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The two breeds, Mashen (MS; a northern China breed) and Large White (LW; a
western lean breed) pigs, show important phenotypic differences in growth, adaptability,
intramuscular fat (IMF) content, and energy metabolism since early developmental
stage. The main aim of this study was the evaluation of longissimus thoracis muscle
transcriptome profile of both genetic types to identify genes, pathways responsible for
their differentiated phenotype. Longissimus thoracis of MS and LW pigs were sampled at
0 day (early stage), 90 days (middle stage), and 180 days (later stage) after birth. A total
of 3,487 differentially expressed genes (DEGs) were identified at the three time points.
Sample clustering analysis revealed the slower growth rate of MS than LW pigs. Gene
expression pattern analysis revealed that multicellular organism growth genes (GHSR,
EZR, FOXS1, DRD2, SH3PXD2B, CSF1, and TSHR) were involved in the fast growth
rate of LW pigs at early stage. Furthermore, DEGs (ACACA, ACSF3, OXSM, CBR4, and
HSD17B8) functionally related to fatty acid synthesis revealed that IMF accumulation
occurred around 90 and up to 180 days. These DEGs provided valuable resource
to study the phenotypic difference in longissimus thoracis muscle between MS and
LW pigs.

Keywords: differentially expressed gene, genetic type, growth, intramuscular fat, longissimus thoracis, pigs

INTRODUCTION

The pig (Sus scrofa) served as an important animal for agricultural production, which can provide
meat for human consumption. Western pigs have experienced intensive selection, which lead to fast
growth rate. However, the meat quality of western pigs is deteriorative due to long-term selection.
As a typical lean-type European breed, the Large White (LW) pig is now widely used for commercial
production because of its high growth rate and lean meat percentage. In China, there are more
pig breeds than in any other country all over the world (Megens et al., 2008). Compared with
western pig breeds, Chinese indigenous pig breeds have higher intramuscular fat (IMF), increased
tenderness, and better meat quality (Wu et al., 2013; Shen et al., 2014; Liu et al., 2015). Because of
the deterioration of meat quality in western pigs, there has been an increasing interest in improving
meat quality though use of Chinese indigenous pig breeds. Unfortunately, breed-specific differences
in genetics between western pig breeds and Chinese indigenous pig breeds are not fully understood.
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Therefore, elucidating the genetic differences and biodiversity
between western and Chinese pig breeds is important
for pig breeding.

High-throughput sequencing technology provides a powerful
approach for the analyses of genetic differences and biodiversity
in pig breeds. High-throughput sequencing technology mainly
includes microarray, genome sequencing, and transcriptome
sequencing technology. Many important genes about fatty acid
oxidation and biosynthesis have been found in Duroc pigs by
combining phenotypic and microarray expression data (Cánovas
et al., 2012; González-Prendes et al., 2017, 2019; Cardoso et al.,
2018). By genomic analysis among different Chinese and western
pig breeds, many growth and meat quality genes were identified
(Zhang et al., 2018). Comparative transcriptome analysis between
pig breeds plays an important role in studying gene response
during tissue development (Freeman et al., 2012). Transcriptome
analysis of some extreme phenotypes, such as growth gate and
IMF, facilitates to study the gene function and mechanism related
to tissue development (Cánovas et al., 2010; Damon et al., 2012;
Hamill et al., 2013; Cesar et al., 2015; Wei et al., 2017; Muñoz
et al., 2018; Xu et al., 2018). Candidate genes with known
effects on skeletal muscle growth were found between purebred
and crossbred Iberian pigs by large-scale transcriptome analysis
(Óvilo et al., 2014). Researchers applied gene set enrichment
analysis (GSEA), partial correlation coefficient with information
theory (PCIT), regulatory impact factor (RIF), and phenotypic
impact factor (PIF) to better understand the biosynthesis of IMF
with the differentially expressed genes (DEGs) between high
IMF and low IMF pigs (Cesar et al., 2015). Many important
DEGs related to growth and lipid deposition were identified
by transcriptome sequencing technology between western and
Chinese pig breeds, which can provide many useful data for
studying the genetic differences and biodiversity among different
pig breeds (Wang et al., 2015; Chen et al., 2017; Liu et al.,
2018; Miao et al., 2018; Wu et al., 2020). These studies directly
gain deeply insight into the global gene expression profiles of
skeletal muscle development in order to reveal the causal genes
and biological pathways that influence the growth and meat
quality of pigs.

Mashen (MS) pig is a northern China breed. A previous study
analyzed the differential phenotype related to growth rate and
meat quality between MS and LW pigs (Guo et al., 2019). MS
pigs have lower growth rate and higher meat quality than LW
pigs (Guo et al., 2019). IMF is one of indicators for meat quality.
The content of IMF is associated with juiciness, flavor, tenderness,
and desirability of meat (Verbeke et al., 1999). The IMF content
of MS pig is higher than that of LW pig (Zhao et al., 2017).
Transcriptome analysis of MS and LW pigs was performed to
illuminate the molecular mechanisms and candidate genes at
180 days old, which concluded that MS and LW pigs were mainly
differentiated by amino acid metabolism, fatty acid metabolism,
and skeletal muscle development (Gao et al., 2019). Nevertheless,
little is known about the genomic regulation of skeletal muscle
development between MS and LW pigs at early, middle, and later
developmental stages.

In this study, MS and LW pigs aged 0, 90, and 180 days were
selected as models for transcriptome sequencing of longissimus

thoracis using RNA sequencing technology to identify DEGs
and biological pathways influencing skeletal muscle growth,
development, and meat quality. Gene Ontology (GO) terms
and clustering analysis techniques were adopted to characterize
the expression profiles in the muscles of MS and LW pigs at
different developmental stages. The aim of this study was to
reveal the molecular mechanism underlying the difference of
growth rate and meat quality between MS and LW pigs at the
transcriptome level.

MATERIALS AND METHODS

Ethics Statement
All animal procedures were done with the Code of Ethics of
the World Medical Association (Declaration of Helsinki) and
experimented according to American Physiological and World
Medical Association General. The methods were based on the
College of Animal Science and Veterinary Medicine, Shanxi
Agricultural University (Taigu, P.R. China), and the experimental
protocols were approved by it. The number of Ethics Committee
agreement is SXAU-EAW-P002003.

Animal Material
A total of 18 healthy male pigs (nine MS pigs and nine LW pigs)
were kept under the same feeding and environmental conditions
in the Datong Pig Farm in Shanxi Province, China. The 18 boars
were divided into six groups. Groups 1 and 2 have three MS
and three LW littermate boars aged 0 day. Groups 3 and 4 have
three MS and three LW litter boars aged 90 days. Groups 5
and 6 have three MS and three LW litter boars aged 180 days.
The three boars of each group are from the same parents. The
six boars from groups 1 and 2 were slaughtered at the age of
0 day. The remaining 12 boars were weaned and castrated at
the age of 4 weeks. The six boars from groups 3 and 4 were
slaughtered at the age of 90 days. The six boars from groups 5
and 6 were slaughtered at the age of 180 days. The samples of
longissimus thoracis muscle located at last rib were obtained from
the carcasses. The samples were collected, snap-frozen in liquid
nitrogen, and stored at −80◦C for RNA sequence.

Total RNA Extraction
Total RNA was extracted with TRIzol reagent (Thermo Fisher
Scientific Inc., Carlsbad, CA). The total RNA was purified by an
RNeasy Micro Kit (QIAGEN, GmBH, Frankfurt, Germany) and
RNase-Free DNase Set (QIAGEN, GmBH). The RNA integrity
number was determined by an Agilent 2,100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). All samples showed an RNA
integrity number above 7.5.

Library Construction and Sequencing
Ribonucleic acid (2 µg) was depleted of rRNA (Beckman Coulter
Inc., Beverly, MA). The eluted RNA was used for sequencing
according to Illumina protocols (Illumina Inc., San Diego, CA).
First-strand cDNA was synthesized using SuperScript II Reverse
Transcriptase (TaKaRa Bio Inc., Dalian, China), and second-
strand cDNA synthesis was performed by DNA polymerase I

Frontiers in Genetics | www.frontiersin.org 2 November 2020 | Volume 11 | Article 526309

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-526309 November 10, 2020 Time: 16:0 # 3

Cai et al. Muscle Characteristics Between Pig Breeds

and ribonuclease (RNase). The fragments were purified with
an AMPure XP system (Beckman Coulter Inc.); 2.5 µl of
USER Enzyme (New England BioLabs, Inc., Ipswich, MA) was
added to size-selected, adaptor-ligated cDNA, and the mixture
was incubated at 37◦C for 15 min followed by 5 min at
95◦C. Subsequently, PCR was done with Phusion High-Fidelity
DNA Polymerase (Thermo Fisher Scientific Inc., Waltham,
MA), Universal PCR primers (Sangon Biotech, Inc., Shanghai,
China), and Index (X) Primer (Sangon Biotech, Inc.). The PCR
products were purified (AMPure XP system; Beckman Coulter
Inc.), and the library quality was determined with the Agilent
2,100 Bioanalyzer system. Finally, the library was sequenced on
an Illumina HiSeq 2,500 platform (Illumina Inc.) to generate
2 × 100 bp paired-end reads.

Validation of Differentially Expressed
Genes by Quantitative Real-Time PCR
To evaluate the reliability of gene expression data generated
by RNA-Seq, we performed qRT-PCR for 18 randomly selected
genes. The total RNAs used in qRT-PCR are generated from
the same RNAs used for RNA-Seq. A total of 15 samples
were used for qRT-PCR (3 × replicates for 0-day-old LW;
2 × replicates for 90-day-old LW; 2 × replicates for 180-day-
old LW; 3 × replicates for 0-day-old MS; 3 × replicates for
90-day-old MS; and 2 × replicates for 180-day-old MS). The
cDNA sequence was obtained based on the National Center for
Biotechnology Information published sequences, and primers
were designed by Primer3web (version 4.0.0). The total RNA
was reverse transcribed to cDNA according to the manufacturer’s
instructions of the PrimeScriptTM RT reagent Kit (TaKaRa,
Dalian, China). The qRT-PCR was done using the Mx3000p
Real-Time System (Stratagene, La Jolla, CA, United States), with
GAPDH gene as the internal reference gene. The comparative
Ct method was used to analyze the RT-PCR results. The qRT-
PCR was performed with three replicates with SYBR R© Premix Ex
TaqTM (TaKaRa, Dalian, China) using the following parameters:
95◦C for 30 s; 40 cycles of 95◦C for 5 s, 58◦C for 30 s, and
72◦C for 30 s. To exclude between-run variations, all samples
were amplified in triplicates, and the mean was used for further
analysis. The cycle threshold (Ct) was determined using the
default threshold settings of the Mx3000p system, and the relative
expression of mRNAs was analyzed using the 2−11CT method.

RNA-Seq Data Processing
FastQC was used to assess the quality of the sequencing data1. The
sequences were trimmed to remove the sequencing adaptor; poly
A and T tails with Trim Galore2 setting default values (stringency
of 6 bp) and paired-end reads were kept when both pairs were
longer than 40 bp. Filtered RNA-Seq data were aligned to the Sus
scrofa (Sscrofa11.1)3 by hisat2 software with default parameters
(Kim et al., 2015). Then the generated SAM files were converted
to BAM files by Samtools software (Li et al., 2009). The R package

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
2http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
3ftp://ftp.ensembl.org/pub/release-98/fasta/sus_scrofa/dna/Sus_scrofa.Sscrofa11.
1.dna.toplevel.fa.gz

HT-Seq (v0.11.2)4 was applied to calculate the count of read
pairs against all annotated genes. DEGs were identified using the
R (v3.6.1) Bioconductor package, EdgeR (v3.28.0). Gene counts
were normalized using the RLE method as imbed in EdgeR
(Robinson et al., 2010). Gene expression level was quantified
with fragments per kilobase per million (FPKM). DEGs were
identified using a generalized linear model likelihood ratio test
and Benjamini–Hochberg corrected P-value [false discovery rate
(FDR) ≤ 0.05 && abs (log2(MS/LW)) ≥ 1].

Function Annotation of Genes in Pig
Genome
Interproscan software (v5.39-77.0) with default parameters
was applied to annotated genes in pig5 with the protein
sequences as input files. KOBAS website was applied to perform
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
(Xie et al., 2011).

Principal Component Analysis
The package factoextra in R language was applied to perform
principal component analysis (PCA). The input files were the
relative gene expression level [log2(MS/LW)].

Gene Ontology Enrichment Analysis
GO describes the functionally related gene sets. Three GO
categories (biological process, molecular function, and cellular
component) were analyzed in order to achieve a full coverage
of the GO spectrum. The GO enrichment analysis for
overrepresentation of specific GO terms was performed with
the GOseq R package (Young et al., 2010). Multiple testing-
corrected P-values were also obtained using the Benjamini
and Hochberg algorithm, and only GO terms with Benjamini-
corrected P ≤ 0.05 were selected.

Protein–Protein Interaction Network
Analysis
STRING database integrated protein–protein interaction
network of multiple species6. STRING database included
4,935,532 interaction edges. We downloaded the interaction
database of S. scrofa and aligned DEGs identified at 0-, 90-,
and 180-day stages to the database in order to understand the
interaction relationship of these DEGs at protein level, and
modules with tightly interaction relationship were detected
by ClusterOne software with default parameters. For better
interpretation of the function of each module, GO enrichment
analysis was performed.

Data Availability
The sequencing data have been published in previous studies and
were deposited in the Sequence Read Archive with the accession
number SRP0685587.
4http://pypi.python.org/pypi/HTSeq
5ftp://ftp.ebi.ac.uk/pub/software/unix/iprscan/5/5.39-77.0/interproscan-5.39-77.
0-64-bit.tar.gz
6https://string-db.org/
7https://trace.ncbi.nlm.nih.gov/Traces/sra_sub/sub.cgi?login=pda
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RESULTS

Sequencing Results
The longissimus thoracis muscle of MS and LW pigs were sampled
at 0 day (early stage), 90 days (middle stage), and 180 days
(later stage) after birth with three biological replicates for each
time point. After quality control analysis, RNA-Seq data from
18 libraries were obtained by next-generation sequencing with
a total of 429 gigabase (Gb) data obtained after quality control
(Supplementary Table 1). The sequencing depth ranged from 17
to 35 Gb. The mapping efficiency ranged from 83.58 to 94.55%
and uniquely mapped efficiency ranged from 63.30 to 76.09%
(Supplementary Table 1).

The FPKM ≥ 0.5 were used to establish the total number of
expressed genes in muscle transcriptome. Approximately 50% of
total annotated genes in the Sscrofofa11.1 genome were expressed
in the studied samples (an average of 10,992 genes out of
21,279 annotated genes). Based on these results, it was deduced
that the RNA-Seq data were of high quality and suitable for
subsequent analyses.

Cluster Analysis of 18 Skeletal Muscle
Libraries
To examine the quality of biological replicates, we calculated
Pearson correlation coefficient (PCC) values for each pair of
samples, and cluster analysis was performed. Three samples
(replicate 1 for 90-day-old LW; replicate 1 for 180-day-old
MS; and replicate 1 for 180-day-old LW) were clustered far
away from their replicated samples (Supplementary Figure 1).
Thereafter, the three samples were excluded from our following
analysis. Overall, 15 longissimus thoracis muscle samples could be
divided into two major clusters, which was consistent with muscle

development stage (Figure 1A). The first cluster contained
breeds sampled at early stage for both MS and LW pigs. The
second cluster contained breeds sampled at middle and later
development stages. Interestingly, the longissimus thoracis muscle
samples for LW pigs aged 90 days and MS pigs aged 180 days
were clustered together, while other samples were clustered apart
(Figure 1A). This result suggested that the slower growth rate of
MS pigs compared with LW pigs was confirmed by large-scale
transcriptome analysis.

These longissimus thoracis muscle samples were also applied
for PCA (Figure 1B). The first and second principal components
(PC1 and PC2) explain 37.3 and 16.3% variances, respectively.
Samples in early, middle, and later development stages could
be divided by PC1 (Figure 1B). This result was consistent
with Figure 1A.

Identifying Differentially Expressed
Genes During Muscle Development
Between Mashen and Large White Pigs
DEGs were identified by comparing gene expression data of MS
with LW pigs at three time points. In total, 3,487 genes were
differentially expressed between the two breeds across the three
time points (Figures 2A,B and Supplementary Table 2); 1,720,
132, and 346 genes were down-regulated in MS pigs compared
with LW pigs in the three time points, respectively (Figure 2A);
392, 977, and 581 genes were up-regulated (Figure 2B). More
genes were down-regulated at 0 day, and more genes were up-
regulated at 90 and 180 days (Figures 2A,B). Furthermore, the
common and uniquely regulated genes in the three time points
were detected. Eleven and twenty one genes were down-regulated
and up-regulated in the three time points (Figures 2A,B); 1,594
(92.6%), 81 (61.3%), and 224 (64.7%) down-regulated genes

FIGURE 1 | Cluster analysis and PCA of MS and LW pigs. (A) Pearson correlation coefficient (PCC) values for each pair of samples and cluster analysis was
performed. (B) Principal components analysis (PCA). M, Mashen pig; W, Large White pig. 0, 90, and 180 days: pigs aged 0, 90, 180 days, respectively.
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FIGURE 2 | Venn plot of down-regulated genes and up-regulated genes (MS to LW pigs) identified at 0, 90, and 180 days. (A) Down-regulated genes.
(B) Up-regulated genes. M, Mashen pig; W, Large White pig.

were uniquely identified in the three time point (Figure 2A);
305 (77.8%), 845 (86.5%), and 433 (74.5%) up-regulated genes
were uniquely identified in the three time points (Figure 2B).
These DEGs served as candidate genes to study the phenotype
difference between MS and LW pigs.

Gene Ontology Enrichment for
Differentially Expressed Genes Identified
Between the Two Breeds
To gain deeply insight into the mechanism involved in
differentiated development of longissimus thoracis muscle
between MS and LW pigs, GO enrichment analysis was
performed with the up-regulated and down-regulated genes
detected at the three time points, and different colored q-values
were used to visualize varying significance levels (Figure 3
and Supplementary Table 3). The commonly and uniquely
overrepresented GO terms enriched at the three analyzed time
points were summarized in Figure 3. In total, 73 enriched GO
terms were identified in the three time points; 15, 31, and 19
GO terms were uniquely identified in the three time points, while
common GO terms were less abundant (Figure 3).

GO:0040018, positive regulation of multicellular organism
growth, was enriched in the down-regulated gene sets identified
at the early stage in MS pigs compared with LW pigs (Figure 3).
GHSR (Growth Hormone Secretagogue Receptor), EZR (ezrin-
radixin-moesin), FOXS1 (Forkhead Box S1), DRD2 (Dopamine
Receptor D2), SH3PXD2B (SH3 And PX Domains 2B), CSF1
(Colony Stimulating Factor 1), and TSHR (Thyroid Stimulating
Hormone Receptor) were enriched in it (Supplementary
Table 3). We also observed that two GO terms (GO:0001503,
ossification; GO:0002063, chondrocyte development) related
to skeletal development were enriched in the early stage
(Figure 3). Thirty-one GO terms were uniquely enriched in
the up-regulated gene set at the middle stage (Figure 3).

Among them, GO:0006633 (fatty acid biosynthetic process)
and GO:0016126 (sterol biosynthetic process) related to IMF
were identified (Figure 3). At the later developmental stage,
GO:0035914 (skeletal muscle cell differentiation), GO:0005747
(mitochondrial respiratory chain complexes I), GO:0006099
(tricarboxylic acid cycle), and GO:0022900 (electron transport
chain) were overrepresented. These results suggested that
differentiated diverse biological pathways were involved in
skeletal muscle development in MS and LW pigs.

Cluster Analysis of Differentially
Expressed Genes During Muscle
Development
The relative FPKM values (MS/LW) derived from the RNA-Seq
data were used to analyze the gene expression patterns among the
three time points. A heat map was generated based on all 3,487
DEGs (Figure 4). To reflect the major trend of gene expression
pattern, five clusters were obtained (Figure 4 and Supplementary
Table 4). Cluster 1 contained 547 genes, which showed an up-
regulated pattern at 0 day, no significant differences at 90 days,
and a down-regulated pattern at 180 days. Cluster 2 contained
1,551 genes, which exhibited a down-regulated pattern at 0 day
and no significant differences at 90 and 180 days. Cluster 3
contained 758 genes, which showed an up-regulated pattern at
90 days. Cluster 4 contained 109 genes, which showed down-
regulated and up-regulated patterns at 0 and 90 days, respectively.
Cluster 5 contained 522 genes, which showed an up-regulated
pattern at 180 days. These results suggested that longissimus
thoracis muscle development between MS and LW pigs had a
variable effect on gene expression.

Protein Network Analysis
A protein–protein interaction network analysis was performed
for DEGs in order to identify candidate genes and biological
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FIGURE 3 | GO enrichment analysis for down-regulated and up-regulated genes (MS to LW pigs) identified at 0, 90, and 180 days. Different colors represent
different significance levels: green, FDR < 0.05; black, FDR < 0.01; red, FDR < 0.001; and gray, FDR > 0.05 (i.e., not significant). GO, Gene Ontology; M, Mashen
pig; W, Large White pig; FDR, false discovery rate.

pathways potentially affecting the differentiated phenotype of
MS and LW pigs. First, a protein–protein interaction network
was gathered from the STRING database. Second, DEGs were
mapped into the network to get the filtered network, which was
further divided into multiple modules (tight interaction gene
pairs). In total, 1,322 DEGs (62.6%), 676 DEGs (60.1%), and 595
DEGs (61.2%) identified at 0, 90, and 180 days were mapped
to the protein–protein interaction network (Supplementary
Table 5), which were further divided into 7, 5, and 11
modules (module size ≥ 10) for each time point based on
connection tightness.

GO enrichment analysis was performed for each module in
each of the three time points. For module detected at 0 day, the
GO terms related to oxidoreductase activity, signal transduction,
and extracellular matrix organization were overrepresented in
module 1, module 3, and module 7, respectively (Supplementary
Table 5). For the subnetwork detected at 90 days, GO:0000922
(spindle pole) and GO:0000278 (mitotic cell cycle) were enriched
in module 1 (Supplementary Table 5). The GO terms related
to protein dephosphorylation were enriched in module 2. The
GO terms related to defense response to virus were enriched in
module 4 (Supplementary Table 5). For the subnetwork detected
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FIGURE 4 | Gene expression pattern analysis. The relative gene expression
value [log2(M/W)] was used as input file to perform cluster analysis. Red color
indicates genes were up-regulated in MS pig. Blue color indicates genes were
down-regulated in MS pig. M, Mashen pig; W, Large White pig.

at 180 days, the GO terms related to fatty acid metabolism,
steroid hormone receptor, and skeletal muscle cell differentiation
were detected in module 2 and module 6 (Supplementary
Table 5). The GO terms related to transcription factor activity
were also enriched in module 6, which indicated that the activity
of muscle cell differentiation was involved in the activity of
transcription factors. This protein–protein network enhanced
our understanding of longissimus thoracis muscle development
between MS and LW pigs.

The Expression Pattern of Genes Related
to Fatty Acid Synthesis
Expression of fatty acid metabolism genes has been shown to
be an important factor in relation to IMF content (Cagnazzo
et al., 2006). To examine the dynamic accumulation of IMF in
MS and LW pigs, six genes annotated with fatty acid synthesis by
KEGG were collected. Among them, five genes were differentially
expressed between MS and LW pigs (Figure 5). Among these five
genes, ACACA (Acetyl-CoA Carboxylase Alpha), ACSF3 (Acyl-
CoA Synthetase Family Member 3), and OXSM (3-Oxoacyl-ACP
Synthase, Mitochondrial) were up-regulated at 90 days, and
CBR4 (Carbonyl Reductase 4) and HSD17B8 (Hydroxysteroid
17-Beta Dehydrogenase 8) were up-regulated at 180 days in MS
pig compared with LW pig. ACACA, ACSF3, and OXSM were
responsible for the first three steps before 3-Oxoacyl-acp. CBR4
and HSD17B8 were responsible for the last two steps after 3-
Oxoacyl-acp in the fatty acid synthesis pathway (Figure 5). These

results suggested that IMF accumulation occurred around 90
and up to 180 days.

Validation of RNA-Seq Data by qRT-PCR
To validate the reliability of gene expression data generated by
RNA-Seq, we randomly selected 18 genes for validation by qRT-
PCR. qRT-PCR was performed for the muscle sampled at 0 day
(Figure 6A), 90 days (Figure 6B), and 180 days (Figure 6C).
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used
as the internal reference gene. Premiers were summarized
in Supplementary Table 6. We calculated the fold change
value (MS/LW) of gene expression level between MS and LW
(Figure 6). Results showed that the trend of gene expression
between RNA-Seq and qRT-PCR was similar. The PCC value of
gene expression level quantified by RNA-Seq and qRT-PCR was
0.862. This result confirmed that RNA-Seq data analyzed in this
study were reliable (Figure 6).

DISCUSSION

Effectively Identifying Candidate Genes
by Various Omics Data
High-throughput sequencing technology including microarray,
genome sequencing, and transcriptome sequencing is
widely applied to study the mechanism of growth and meat
quality in pigs. ITGA5 (Integrin Subunit Alpha 5), LITAF
(Lipopolysaccharide Induced TNF Factor), TIMP1 (TIMP
Metallopeptidase Inhibitor 1), and ANXA2 (Annexin A2)
were identified to participate in lipid synthesis by microarray
expression data of gluteus medius muscle in high and low
backfat thickness Duroc pigs (Cardoso et al., 2018). FABP3
(Fatty Acid Binding Protein 3), ORMDL1 (ORMDL Sphingolipid
Biosynthesis Regulator 1), and SLC37A1 (Solute Carrier Family
37 Member 1) were the key roles in carbohydrate and lipid
metabolism by microarray expression data of longissimus
thoracis and gluteus medius muscle in Duroc pigs (González-
Prendes et al., 2019). By genomic analysis among different
Chinese and western pig breeds, IGF1R (Insulin Like Growth
Factor 1 Receptor) and SNORA50 (Small Nucleolar RNA, H/ACA
Box 50A) were related to growth and meat quality, respectively
(Zhang et al., 2018). In this study, we applied RNA-Seq to profile
the dynamic gene expression pattern between MS and LW pigs to
gain insight into the differentiated mechanism related to skeletal
muscle growth and development. Many important genes related
to growth rate and lipid biosynthesis were identified. Therefore,
microarray, genome sequencing, and transcriptome sequencing
are all very important methods for studying the growth rate and
meat quality of pigs.

Intramuscular Fat Accumulation
Occurred Around 90 and up to 280 Days
The transcriptome data related to longissimus thoracis muscle
development were studied in previous research by RNA-Seq,
which identified 178 DEGs and several enriched GO terms,
especially fatty acid biosynthesis between Laiwu pig, a Chinese
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FIGURE 5 | Pathway analysis of fatty acid synthesis. (A) KEGG annotation of fatty acid synthesis. (B) Gene expression pattern involved in fatty acid synthesis. The
asterisk represents the significant level of DEGs (FDR ≤ 0.05). KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; FDR, false
discovery rate.

indigenous pig breed, and Yorkshire pig at the age of 280 days
(Chen et al., 2017). Among these 178 DEGs, 12 (6.74%), 33
(18.54%), and 101 (56.74%) genes were overlapped with DEGs
identified in our study at 0, 90, and 180 days, respectively. This
result suggested that DEGs identified in muscle at latter stage
were similar in different genetic background pigs. Interestingly,
GO:0006633 related to fatty acid biosynthesis, which was an
important indicator for IMF accumulation (Cagnazzo et al.,
2006), was enriched at 90 and 180 days in our study and 280 days
in Chen’s work (Chen et al., 2017), which suggested that the
differentiated phenotype of IMF accumulation in MS and LW
pigs might have occurred at 90 and up to 280 days.

Candidate Genes Regulating the
Intramuscular Fat Content in Pigs
It has been reported that MS pigs showed more abundance of IMF
content than LW pigs (Zhao et al., 2017). In this study, many
DEGs were likely related to the phenotypes of fat deposition.
ACADM (acyl-CoA dehydrogenase, C-4 to C-12 straight chain),
UCP3 (uncoupling protein 3), ACSL1 (acyl-CoA synthetase
long-chain family member), and FADS1 (fatty acid desaturase)
enriched in fatty acid metabolism were up-regulated in MS

compared with LW pigs at 90 and 180 days (Supplementary
Table 2). ACADM gene was a functional candidate gene for
fatness (Kim et al., 2006). UCP3 gene was also an important
indicator for intramuscular (Nowacka-Woszuk et al., 2008).
ACSL1 gene was significantly associated with polyunsaturated
fatty acids in skeletal muscle of beef cattle (Widmann et al., 2011).
Overexpression of ACSL1 could increase fatty acid uptake in 3T3-
L1 adipocytes (Zhan et al., 2012). These results indicated that
ACSL1 was a key candidate gene regulating fatty acid metabolism.
The expression of ACSL1 in longissimus thoracis muscle of two
Chinese native pig breeds (Diannan small ear and Tibet pigs)
were significantly higher than that of Yorkshire pigs (Li et al.,
2012). Furthermore, RNA-Seq analysis also showed that the
expression of ACSL1 was up-regulated in skeletal muscle of
Chinese local Wannanhua pigs and Laiwu pigs compared with
Yorkshire pigs (Chen et al., 2017). These results were similar
with our results that ACSL1 was highly expressed in MS pigs
compared with LW pigs (Supplementary Table 2). Therefore,
the up-regulated expression of ACSL1 might be associated with
higher IMF content in Chinese indigenous breeds compared with
western commercial breeds. FADS1 is an enzyme related to the
synthesis of polyunsaturated fatty acids. It has been reported
that the polymorphisms of FADS1 gene was related to fatty acid
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FIGURE 6 | Validation of RNA-Seq data by qRT-PCR. The expression level of randomly selected genes were qvalidated by qRT-PCR with samples collected at 0 day
(A), 90 days (B), and 180 days (C). The X-axis represents randomly selected genes. The Y-axis represents fold change (MS/LW) of the expression level. M, Mashen
pig; W, Large White pig.

composition in the brisket adipose tissue of steers (Han et al.,
2013), which suggested that FADS1 gene might play a key role
in fatty acid metabolism in skeletal muscle.

Candidate Genes Responsible for the
Slower Growth Rate of Mashen Pigs
A previous study showed that the growth rate of MS pigs was
slower than that of LW pigs (Zhao et al., 2017; Guo et al., 2019).

We clustered the longissimus thoracis muscle tissues sampled
at three time points (early, middle, and later development
stages). Interestingly, the samples of MS pigs aged 180 days
and LW pigs aged 90 days were clustered together (Figure 1A).
This result suggested that MS pigs grew slower than LW pigs.
Furthermore, GO:0040018 (positive regulation of multicellular
organism growth) was enriched at 0 day, and the genes in it were
down-regulated in MS compared with LW pigs, which might

Frontiers in Genetics | www.frontiersin.org 9 November 2020 | Volume 11 | Article 526309

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-526309 November 10, 2020 Time: 16:0 # 10

Cai et al. Muscle Characteristics Between Pig Breeds

be functionally related to the slower growth rate of MS pigs
(Figure 3). Seven gene (GHSR, EZR, FOXS1, DRD2, SH3PXD2B,
CSF1, and TSHR) were annotated with GO:0040018. GHSR
gene controls growth hormone release by inducing a strong
stimulatory effect on the endogenous ligand, ghrelin (Zhang
et al., 2017). Moreover, the higher expression level of GHSR
was found in the fast-growing Yorkshire pigs than in the slow-
growing Tibetan and Diannan small-eared pigs (Zhang et al.,
2017). Therefore, sample clustering analysis and down-regulation
of GHSR in MS pigs together supported the slower growth rate of
MS pigs than LW pigs.

Expression of Myosin Heavy Chain
Family Members Between Mashen and
Large White Pigs
Skeletal muscle consists of four myofiber types (types I, IIA, IIX,
and IIB), which are characterized by the expression of myosin
heavy chain (MYH) gene isoforms (Schiaffino and Reggiani,
2011). MYH7, MYH2, MYH4, and MYH3 are the specific genes
of type I, type IIA, type IIB, and type IIX myofibers, respectively
(Schiaffino and Reggiani, 2011). In a previous study, the specific
gene expression of type I and type IIA myofiber in MS pigs was
significantly higher than that in LW pigs, whereas the specific
gene expression of type IIB myofiber was higher in LW pig (Guo
et al., 2019). In the present study, the expression of MYH7 in
MS pigs was higher than that in LW pigs at 0 day, but there
were no significant differences at 90 and 180 days. The content
of type I myofiber decreased with age, which might be the cause
of no significant difference between MS and LW pigs at 90 and
180 days. Furthermore, there were no significant differences in the
expression of MYH2 and MYH4 between MS and LW pigs at the
three time points (early, middle, and later development stages) in
this study. The gene ID of MYH2 (ENSSSCG00000029441) is the
same as MYH4 annotated in reference Sscrofa11.1, which might
lead to no difference with MYH2 and MYH4 expression between
MS and LW pigs. Interestingly, the expression of MYH3 was
significantly higher in MS pigs than that in LW pigs at the three
time points. MYH3 might play an important role in regulating the
switch of myofibers in pigs.

CONCLUSION

In this study, RNA-Seq technique was employed to explore the
transcriptome difference of longissimus thoracis muscle in MS
and LW pigs. A total of 3,487 DEGs were identified, which served
as an important resource to discover the mechanism and genes
involved in skeletal muscle growth rate, meat quality, and energy
metabolism. MS pigs grew slower than LW pigs, which supported
the sample cluster results and DEGs annotated with multicellular
organism growth genes. The expression of fatty acid synthesis
genes was higher in MS pigs than that in LW pigs at 90 and
180 days, which might explain the phenotype that more IMF was
accumulated in MS pigs than that in LW pigs. In summary, this
study gave new sight into the phenotype difference of skeletal
muscle in MS and LW pigs, which can provide basic data for the
research of Chinese and foreign pig breeds.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the
Sequence Read Archive with the accession number SRP068558
(https://trace.ncbi.nlm.nih.gov/Traces/sra_sub/sub.cgi?login=
pda).

ETHICS STATEMENT

The animal study was reviewed and approved by the Charter of
the Animal Ethics Committee of Shanxi Agricultural University.

AUTHOR CONTRIBUTIONS

ML, YZ, and SM took the longissimus dorsi of Mashen and
Large White pigs. CC, YY, and PG performed data analysis. XG,
GC, and BL designed this study. CC, GC, and BL wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was funded by the National Natural Science
Foundation of China (31872336), “1331 Project” Key Disciplines
of Animal Sciences in Shanxi Province (J201811301), Special
Funds for Scholars Support Program of Shanxi Province
(2016, 2017), Basic Research Project of Shanxi Province
(201901D211376 and 201901D211369), Shanxi Agricultural
Key R& D Project (201803D221022-1), Shanxi Agricultural
University Science and Technology Innovation Fund under
Grant (2018YJ35), and Shanxi Province Outstanding Doctor
Award Fund (SXYBKY2018012).

ACKNOWLEDGMENTS

We thank the following all the staff of the Datong pig farm for the
technical help and Shanshan Xie for editing this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2020.
526309/full#supplementary-material

Supplementary Figure 1 | Cluster analysis of all muscle samples.

Supplementary Table 1 | Summary of sequencing data.

Supplementary Table 2 | Information of DEGs.

Supplementary Table 3 | GO information for up-regulated and down-regulated
genes at three time points, respectively.

Supplementary Table 4 | Gene information in each of 5 clusters.

Supplementary Table 5 | Subnetwork information of protein-protein
interaction network.

Supplementary Table 6 | Information of premiers used for qRT-PCR.

Frontiers in Genetics | www.frontiersin.org 10 November 2020 | Volume 11 | Article 526309

https://trace.ncbi.nlm.nih.gov/Traces/sra_sub/sub.cgi?login=pda
https://trace.ncbi.nlm.nih.gov/Traces/sra_sub/sub.cgi?login=pda
https://www.frontiersin.org/articles/10.3389/fgene.2020.526309/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.526309/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-526309 November 10, 2020 Time: 16:0 # 11

Cai et al. Muscle Characteristics Between Pig Breeds

REFERENCES
Cagnazzo, M., Te Pas, M. F., Priem, J., De Wit, A. A., Pool, M. H., Davoli, R.,

et al. (2006). Comparison of prenatal muscle tissue expression profiles of two
pig breeds differing in muscle characteristics. J. Anim. Sci. 84, 1–10. doi: 10.
2527/2006.8411

Cánovas, A., Pena, R. N., Gallardo, D., Ramírez, O., Amills, M., and Quintanilla,
R. (2012). Segregation of regulatory polymorphisms with effects on the gluteus
medius transcriptome in a purebred pig population. PLoS One 7:e35583. doi:
10.1371/journal.pone.0035583

Cánovas, A., Quintanilla, R., Amills, M., and Pena, R. N. (2010). Muscle
transcriptomic profiles in pigs with divergent phenotypes for fatness traits. BMC
Genom. 11:372. doi: 10.1186/1471-2164-11-372

Cardoso, T. F., Quintanilla, R., Castelló, A., González-Prendes, R., Amills, M., and
Cánovas, A. (2018). Differential expression of mRNA isoforms in the skeletal
muscle of pigs with distinct growth and fatness profiles. BMC Genom. 19:145.
doi: 10.1186/s12864-018-4515-2

Cesar, A. S., Regitano, L. C., Koltes, J. E., Fritz-Waters, E. R., Lanna, D. P., Gasparin,
G., et al. (2015). Putative regulatory factors associated with intramuscular fat
content. PLoS One 10:e128350. doi: 10.1371/journal.pone.0128350

Chen, W., Fang, G., Wang, S., Wang, H., and Zeng, Y. (2017). Longissimus
lumborum muscle transcriptome analysis of Laiwu and Yorkshire pigs differing
in intramuscular fat content. Genes Genom. 39, 759–766. doi: 10.1007/s13258-
017-0540-9

Damon, M., Wyszynska-Koko, J., Vincent, A., Hérault, F., and Lebret, B. (2012).
Comparison of muscle transcriptome between pigs with divergent meat quality
phenotypes identifies genes related to muscle metabolism and structure. PLoS
One 7:e33763. doi: 10.1371/journal.pone.0033763

Freeman, T. C., Ivens, A., Baillie, J. K., Beraldi, D., Barnett, M. W., Dorward, D.,
et al. (2012). A gene expression atlas of the domestic pig. BMC Biol. 10:90.
doi: 10.1186/1741-7007-10-90

Gao, P., Cheng, Z., Li, M., Zhang, N., Le, B., Zhang, W., et al. (2019). Selection of
candidate genes affecting meat quality and preliminary exploration of related
molecular mechanisms in the Mashen pig, Asian-Australas. J. Anim. Sci. 32,
1084–1094. doi: 10.5713/ajas.18.0718

González-Prendes, R., Quintanilla, R., Cánovas, A., Manunza, A., Cardoso, T. F.,
Jordana, J., et al. (2017). Joint QTL mapping and gene expression analysis
identify positional candidate genes influencing pork quality traits. Sci. Rep.
7:39830. doi: 10.1038/srep39830

González-Prendes, R., Quintanilla, R., Mármol-Sánchez, E., Pena, R. N., Ballester,
M., Cardoso, T. F., et al. (2019). Comparing the mRNA expression profile
and the genetic determinism of intramuscular fat traits in the porcine gluteus
medius and longissimus dorsi muscles. BMC Genom. 20:170. doi: 10.1186/
s12864-019-5557-9

Guo, X., Qin, B., Yang, X., Jia, J., Niu, J., Li, M., et al. (2019). Comparison of carcass
traits, meat quality and expressions of MyHCs in muscles between Mashen and
Large White pigs. Ital. J. Anim. Sci. 18, 1410–1418. doi: 10.1080/1828051X.2019.
1674701

Hamill, R. M., Aslan, O., Mullen, A. M., Doherty, J. V. O., McBryan, J., Morris,
D. G., et al. (2013). Transcriptome analysis of porcine M. Semimembranosus
divergent in intramuscular fat as a consequence of dietary protein restriction.
BMC Genom. 14:453. doi: 10.1186/1471-2164-14-453

Han, C., Vinsky, M., Aldai, N., Dugan, M., McAllister, T. A., and Li, C. (2013).
Association analyses of DNA polymorphisms in bovine SREBP-1, LXRα, FADS1
genes with fatty acid composition in Canadian commercial crossbred beef
steers. Meat Sci. 93, 429–436. doi: 10.1016/j.meatsci.2012.10.006

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner
with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.
3317

Kim, J. H., Lim, H. T., Park, E. W., Rodríguez, C., Silio, L., Varona, L., et al. (2006).
Polymorphisms in the promoter region of the porcine acyl-coA dehydrogenase,
medium-chain (ACADM) gene have no effect on fat deposition traits in a pig
Iberian x Landrace cross. Anim. Genet. 37, 430–431. doi: 10.1111/j.1365-2052.
2006.01490.x

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009).
The sequence alignment/Map format and SAMtools. Bioinformatics 25, 2078–
2079. doi: 10.1093/bioinformatics/btp352

Li, Q., Tao, Z., Shi, L., Ban, D., Zhang, B., Yang, Y., et al. (2012). Expression and
genome polymorphism of ACSL1 gene in different pig breeds. Mol. Biol. Rep.
39, 8787–8792. doi: 10.1007/s11033-012-1741-6

Liu, X., Xiong, X., Yang, J., Zhou, L., Yang, B., Ai, H., et al. (2015). Genome-wide
association analyses for meat quality traits in Chinese Erhualian pigs and a
Western Duroc × (Landrace × Yorkshire) commercial population. Genet. Sel.
Evol. 47:44. doi: 10.1186/s12711-015-0120-x

Liu, Y., Yang, X., Jing, X., He, X., Wang, L., Liu, Y., et al. (2018). Transcriptomics
analysis on excellent meat quality traits of skeletal muscles of the Chinese
indigenous min pig compared with the large white breed. Int. J. Mol. Sci. 19:21.
doi: 10.3390/ijms19010021

Megens, H., Crooijmans, R. P., San Cristobal, M., Hui, X., Li, N., and Groenen,
M. A. (2008). Biodiversity of pig breeds from China and Europe estimated from
pooled DNA samples: differences in microsatellite variation between two areas
of domestication. Genet. Sel. Evol. 40, 103–128. doi: 10.1186/1297-9686-40-
1-103

Miao, Z., Wei, P., Khan, M. A., Zhang, J., Guo, L., Liu, D., et al. (2018).
Transcriptome analysis reveals differential gene expression in intramuscular
adipose tissues of Jinhua and Landrace pigs. J. Vet. Med. Sci. 80, 953–959.
doi: 10.1292/jvms.18-0074

Muñoz, M., García-Casco, J. M., Caraballo, C., Fernández-Barroso, M. Á, Sánchez-
Esquiliche, F., Gómez, F., et al. (2018). Identification of candidate genes and
regulatory factors underlying intramuscular fat content through longissimus
dorsi transcriptome analyses in heavy iberian pigs. Front. Genet. 9:608. doi:
10.3389/fgene.2018.00608

Nowacka-Woszuk, J., Szczerbal, I., Fijak-Nowak, H., and Switonski, M. (2008).
Chromosomal localization of 13 candidate genes for human obesity in the pig
genome. J. Appl. Genet. 49, 373–377. doi: 10.1007/BF03195636

Óvilo, C., Benítez, R., Fernández, A., Nú, E. Y., Ayuso, M., Fernández, A. I., et al.
(2014). Longissimus dorsi transcriptome analysis of purebred and crossbred
Iberian pigs differing in muscle characteristics. BMC Genom. 15:413. doi: 10.
1186/1471-2164-15-413

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). EdgeR: a
bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/
btp616

Schiaffino, S., and Reggiani, C. (2011). Fiber types in mammalian skeletal muscles.
Physiol. Rev. 91, 1447–1531. doi: 10.1152/physrev.00031.2010

Shen, L., Lei, H., Zhang, S., Li, X., Li, M., Jiang, X., et al. (2014). Comparison of
energy metabolism and meat quality among three pig breeds. Anim. Sci. J. 85,
770–779. doi: 10.1111/asj.12207

Verbeke, W., Oeckel, M. J. V., Warnants, N., Viaene, J., and Boucqué, C. V. (1999).
Consumer Perception, facts and possibilities to improve acceptability of health
and sensory characteristics of pork. Meat Sci. 53, 77–99. doi: 10.1016/s0309-
1740(99)00036-4

Wang, Z., Li, Q., Chamba, Y., Zhang, B., Shang, P., Zhang, H., et al.
(2015). Identification of genes related to growth and lipid deposition from
transcriptome profiles of pig muscle tissue. PLoS One 10:e141138. doi: 10.1371/
journal.pone.0141138

Wei, C., Fang, G., Wang, S., Hui, W., and Zeng, Y. (2017). Longissimus lumborum
muscle transcriptome analysis of Laiwu and Yorkshire pigs differing in
intramuscular fat content. Genes Genom. 39, 759–766.

Widmann, P., Nuernberg, K., Kuehn, C., and Weikard, R. (2011). Association of an
ACSL1 gene variant with polyunsaturated fatty acids in bovine skeletal muscle.
BMC Genet. 12:96. doi: 10.1186/1471-2156-12-96

Wu, G., Ma, L., Wang, L., Zhou, J., Ma, Y., and Yang, C. (2020).
Analysis of transcriptome and miRNAome in the muscle of bamei pigs
at different developmental stages. Animals 10:1198. doi: 10.3390/ani1007
1198

Wu, T., Zhang, Z., Yuan, Z., Lo, L. J., Chen, J., Wang, Y., et al. (2013). Distinctive
genes determine different intramuscular fat and muscle fiber ratios of the
longissimus dorsi muscles in Jinhua and landrace pigs. PLoS One 8:e53181.
doi: 10.1371/journal.pone.0053181

Xie, C., Mao, X., Huang, J., Ding, Y., Wu, J., Dong, S., et al. (2011).
KOBAS 2.0: a web server for annotation and identification of enriched
pathways and diseases. Nucleic Acids Res. 39, W316–W322. doi: 10.1093/nar/
gkr483

Frontiers in Genetics | www.frontiersin.org 11 November 2020 | Volume 11 | Article 526309

https://doi.org/10.2527/2006.8411
https://doi.org/10.2527/2006.8411
https://doi.org/10.1371/journal.pone.0035583
https://doi.org/10.1371/journal.pone.0035583
https://doi.org/10.1186/1471-2164-11-372
https://doi.org/10.1186/s12864-018-4515-2
https://doi.org/10.1371/journal.pone.0128350
https://doi.org/10.1007/s13258-017-0540-9
https://doi.org/10.1007/s13258-017-0540-9
https://doi.org/10.1371/journal.pone.0033763
https://doi.org/10.1186/1741-7007-10-90
https://doi.org/10.5713/ajas.18.0718
https://doi.org/10.1038/srep39830
https://doi.org/10.1186/s12864-019-5557-9
https://doi.org/10.1186/s12864-019-5557-9
https://doi.org/10.1080/1828051X.2019.1674701
https://doi.org/10.1080/1828051X.2019.1674701
https://doi.org/10.1186/1471-2164-14-453
https://doi.org/10.1016/j.meatsci.2012.10.006
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1111/j.1365-2052.2006.01490.x
https://doi.org/10.1111/j.1365-2052.2006.01490.x
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1007/s11033-012-1741-6
https://doi.org/10.1186/s12711-015-0120-x
https://doi.org/10.3390/ijms19010021
https://doi.org/10.1186/1297-9686-40-1-103
https://doi.org/10.1186/1297-9686-40-1-103
https://doi.org/10.1292/jvms.18-0074
https://doi.org/10.3389/fgene.2018.00608
https://doi.org/10.3389/fgene.2018.00608
https://doi.org/10.1007/BF03195636
https://doi.org/10.1186/1471-2164-15-413
https://doi.org/10.1186/1471-2164-15-413
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1152/physrev.00031.2010
https://doi.org/10.1111/asj.12207
https://doi.org/10.1016/s0309-1740(99)00036-4
https://doi.org/10.1016/s0309-1740(99)00036-4
https://doi.org/10.1371/journal.pone.0141138
https://doi.org/10.1371/journal.pone.0141138
https://doi.org/10.1186/1471-2156-12-96
https://doi.org/10.3390/ani10071198
https://doi.org/10.3390/ani10071198
https://doi.org/10.1371/journal.pone.0053181
https://doi.org/10.1093/nar/gkr483
https://doi.org/10.1093/nar/gkr483
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-526309 November 10, 2020 Time: 16:0 # 12

Cai et al. Muscle Characteristics Between Pig Breeds

Xu, J., Wang, C., Jin, E., Gu, Y., Li, S., and Li, Q. (2018). Identification of
differentially expressed genes in longissimus dorsi muscle between Wei and
Yorkshire pigs using RNA sequencing. Genes Genom. 40, 413–421. doi: 10.1007/
s13258-017-0643-3

Young, M. D., Wakefield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene
ontology analysis for RNA-seq: accounting for selection bias. Genome Biol.
11:R14. doi: 10.1186/gb-2010-11-2-r14

Zhan, T., Poppelreuther, M., Ehehalt, R., and Füllekrug, J. (2012). Overexpressed
FATP1, ACSVL4/FATP4 and ACSL1 increase the cellular fatty acid uptake of
3T3-L1 adipocytes but are localized on intracellular membranes. PLoS One
7:e45087. doi: 10.1371/journal.pone.0045087

Zhang, B., Shang, P., Tao, Z., Qiangba, Y., Wang, Z., and Zhang, H. (2017). Effect
of a single nucleotide polymorphism in the growth hormone secretagogue
receptor (GHSR) gene on growth rate in pigs. Gene 634, 68–73. doi: 10.1016/
j.gene.2017.09.007

Zhang, Z., Xiao, Q., Zhang, Q., Sun, H., Chen, J., Li, Z., et al. (2018).
Genomic analysis reveals genes affecting distinct phenotypes among different

Chinese and western pig breeds. Sci. Rep. 8:13352. doi: 10.1038/s41598-018-
31802-x

Zhao, J., Li, K., Yang, Q., Du, M., Liu, X., and Cao, G. (2017). Enhanced
adipogenesis in Mashen pigs compared with Large White pigs. Ital. J. Anim.
Sci. 16, 217–225. doi: 10.1080/1828051X.2017.1285682

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Cai, Li, Zhang, Meng, Yang, Gao, Guo, Cao and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Genetics | www.frontiersin.org 12 November 2020 | Volume 11 | Article 526309

https://doi.org/10.1007/s13258-017-0643-3
https://doi.org/10.1007/s13258-017-0643-3
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1371/journal.pone.0045087
https://doi.org/10.1016/j.gene.2017.09.007
https://doi.org/10.1016/j.gene.2017.09.007
https://doi.org/10.1038/s41598-018-31802-x
https://doi.org/10.1038/s41598-018-31802-x
https://doi.org/10.1080/1828051X.2017.1285682
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Comparative Transcriptome Analyses of Longissimus thoracis Between Pig Breeds Differing in Muscle Characteristics
	Introduction
	Materials and Methods
	Ethics Statement
	Animal Material
	Total RNA Extraction
	Library Construction and Sequencing
	Validation of Differentially Expressed Genes by Quantitative Real-Time PCR
	RNA-Seq Data Processing
	Function Annotation of Genes in Pig Genome
	Principal Component Analysis
	Gene Ontology Enrichment Analysis
	Protein–Protein Interaction Network Analysis
	Data Availability

	Results
	Sequencing Results
	Cluster Analysis of 18 Skeletal Muscle Libraries
	Identifying Differentially Expressed Genes During Muscle Development Between Mashen and Large White Pigs
	Gene Ontology Enrichment for Differentially Expressed Genes Identified Between the Two Breeds
	Cluster Analysis of Differentially Expressed Genes During Muscle Development
	Protein Network Analysis
	The Expression Pattern of Genes Related to Fatty Acid Synthesis
	Validation of RNA-Seq Data by qRT-PCR

	Discussion
	Effectively Identifying Candidate Genes by Various Omics Data
	Intramuscular Fat Accumulation Occurred Around 90 and up to 280 Days
	Candidate Genes Regulating the Intramuscular Fat Content in Pigs
	Candidate Genes Responsible for the*-.75pt Slower Growth Rate of Mashen Pigs*-.75pt
	Expression of Myosin Heavy Chain Family Members Between Mashen and Large White Pigs

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


