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Abstract: High intramuscular fat content of pigs improves pork quality and increasing intramuscular fat depo-
sition is a long-term goal in the husbandry of pigs reared for meat production. There are significant pheno-
typic differences between the Ningxiang (NX) pigs (an indigenous Chinese breed) and Large White (LW) pigs
(a western, lean-type breed). The present work aimed to gain insight into the longissimus dorsi muscle tran-
scriptome between the two pig breeds. We investigated the molecular basis of these differences by comparing
their transcriptome profiles. RNA-seq technology was used to identify the differentially expressed genes (DEGs)
in the longissimus dorsi muscle of the NX and LW pigs. We obtained 692 million clean reads using transcrip-
tome sequencing of muscle samples from the two pig breeds. A total of 885 DEGs were identified, including
469 upregulated and 416 downregulated genes in the NX pigs compared with the LW pigs. Using KEGG pathway
analysis, it was found that the significant DEGs were mainly enriched in metabolism-related pathways, such
as lipid metabolism and biosynthesis, and glucose metabolism or biosynthesis. Quantitative real-time PCR
confirmed the differential expression of eight selected DEGs in both pig breeds. qPCR results showed that the
RNA-seq results were reliable. Several DEGs were candidate functional genes related to the lipid metabolism,
including CD36, LIPE, MCAT, LPIN1, ANGPTL4, PPARD, SCD, INSR, MOGAT, IGF1, AKT2 and JAK2. Our
results provide a comprehensive basis for the investigation of the differences in transcriptional regulation of the
muscles between divergent phenotypes.
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Correct animal husbandry for the steady produc-
tion of quality meat is of particular importance
for human health and for the meat processing
industry, and helps to ensure sufficient protein
production (Ren et al. 2014). In the past decade,
high-quality meat has become popular with con-
sumers. Pig breeders have focused on satisfying
the demands of the pork production industry pri-
marily through fostering faster pig growth and
higher lean meat percentages, resulting in de-
terioration in meat quality and poorer flavour
(Zhao et al. 2009). Intramuscular fat (IMF) is a key
meat quality trait correlated with carcass value and
nutritional content, and affects energy metabolism
and the juiciness, flavour, and tenderness of pork
(Xing et al. 2020). Consequently, increasing IMF
deposition is a long-term goal in the breeding
of lean-type pigs (Shu et al. 2012). Distinct differ-
ences have been reported in fat deposition between
fat-type and lean-type pigs, including flavour, lean
meat percentage, IMF content, and backfat thick-
ness (Xing et al. 2020). Currently, almost nothing
is known about the genomic regulation of differ-
ent IMF deposition traits in fat-type and lean-type
pigs, and greater understanding of this issue is im-
portant in order to manage the complex biological
processes involved.

Ningxiang (NX) pigs (a well-known indigenous
Chinese fatty-type breed) have slower growth
rates, greater fat deposition characteristics, lower
lean meat content, and higher IMF content (7.11%
in Ningxiang pig) than conventional LW pigs (IMF
content, 2.81%), and are considered to have supe-
rior meat quality (Lei et al. 2021). Large White (LW)
pigs are a well-known western lean-type breed
widely raised worldwide. They are a lean-type pig
breed characterized by a fast growth rate and high
lean meat content, whose muscle quality is rela-
tively poor (Chen et al. 2017). Modern Large White
pigs average < 1% intramuscular fat (IMF), leading
to less flavoursome pork meat (Zappaterra et al.
2016). Previous report have indicated that the high-
er IMF content of fatty NX pigs compared with LW
pigs may be due to differences in their colonic gut
microbiota (Lei et al. 2021). However, few studies
have focused on the differences in the longissimus
dorsi muscle transcriptome between these breeds.
An investigation of the differences between these
pig breeds is necessary to understand the functions
of differentially expressed genes (DEGs), and their
relationships to different meat quality traits.
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Comparative transcriptome analysis between
breeds is currently widely practiced, and it pro-
vides a better understanding of the transcription
background of different meat quality traits (Chen
etal. 2017). RNA sequencing (RNA-seq) technology
has been used in comprehensive analyses of com-
plex traits in animals and it enables a new under-
standing of gene structures and expression patterns
(Chang et al. 2010). RNA-seq not only provides
more precise data on transcriptomes than microar-
rays, but also it can detect lower levels of transcript
expression (Gao et al. 2011). RNA-seq provides ex-
tremely accurate assessments of transcript levels,
and gives highly reproducible results (Xing et al.
2020). In recent years, RNA-seq has been used
to analyse transcriptomes in tissues such as skel-
etal muscle (Yao et al. 2019) and adipose tissue (Ren
et al. 2014) in commercial pig breeds. A previous
study also used RNA-seq to analyse transcriptome
differences in porcine adipose tissue and the lon-
gissimus dorsi muscle between breeds, in order
to reveal the key genes and pathways determining
meat quality (Zhao et al. 2009). Overall, RNA-seq is
the preferred means of describing and quantifying
wholesale changes in the transcriptome, both in hu-
man medicine and in farm animal molecular analy-
ses. To date, IMF deposition in NX pigs has only
been based on studies of pig feeding regimes and
germplasm characteristics (Lei et al. 2021).

Therefore, this study set out to use RNA-seq
technology to identify differences in transcrip-
tional expression profiles of the longissimus dorsi
muscle in NX and LW pigs, and to investigate
the molecular basis of these differences. These
findings will provide a molecular basis for under-
standing the fat metabolism in pigs and improve
the understanding of the molecular mechanisms
of muscle development in these pig breeds.

MATERIAL AND METHODS
Study animals and sample collection

All the experiments involving the use of pigs were
carried out according to the Chinese guidelines
for animal welfare and experimental protocols, and
all experimental protocols were approved by the
Committee of Animal Care at Hunan Agricultural
University (Changsha, China) (Permit Number:
CACAHU 2021-00116). Eight male LW pigs and
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eight male NX pigs were reared on a local breeding
farm in Ningxiang city, Hunan Province, China, and
they had ad libitum access to feed and clean drink-
ing water. LW and NX pigs were fed the maize-
soybean basal diets. At 140 days, eight LW pigs
and eight NX pigs had an average weight of 99 kg
and 49 kg, respectively, they were fasted for 24 h,
electrically stunned, and slaughtered. The sample
was taken from the longissimus dorsi muscle of six
animals (three animals per breed which were ran-
domly selected) located at the 3'4/4" last rib. And
then, samples were immediately stored at -80 °C
until required for transcriptome sequencing and
RNA extraction. IMF content in the longissimus
dorsi muscle was considered to correspond to pre-
viously estimated values in NX an LW pigs aged
140 days, i.e. 7.11% and 2.81%, respectively (Lei
et al. 2021).

Transcriptome analysis of muscle tissue

Total RNA was extracted from the longissimus
dorsi muscle samples using a mirVana™ miRNA
Isolation Kit (Ambion, Austin, TX, USA), in accord-
ance with the manufacturer’s instructions. The in-
tegrity of the RNA was checked using an Agilent
BioAnalyzer 2100 (Agilent Technologies, Santa
Clara, CA, USA). After the total RNA sample
was purified, a cDNA library was prepared using
TruSeq Stranded Total RNA with Ribo-Zero Gold
Kit (Illumina, San Diego, CA, USA). All of the lon-
gissimus dorsi muscle sample solutions had RNA
quality integrity numbers > 7. RNA libraries were
constructed and Solexa sequencing was performed
by Shanghai OE Biotech Co., Ltd (Shanghai, China)
on an [llumina Genome Analyzer. The libraries were
sequenced using the Illumina sequencing platform
(HiSeq™ 2500). Raw reads were processed using
an NGS QC Toolkit. The reads containing poly-
N and the low-quality reads were removed to ob-
tain clean reads. These clean reads were aligned and
identified based on the reference genome, Ensembl
Sus scrofa 11.1 (http://asia.ensembl.org/Sus_scrofa/
Info/Index). The numbers of reads per kilobase of the
exon region in gene per million mapped reads were
used as the value of the normalized gene expression
levels. DEGs were identified using DEGSeq (http://
bioconductor.org/packages/stats/bioc/DEGSeq/).
P <0.05 and fold change > 2 were set as the thresh-
olds for significantly differential expression.
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Gene ontology and Kyoto Encyclopaedia
of Genes and Genomes annotation

The DAVID online software was used to analyse
the Gene ontology (GO) and Kyoto Encyclopaedia
of Genes and Genomes (KEGG) pathway function
annotation of the DEGs. The differentially ex-
pressed genes were classified by their molecular
function categories, cellular components, and bio-
logical processes using GO annotation. GO and
KEGG pathways with P < 0.05 were considered
to be significantly enriched with DEGs.

Integration of protein-protein interaction
network

Search Tool for the Retrieval of Interacting
Genes (STRING, https://cn.string-db.org/) data-
base is an online tool designed to evaluate protein-
protein interaction (PPI) information. STRING
v11.5 was used to evaluate the interactive rela-
tionships among DEGs, the DEGs were uploaded
into STRING database, and the following active
prediction methods were employed: neighbour-
hood, co-expression, gene fusion, experiments,
co-occurrence, database, and text mining, with
a medium confidence score. Then, PPI networks
were visualized by Cytoscape (https://cytoscape.
org/) software, and the topological property of the
networks was evaluated by it.

Quantitative real-time PCR

Eight genes were chosen to validate the accuracy
of the results of the skeletal muscle transcriptome
sequencing data, and tested using quantitative re-
al-time polymerase chain reaction (qQPCR). qPCR
was performed using Luminaris Color HiGreen
qPCR Master Mix (Thermo Fisher, Waltham, MA,
USA), according to the manufacturer’s instructions.
All of the PCR reactions were performed in tripli-
cate. The samples used for the real-time PCR assay
were the same as those used in the Solexa sequencing
experiment. The relative expression level of mRNA
was calculated using actin beta as an endogenous
reference gene using the 2724 method. The relative
gene expression levels of the two pig breeds were
compared using a ¢-test with the SAS software v9.0
(SAS Institute, Inc., Cary, NC, USA), and P < 0.05
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was considered to indicate a significant difference.
The information on the primers is listed in Table 1.

RESULTS

Transcriptome of the longissimus dorsi
muscle

A total of six samples (three each from NX and LW
pigs) were selected for sequencing. The basic infor-
mation of sequencing data is also listed in Table 2.
116 302 899 average raw reads were identified in the
Large White pigs by transcriptome sequencing (L1,
126098 692;1.2,125 934 870; L.3,117 461 916 raw clean
reads, respectively). 112 549 719 average clean reads
were identified in the Large White pigs by transcrip-
tome sequencing (L1, 122 119 016; L2, 122 426 018;
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L3, 114 087 908 clean reads, respectively). 123 165 159
average raw reads were identified in the Ningxiang
pigs by transcriptome sequencing (NX1, 118 277 570;
NX2, 102 664 072; NX3, 127 967 054 clean reads,
respectively). 119 544 314 average clean reads were
identified in the Ningxiang pigs by transcriptome se-
quencing (NX1, 114 406 306; NX2, 98 919 752; NX3,
124323 100 clean reads, respectively). In conclusion,
the number of clean reads and the comparison results
meet the requirements which lay a foundation for the
reliability of subsequent data analysis.

Identification and analysis of differentially
expressed genes

In order to obtain the putative candidate genes
that differed between the two pig breeds, we

Table 1. Primers of genes selected for quantitative PCR confirmation

Gene ID Gene Sequences of primers (5'-3') Product size (bp)
F: AGAGCAAGAGAGGCATCCTG
ENSMUSG00000029580 ACTB R: CACGCAGCTCGTTGTAGAAG 111
F: CCCAGTATGCCCCACAAACCC
ENSSSCT00000007507 AMY2 R: CCTGTACCCCTCCAAATCCTTT 126
F: GGCCCAGTATGCCCCACAAA
ENSSSCT00000025528 LOC100521789 R: GGGCCCAAATACCGCTCACA 105
F: AGCGACCACGCACTCCAAAG
ENSSSCT00000008668 ABAT R GACAGCGGGCCTCTTCTTGT 134
F: AGGAGGCTGGAGATGTACTGTG
ENSSSCT00000034991 IGF1 R: CGTTTTCTTGTTGGTAGATGGG 126
F: GAGATGGAGGATCACTCTGACTC
ENSSSCT00000003352 LIPE R: CAAGTTGGGTCGGGACTTGT 159
F: TCCCCAAAGCCTGTTCGTCG
ENSSSCT00000011546 SCD R GTGGAAGCCCTCACCCACAG 169
F: TGGGCTGCAATAGAGACTGTGG
ENSSSCT00000032593 CD36 R: TCCGTGCCTGTTTTAACCCAA 178
F: ATCATGGTGGGGAGCACCGA
ENSSSCT00000032787 PRKAB2 R: ACCAGCGGATAACAGTGGGC 148
Table 2. Summary of RNA-seq results
Item L1 L2 L3 Average NX1 NX2 NX3 Average
values (L) values (N)
Raw reads 126098 692 125934870 117461916 116302899 118277570 102664072 127967054 123165159
Cleanreads 122119016 122426018 114087908 112549719 114406306 98919752 124323100 119544 314
Q30 (%) 92.22 92.86 92.72 92.60 92.29 92.80 92.72 92.60
GC (%) 53.00 53.00 53.00 51.83 52.00 51.50 52.00 53

L1, L2, L3 = the longissimus dorsi muscle samples from three Large White pigs; NX1, NX2, NX3 = the longissimus dorsi

muscle samples from three Ningxiang pigs
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used DEGSeq software to normalize the number
of counts of each sample mRNA. Using the screen
criteria of fold change > 2 and P < 0.05, a total
of 885 DEGs were identified, including 469 upregu-
lated and 416 downregulated genes in the NX pigs
compared with the LW pigs. All DEGs are listed
in Tables S1 and S2 in electronic supplementary
material (ESM; for the ESM see the electronic
version). The MA plot and the volcano plot of the
DEGs are shown in Figures 1A and 1B.

GO and KEGG enrichment analysis of DEGs

The functional classification of all DEGs was as-
certained using the GO notation. The GO enrich-
ment analysis in Figure 2 indicated that the DEGs
in both pig breeds were mainly involved in biologi-
cal processes (737 DEGs), the most represented
terms were metabolic process (72 DEGs), response
to bacterium (six DEGs: FCGRIA, SERPINBY,
P2RX7, CASP1, CD14 and DEFBI), circadian
rhythm (seven DEGs: ENSSSCT00000003494,
NFIL3, ID4, ENSSSCT00000014635, TIMELESS,
FAS and PER3), positive regulation of monocyte
chemotaxis (four DEGs: CCRI, CXCL10, CCR2
and CCL2) and negative regulation of viral genome
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replication (five DEGs: OASL, RSAD2, MX1,ISG20
and ENSSSCT00000029764). In the cellular com-
ponent category (72 DEGs), the most represented
terms were plasma membrane (17 DEGs), basement
membrane (eight DEGs), recycling endosome (eight
DEGs) and intracellular membrane-bounded or-
ganelle (22 DEGs). In the molecular function cat-
egory (268 DEGs), the most represented terms
were catalytic activity (37 DEGs), double-stranded
RNA binding (eight DEGs) and pyridoxal phosphate
binding (seven DEGs).

Pathway analysis of the differential mRNAs us-
ing the KEGG database was used to discover which
differential pathways of different samples may be
associated with changes in pathways. The path-
ways were classified by their correlation of en-
richment.

In the top 20 significantly enriched pathways, in-
cluding carbohydrate digestion and absorption
pathway and AMPK signalling pathway and other
pathways were highly enriched in NX and LW pigs
(Figure 3).

To obtain genes associated with differences in li-
pid deposition, further analysis of all upregulated
and downregulated genes associated with lipid
metabolism was performed. The results showed
that these DEGs enriched in the four pathways (in-
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Figure 1. (A) MA plot between Ningxiang and Large White breeds; (B) volcano plot for differentially expressed
genes (DEGs)

(A) The x-axis is the mean of expression levels of all samples used for comparison after standardization, and the y-axis
is the log, fold change. The differential transcripts highlighted in red are significant (by difference screening criteria).
(B) The x-axis represents the log, (fold change) of all the genes. The y-axis represents the —log;o P-value. Red represents
upregulated DEGs. Blue represents downregulated DEGs of Ningxiang and Large white breeds
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Figure 2. Gene ontology (GO) analysis of differentially expressed genes between the Ningxiang and Large White pigs

cluding fatty acid biosynthesis, glycerolipid metabo-
lism, glycerophospholipid metabolism and PPAR
signalling pathway) involved in lipid metabolism
were upregulated (P < 0.05) and two pathways in-
volved in lipid metabolism had an upregulated trend
(adipocytokine signalling pathway, P = 0.092 9; ster-
oid biosynthesis, P = 0.064 0) in NX pigs (Table 3).
The AMPK signalling pathway was downregulated
(P < 0.05) in NX pigs (Table 4), and two pathways
involved in lipid metabolism had a downregulated
trend (steroid biosynthesis, P = 0.059 3; adipo-
cytokine signalling pathway, P = 0.059 3). These
pathways were mainly associated with the regula-
tion of lipid metabolism and biosynthesis, glucose
metabolism and biosynthesis, inflammation or
cancer, adipocytokine signalling pathway (CD36,
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and CAMKK?2), AMPK signalling pathway (LIPE,
SCD, CD36, IGF1, CAMKKI and CAMKK?2), fatty
acid biosynthesis (MCAT), glycerophospholipid me-
tabolism (PCYTI1B, CRLS1, LPIN1I), and peroxisome
proliferator-activated receptor (PPAR) signalling
pathway (ANGPTL4, CD36 and PPARD).

Protein-protein interaction analysis

The screened differentially expressed genes as-
sociated with lipid metabolism were analysed
by the interaction network; a network of physical
and functional protein-protein interactions (PPI)
was built using STRING v11.5 online software.
In the core of the protein-protein interaction net-
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Figure 3. Enriched KEGG pathways of differentially expressed genes
work, genes belonged to more than one module saturase (SCD), lipin 1 (LPINI), pro-opiomelano-
(Figure 4). Dense network associations were also  cortin (POMC), insulin-like growth factor 1 (IGFI)

observed around lipase E (LIPE), stearoyl-CoA de-  and insulin receptor (INSR).

Table 3. List of DEGs involved in pathways related with fat metabolism (upregulation in Ningxiang pigs)

Pathway ID Pathway Up-regulated genes P-value
ENSSSCT00000032593 (CD36)
5504920 adipocytokine signaling pathway ENSSSCT00000010758 (CAMKK?2) 0.0929

ENSSSCT00000032500 (POMC)
ENSSSCT00000003352 (LIPE)
. . ENSSSCT00000032593 (CD36)
ssc04152 AMPK signaling pathway ENSSSCT00000010758 (CAMKK?) 0.064 0

ENSSSCT00000034530 (INSR)

ssc00061 fatty acid biosynthesis ENSSSCT00000000033 (MCAT) 0.017 8
ENSSSCT00000017667 (MOGATI)
s5¢00561 glycerolipid metabolism ENSSSCT00000030171 (LPINI) 0.0172

ENSSSCT00000009435 (LPINI)
ENSSSCT00000035302 (PCYTI1B)
o , ENSSSCT00000007717 (CRLSI)
$sc00564 glycerophospholipid metabolism 0.009 5
ENSSSCT00000030171 (LPINI)
ENSSSCT00000009435 (LPINI)
ENSSSCT00000014853 (ANGPTL4)
$5¢03320 PPAR signaling pathway ENSSSCT00000032593 (CD36) 0.036 3

ENSSSCT00000001714 (PPARD)
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Table 4. List of DEGs involved in pathways related with fat metabolism (downregulation in Ningxiang pigs)

Pathway ID Pathway Down-regulated genes P-value
ENSSSCT00000011546 (SCD)
ENSSSCT00000035532 (IGFI)
ssc04152 AMPK signaling pathway ENSSSCT00000034991 (IGFI) 0.048 3
ENSSSCT00000019449 (CAMKK1)
ENSSSCT00000033477 (AKT2)
ENSSSCT00000034494 (JAK2)
‘ S ENSSSCT00000019449 (CAMKKI)
$5¢04920 adipocytokine signaling pathway 0.059 3
ENSSSCT00000034165 (IKBKG)
ENSSSCT00000033477 (AKT2)
$sc00100 steroid biosynthesis ENSSSCT00000027336 (DHCR24) 0.063 3
‘ o ENSSSCT00000031113 (TSHR)
$sc04923 regulation of lipolysis in adipocyte 0.2290
ENSSSCT00000033477 (AKT2)
ssc01212 fatty acid metabolism ENSSSCT00000011546 (SCD) 0.265 6
$s¢c00561 glycerolipid metabolism ENSSSCT00000014305 (TKFC) 0.3457
. . ENSSSCT00000025742 (WNT11)
ssc04310 Wnt signaling pathway 0.395 4
ENSSSCT00000001551 (CSNK2B)
$5¢03320 PPAR signaling pathway ENSSSCT00000011546 (SCD) 0.456 5

Validation of differentially expressed genes

Eight differentially expressed genes were chosen
at random to validate the accuracy of the RNA-seq
using qPCR. The results showed that the fold changes
of the eight genes in the qPCR and in the RNA-seq
showed the same trends (Figure 5). Thus, the qPCR
results showed that the RNA-seq results were reliable.

DISCUSSION

The objective of this study was to evaluate and
compare the inherited elements of meat quality dif-
ferences and transcriptome characteristics of the
longissimus dorsi muscle between two pig pheno-
types. A total of 885 DEGs were discovered in the
two pig breeds, including 469 upregulated and

Figure 4. Protein-protein interaction network of differentially expressed genes analysed by STRING

Each coloured line represents different evidence for each interaction: red, fusion; green, neighbourhood; blue, co-occur-

rence; purple, experimental; yellow, text mining; light blue, database; black, co-expression
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Figure 5. Eight DEGs were validated by qPCR (black) and
RNA-seq (green) in the longissimus dorsi muscle tissue

416 downregulated genes, revealing the different
biological processes and differentially expressed
genes regulating the lipid metabolism. A previous
study identified numerous DEGs in the longissimus
dorsi muscle of lean-type and fatty-type breeds us-
ing transcriptome sequencing, and some of these
DEGs (such as SCD and ANGPTL4) overlap with
the results of this study and the differences we
found between the NX and LW pig breeds (Chen
etal. 2017). Furthermore, several DEGs concerned
lipid metabolic processes, which may account
for the completely different ones in weights and
body composition (especially higher IMF content)
in NX pigs compared with LW pigs.

One previous study showed that the calcium/
calmodulin-dependent protein kinase 2 gene
(CAMKK?2) can be considered a key gene for the
regulation of critical metabolic processes in adipos-
ity and glucose homeostasis (Musi and Goodyear
2002). Obesity and glucose intolerance in mice
fed a high-fat diet were modulated by the low
expression or loss of the Camkk2 gene, suggest-
ing that Camkk2 regulates the lipid metabolism
(Ramos-Lopez et al. 2018). In pigs, the CAMKK?2
gene has been reported to affect pathways related
to the AMP-activated protein kinase (AMPK) sig-
nalling pathway in meat quality traits, and that the
CAMKK?2 gene was downregulated in Min pigs

450

https://doi.org/10.17221/103/2022-CJAS

whose IMF content is higher than in LW pigs
(Foll et al. 2015). In this study, the expression lev-
el of CAMKK?2 had an upregulated trend in NX
pigs, indicating that the CAMKK2 gene may not be
a candidate gene for the mediation of lipid regula-
tion in NX pigs. Therefore, the differences in the
underlying molecular mechanisms need further
exploration in the NX and LW breeds.

The cluster of differentiation 36 (CD36), also
called fatty acid translocase, functions as a class B
scavenger receptor that, when specifically com-
bined with oxidized low-density lipoprotein, regu-
lates the levels of free fatty acids and triglycerides
in plasma (Thorne et al. 2006). According to Sfeir
et al. (1997), the level of CD36 affects the trans-
port of membrane long-chain fatty acids and sub-
sequently their binding and transport. Foll et al.
(2015) discovered that the CD36 gene regulates
energy and glucose homeostasis and fat deposition
in the adipose tissue of rats, and that its overex-
pression leads to higher levels of subcutaneous fat.
INSR transduces the cell surface signal via phosph-
oinositide-3-kinase-AKT pathways, or translocates
to the nucleus and binds to the promoters to regu-
late genes associated with insulin actions includ-
ing de novo lipogenesis (Saltiel and Kahn 2001).
Monoacylglycerol O-acyltransferase (MOGAT)
expressed extensively in various tissues, and had
relatively higher expression levels in the lipid me-
tabolism organs (Foll et al. 2015). In this study, we
found that the CD36, INSR, and MOGAT genes
were highly expressed in the longissimus dorsi mus-
cle of NX pigs and this suggests that CD36, INSR,
and MOGAT genes are the candidate genes for the
regulation of fat deposition.

This report showed that the expression of the LIPE
gene was positively correlated with the intramuscu-
lar fat content of pigs (Zappaterra et al. 2016). LIPE
is expressed in adipose tissue, and catalyzes the in-
tracellular triacylglycerol stored there to free fatty
acids (Xue et al. 2015). The LIPE gene is involved
in antilipolysis and participates in lipid homeostasis.
It has been reported that the expression of the LIPE
gene and protein differs between Chinese Wujin pigs
(with a higher IMF content) and Western Landrace
pigs (with a lower IMF content), indicating that it
may be a candidate gene affecting intramuscular li-
pid deposition (Zhao et al. 2009). The LIPE gene is
expressed in adipose tissue, and cleaves free fatty
acids from the intracellular triacylglycerol stored
there (Shu et al. 2012). Because the CD36 and LIPE
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genes participate in the AMPK signalling pathway,
their differential expression may correspond to the
differences in meat quality traits between NX and
LW pigs. Therefore, the upregulated trend and their
levels may promote lipid deposition in the longis-
simus dorsi muscle of NX pigs.

LPIN1I gene plays a critical role in adipocyte differ-
entiation and lipid metabolism (Assaily et al. 2011).
LPINI gene expression in adipose tissue has been as-
sociated with the regulation of adiposity and metabol-
ic profiles in the Chinese human population (Chang
etal. 2010). Additionally, LPINT affects phospholipid
phosphorylase activity, which is the rate-limiting
step in animal fat formation. It catalyzes phospho-
lipid acid to form diglycerol, which plays a key role
in the formation of triglyceride, and is closely related
to the formation of animal fat (Miranda et al. 2010). It
is also required for normal adipocyte differentiation
and induction of adipogenic gene transcription, so it
is a candidate gene for the deposition of intramuscu-
lar fat in pigs (He et al. 2009). In mice, overexpression
of Lpinl induced higher levels of adiposity (Phan and
Reue 2005). In this study, LPIN1 gene expression
levels were upregulated, indicating that high expres-
sion levels of the LPIN1 gene probably have positive
effects on lipid deposition in the longissimus dorsi
muscle of pigs.

Angiopoietin-like protein 4 (ANGPTL4) is a target
gene for the peroxisome proliferator activated re-
ceptor gamma (PPARG), which is involved in adipo-
genesis and promotes adipocyte differentiation and
regulates the expression of specific adipocyte genes
(Phan and Reue 2005). ANGPTL4 is an important
regulator of triacylglycerol metabolism and an in-
hibitor of lipoprotein lipase, and higher expression
of Angptl4 can regulate the fat metabolism in high-
fat induced mice by inhibiting lipoprotein lipase
activity (Gao et al. 2019). Ren et al. (2014) revealed
that the expression of ANGPTL4 genotypes showed
a difference in IMF content between Meishan and
Large White pigs, suggesting that the ANGPTL4
genotypes affected the moisture content of the lon-
gissimus dorsi, meat marbling of the longissimus
dorsi, IMF of the longissimus dorsi, and pH of the
longissimus dorsi. A higher expression of ANGPTL4
in fatty pigs increases effect on fat deposition, com-
pared with lean pigs (Feng et al. 2006). These results
suggest that the ANGPTL4 gene might play a vital
role during lipid deposition in pigs.

Nuclear receptor PPAR is a key regulator of
CD36, and plays an important role in scavenging
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cell lipids by regulating the expression of genes
related to lipid oxidation and cell proliferation
(Barish et al. 2006). The peroxisome proliferator-
activated receptor delta (PPARD) is distributed
in fatty acid metabolism-related tissues including
the liver, adrenal glands and adipose, and can affect
fat deposition energy uncoupling, mitochondrial
activity, and respiration (Mehla et al. 2014). PPARD
is a promising candidate protein for pig carcass
traits (Xu et al. 2018). Shu et al. (2012) also reported
that the PPARD was upregulated in pigs with high-
er fat deposition traits. Malonyl-CoA-acyl carrier
protein transacylase (MCAT) is the rate-limiting
enzyme required for long-chain fatty acid biosyn-
thesis and it has been shown to be positively cor-
related with fatty acid synthesis (Arthur et al. 2009).
Thus, CD36 and MCAT genes display an increased
expression in NX pigs compared with LW pigs, sug-
gesting that the ability to respond to fat deposition
increases in NX pigs.

In the lipid metabolism pathway, we saw lower
expression of SCD and higher expression of MCAT
in NX pigs. The SCD gene is an important com-
ponent of the leptin metabolic pathway, and leptin
inhibits the obese phenotype by downregulating
SCD expression (Miyazaki et al. 2003). Similarly,
the expression level of the SCD gene in Northeast
pigs was significantly lower than in LW pigs, indi-
cating that the absolute content of SCD in LW pigs
is still very high (Gao et al. 2011). IGF1 was re-
ported that it could decrease the lipid metabolism
level in recreational athletes, suggesting that IGF1
is involved in adipocyte regulation, supporting our
finding (Guha et al. 2011). Furthermore, threonine
kinase 2 (Akt2) is required for hepatic lipid accu-
mulation in obese, insulin-resistant states induced
by either leptin-deficiency or high-fat diet feeding
(Leavens et al. 2009). Chang et al. (2010) indicated
that Janus kinase 2 (JAK2) exerted main regulating
actions of leptin on the lipid metabolism. In the
present study, the expression levels of the SCD,
IGF1, AKT2 and JAK?2 genes show differences be-
tween NX and LW pigs, suggesting that those genes
may be involved in the fat metabolism in pigs.

CONCLUSION

In this study, transcriptome sequencing was per-
formed to identify the biological processes underly-
ing the differences in the longissimus dorsi muscle
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between NX and LW pigs. Using KEGG pathway
analysis, we found that the enriched DEGs were
mainly those regulating metabolism-related path-
ways, such as lipid metabolism and biosynthesis,
glucose metabolism, or biosynthesis. These results
provide a comprehensive overview for the inves-
tigation of the differences in transcriptional regu-
lation in muscles between divergent phenotypes,
and several DEGs can be considered as functional
candidate genes related to the lipid metabolism,
including CD36, LIPE, MCAT, LPIN1, ANGPTL4,
PPARD, SCD, INSR, MOGAT, IGF1, AKT2 and
JAK2. However, the function of these genes remains
unclear. Further studies are required to investigate
the roles of these candidate genes in order to devel-
op genetic breeding programs and improve the pro-
duction performance of pigs and other livestock.
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