intramuscular fat content. Additionally, amino acid 
metabolism exerts a key influence on meat quality. In the pres-
ent study, DEGs were enriched in amino acid metabolism 
pathways include GOT1, MDH1, monocarboxylate transporter 
4 (SLC16A3), pyruvate dehydrogenase 1 (PDHA1), and pyru-
vate dehydrogenase kinase 4 (PDK4).
 GOT1 is a key enzyme that is involved in amino acid meta-
bolism and carbohydrate metabolism and is mainly distributed 
in tissues such as the heart, liver, skeletal muscle, and kidneys 
[27]. In addition to regulating amino acid metabolism, GOT1 
also promotes tumor cell proliferation by maintaining in-
tracellular redox balance [28]. Previous studies have shown 
that GOT1 expression is closely linked to cell proliferation 
and glutamate synthesis. The SLC16A3 enables the transport 
of aspartate in the mitochondria to the cytoplasmic matrix, 
thus providing raw materials for the synthesis of proteins and 
other amino acids [29]; this is consistent with the assertion 
that Chinese domestic pig breeds have a higher content of 
flavor-producing amino acids such as aspartate and gluta-
mate compared to breeds introduced from western countries 
[30]. The content of these flavor-producing amino acids and 
others that act as precursors to many flavor substances have 
been identified as an important reason for the sweetness of 
the meat of Chinese domestic pigs such as Mashen pigs [31]. 
During amino acid metabolism, GOT1 catalyzes the conver-
sion of mitochondrial aspartate to oxaloacetate (OAA) in the 
cytoplasmic matrix, while MDH1 catalyzes the conversion of 
OAA to malate. Subsequently, malic enzyme 1 (ME1) catalyzes 
the conversion of malate to Nicotinamide adenine dinucleo-
tide phosphate (NADPH), which has antioxidant effects and 
can reduce glutathione disulfide (GSSG) to glutathione (GSG). 
GSG neutralizes intracellular H2O2 to protect cells from ox-
idative stress [32,33], while the overexpression of MDH1 leads 
to an increase in NADPH production [34]. A previous study 
found that MDH1 activity was higher in Mashen pigs than in 
Large White pigs [10]. Another study by Zeng et al [35] re-
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vealed that MDH1 expression in the muscle tissue of Laiwu 
Black pigs was significantly positively correlated with intra-
muscular fat content. Kim et al [36] overexpressed MDH1 in 
3T3-L1 cells with an retroviral infection system (IRES-GFP) 
vector and differentiated infected cells into mature adipocytes; 
as a result, it was found that MDH1 overexpression signifi-
cantly increased lipid accumulation and was associated with 
the increased expression of lipogenesis markers such as PPARγ 
and C/EBPα. These findings indicated that MDH1 influ-
ences meat quality by affecting intramuscular fat content. 
In addition to maintaining intracellular redox balance, ma-
late produced in the aforementioned process is also converted 
to pyruvate by ME1. Subsequently, pyruvate enters the citric 
acid cycle and is converted to acetyl-CoA, H+, CO2, and 
NADH by pyruvate dehydrogenase complex (PDHC)-cata-
lyzed oxidative decarboxylation. E1 (pyruvate dehydrogenase), 
a core component of PDHC, is composed of 2 α-subunits 
encoded by the PDHA1 gene and located in the mitochon-
drial matrix. The main product of the PDHA1-catalyzed 
reaction, Acetyl-CoA, is an important substrate of the citric 
acid cycle, fatty acid synthesis, and cholesterol synthesis. The 
PDK and pyruvate dehydrogenase phosphatase participate 
in the phosphorylation and dephosphorylation of PDHA1 
[37]. PDHA1 mutations can produce disorders of mitochon-
drial function and have been implicated in disease states such 
as epilepsy and Alzheimer’s disease [38]. This explains sig-
nificant enrichment observed for brain-related diseases such 
as Parkinson’s disease in our pathway enrichment analysis re-
sults. NADH transfers electrons to oxygen via cytochrome c 
oxidase (COX 7c) and contributes to the formation of a pro-
ton gradient that drives ATP synthesis in the mitochondrial 

intermembrane space, a process that accounts for the synthesis 
of >94% of ATP in organisms [39]. PDK4 plays a vital role in 
the regulation of glucose and fatty acid metabolism and also 
exerts a major influence on cell proliferation by regulating car-
bohydrate and fatty acid metabolism. PDK4 inhibits pyruvate 
dehydrogenase activity to decrease aerobic respiration and 
inhibit the formation of acetyl-CoA, thereby promoting fatty 
acid metabolism. PDHA1 activity increases in the presence 
of dichloroacetic acid, which is a PDK inhibitor [40]. A sum-
mary of these fatty acid synthesis processes and participating 
proteins associated with amino acid metabolism are shown 
in Figure 7. 

CONCLUSION

In the present study, RNA-Seq was used to perform transcrip-
tome sequencing of longissimus dorsi muscle tissues from 
Mashen pigs and Large White pigs. A subsequent analysis 
identified 425 DEGs, with 226 upregulated genes and 199 
downregulated genes in Large White pigs compared to Mashen 
pigs. GO, KEGG, and protein-protein interaction analyses 
identified GOT1, MDH1, PDHA1, PDK4, and AP-1 as can-
didate genes affecting meat quality traits, while amino acid 
metabolism, oxidative phosphorylation, and regulation of 
gene expression were identified as metabolic pathways and 
BPs significantly associated with meat quality traits. Our re-
sults provide a preliminary understanding of the reasons 
for differences in meat quality traits between Mashen pigs 
and Large White pigs, and provide a theoretical basis for 
studies on candidate genes and the improvement of meat 
quality in pigs.

Figure 7. Fatty acid synthesis and antioxidant processes involving the participation of genes associated with amino acid metabolism.



www.ajas.info  1093

Gao et al (2019) Asian-Australas J Anim Sci 32:1084-1094

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any financial 
organization regarding the material discussed in the manu-
script.

ACKNOWLEDGMENTS

We thank Editage [www.editage.cn] for its linguistic assistance 
during the preparation of this manuscript. Thanks to all the 
staff of the Datong pig farm. This work was supported by the 
Program for Sanjin Scholar (grant numbers 2016, 2017), the 
Fund for Shanxi 1331 Project (grant number 2017), the Foun-
dation of Science and Technology Innovation Team of Shanxi 
Province (grant number 201705D131028-19), the National 
Natural Science Foundation of China (grant number 31872336) 
and the Program for the Top Young Academic Leaders of 
Higher Learning Institutions of Shanxi. 

REFERENCES

1. Choi YM, Kim BC. Muscle fiber characteristics, myofibrillar 
protein isoforms, and meat quality. Livest Sci 2009;122:105-
18. https://doi.org/10.1016/j.livsci.2008.08.015

2. Sun L, Bai M, Xiang L, Zhang G, Ma W, Jiang H. Comparative 
transcriptome profiling of longissimus muscle tissues from 
Qianhua Mutton Merino and Small Tail Han sheep. Sci Rep 
2016;6:33586. https://doi.org/10.1038/srep33586

3. Listrat A, Lebret B, Louveau I, et al. How muscle structure and 
composition influence meat and flesh quality. Sci World J 2016; 
2016:Article ID 3182746. http://dx.doi.org/10.1155/2016/ 
3182746

4. Qian X, Ba Y, Zhuang Q, Zhong G. RNA-Seq technology and 
its application in fish transcriptomics. OMICS 2014;18:98-110. 
https://doi.org/10.1089/omi.2013.0110

5. Ayuso M, Fernandez A, Nunez Y, et al. Comparative analysis 
of muscle transcriptome between pig genotypes identifies 
genes and regulatory mechanisms associated to growth, fat ness 
and metabolism. PLoS One 2015;10:e0145162. https://doi.
org/10.1371/journal.pone.0145162

6. Huang WL, Zhang XX, Li A, Miao XY. Identification of dif-
ferentially expressed genes between subcutaneous and intra-
muscular adipose tissue of Large White pig using RNA-seq. 
Yi Chuan 2017;39:501-11. https://doi.org/10.16288/j.yczz.17-
038

7. Xu Y, Qian H, Feng X, et al. Differential proteome and tran-
scriptome analysis of porcine skeletal muscle during develop-
ment. J Proteomics 2012;75:2093-108. https://doi.org/10.1016/
j.jprot.2012.01.013

8. Larzul C, Lefaucheur L, Ecolan P, et al. Phenotypic and genetic 
parameters for longissimus muscle fiber characteristics in rela-
tion to growth, carcass, and meat quality traits in large white 

pigs. J Anim Sci 1997;75:3126-37. https://doi.org/10.2527/1997. 
75123126x

9. Zhao Y, Gao P, Li W, et al. Study on the developmental expres-
sion of Lbx1 gene in longissimus dorsi of Mashen and Large 
White pigs. Italian J Anim Sci 2016;14:3720. https://doi.org/10. 
4081/ijas.2015.3720

10. Zhao J, Li K, Yang Q, Du M, Liu X, Cao G. Enhanced adipo-
genesis in Mashen pigs compared with Large White pigs. 
Italian J Anim Sci 2017;16:217-25. https://doi.org/10.1080/1
828051X.2017.1285682

11. Li BG, Guo XH, Cao GQ, et al. Expression analysis of DECR1 
gene in tissues of Mashen and Large White pig. Acta Vet Zootec 
Sin 2011;42:475-80.

12. Pena RN, Quintanilla R, Manunza A, Gallardo D, Casellas J, 
Amills M. Application of the microarray technology to the 
transcriptional analysis of muscle phenotypes in pigs. Anim 
Genet 2014;45:311-21. https://doi.org/10.1111/age.12146

13. Li XJ, Zhou J, Liu LQ, Qian K, Wang CL. Identification of genes 
in longissimus dorsi muscle differentially expressed between 
Wannanhua and Yorkshire pigs using RNA-sequencing. Anim 
Genet 2016;47:324-33. https://doi.org/10.1111/age.12421

14. von Mering C, Jensen LJ, Snel B, et al. STRING: known and 
predicted protein-protein associations, integrated and trans-
ferred across organisms. Nucleic Acids Res 2005;33:D433-7. 
https://doi.org/10.1093/nar/gki005

15. Matsakas A, Patel K. Skeletal muscle fibre plasticity in response 
to selected environmental and physiological stimuli. Histol 
Histopathol 2009;24:611-29. https://doi.org/10.14670/HH-
24.611

16. Schiaffino S, Reggiani C. Fiber types in mammalian skeletal 
muscles. Physiol Rev 2011;91:1447-531. https://doi.org/10.1152/ 
physrev.00031.2010

17. Guo J, Yu XF, Wu T, Ren Y, Zhu LN, Wang YZ. Different ex-
pression of different types of muscle fibers in the longissimus 
dorsi muscle of Jinhua pig and Changbai pig. Chinese J Anim 
Sci 2012;48:15-8.

18. Otto A, Patel K. Signalling and the control of skeletal muscle 
size. Exp Cell Res 2010;316:3059-66. https://doi.org/10.1016/
j.yexcr.2010.04.009

19. Frontera WR, Ochala J. Skeletal muscle: a brief review of struc-
ture and function. Calcif Tissue Int 2015;96:183-95. https://
doi.org/10.1007/s00223-014-9915-y

20. Gao PF, Guo XH, Du M, et al. LncRNA profiling of skeletal 
muscles in Large White pigs and Mashen pigs during develop-
ment. J Anim Sci 2017;95:4239-50. https://doi.org/10.2527/
jas2016.1297

21. Wagner EF. Functions of AP1 (Fos/Jun) in bone development. 
Ann Rheum Dis 2002;61 (Suppl 2):ii40-2. http://dx.doi.org/10. 
1136/ard.61.suppl_2.ii40

22. Shaulian E, Karin M. AP-1 as a regulator of cell life and death. 
Nat Cell Biol 2002;4:E131-E6. https://doi.org/10.1038/ncb0502 
-e131



1094  www.ajas.info

Gao et al (2019) Asian-Australas J Anim Sci 32:1084-1094

23. Thompson MR, Xu D, Williams BR. ATF3 transcription factor 
and its emerging roles in immunity and cancer. J Mol Med 
(Berl) 2009;87:1053-60. https://doi.org/10.1007/s00109-009-
0520-x

24. Han CC, Wang FS. Research progress on AP-1. Chinese J Cell 
Biol 2017;39:1357-62.

25. Ishikawa H, Shozu M, Okada M, et al. Early growth response 
gene-1 plays a pivotal role in down-regulation of a cohort of 
genes in uterine leiomyoma. J Mol Endocrinol 2007;39:333-
41. https://doi.org/10.1677/JME-06-0069

26. Zhou LZ, Johnson AP, Rando TA. NFκB and AP-1 mediate 
transcriptional responses to oxidative stress in skeletal muscle 
cells. Free Radic Biol Med 2001;31:1405-16. https://doi.org/10. 
1016/S0891-5849(01)00719-5

27. Toney MD. Aspartate aminotransferase: an old dog teaches 
new tricks. Arch Biochem Biophys 2014;544:119-27. https://
doi.org/10.1016/j.abb.2013.10.002

28. Son J, Lyssiotis CA, Ying H, et al. Glutamine supports pancreatic 
cancer growth through a KRAS-regulated metabolic pathway. 
Nature 2013;496:101-5. https://doi.org/10.1038/nature12040

29. Birsoy K, Wang T, Chen WW, Freinkman E, Abu-Remaileh 
M, Sabatini DM. An essential role of the mitochondrial elec tron 
transport chain in cell proliferation is to enable aspartate syn-
thesis. Cell 2015;162:540-51. https://doi.org/10.1016/j.cell.2015. 
07.016

30. Wu MY, Cao CX, Zhang L, Xiao TF. Contents of fatty acid 
and amino acid in the muscles of several varieties of pigs. J 
Fujian Agric Forestry Univ 2009;38:166-70.

31. Zhu QJ, Shen XL, Wang SY, Wang LP, Liu YM. Detection and 
analysis of volatile flavor compounds of cured meat made 
of Congjiangxiang pig. Guizhou Agric Sci 2006;34:19-22.

32. Halbrook CJ, Lyssiotis CA. Employing metabolism to improve 
the diagnosis and treatment of pancreatic cancer. Cancer Cell 

2017;31:5-19. https://doi.org/10.1016/j.ccell.2016.12.006
33. Wiley CD, Campisi J. From ancient pathways to aging cells-

connecting metabolism and cellular senescence. Cell Metab 
2016;23:1013-21. https://doi.org/10.1016/j.cmet.2016.05.010

34. Shingfield KJ, Bernard L, Leroux C, Chilliard Y. Role of trans 
fatty acids in the nutritional regulation of mammary lipogenesis 
in ruminants. Animal 2010;4:1140-66. https://doi.org/10.1017/
S1751731110000510

35. Zeng YQ, Wang GL, Wei SD, et al. Studies on carcass and 
meat quality performance of ccrossbred pigs with graded 
proportions of Laiwu Black genes. Hereditas 2005;27:65-9.

36. Kim EY, Kim WK, Kang HJ, et al. Acetylation of malate de-
hydrogenase 1 promotes adipogenic differentiation via activa-
ting its enzymatic activity. J Lipid Res 2012;53:1864-76. https://
doi.org/10.1194/jlr.M026567

37. Yu X, Hiromasa Y, Tsen H, Stoops JK, Roche TE, Zhou ZH. 
Structures of the human pyruvate dehydrogenase complex 
cores: a highly conserved catalytic center with flexible N-ter-
minal domains. Structure 2008;16:104-14. https://doi.org/10.1016/
j.str.2007.10.024

38. Patel KP, O'Brien TW, Subramony SH, Shuster J, Stacpoole 
PW. The spectrum of pyruvate dehydrogenase complex defi-
ciency: clinical, biochemical and genetic features in 371 patients. 
Mol Genet Metab 2012;105:34-43. https://doi.org/10.1016/
j.ymgme.2011.09.032

39. Rahman S. Mitochondrial disease and epilepsy. Dev Med Child 
Neurol 2012;54:397-406. https://doi.org/10.1111/j.1469-8749. 
2011.04214.x

40. McFate T, Mohyeldin A, Lu H, et al. Pyruvate dehydrogenase 
complex activity controls metabolic and malignant phenotype 
in cancer cells. J Biol Chem 2008;283:22700-8. https://doi.
org/10.1074/jbc.M801765200


