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Abstract
Background The difference between the skeletal muscle growth rates of Western and domestic breeds is
remarkable, but the potential regulatory mechanism involved is still unclear. Numerous studies have
pointed out that long intergenic noncoding RNA (lincRNA) plays a key role in skeletal muscle
development. This study used published Yorkshire (LW) and Tibetan pig (TP) transcriptome data to
explore the possible role of lincRNA in the difference in skeletal muscle development between the two
breeds.

Results Through differential expression analysis, 138 differentially expressed lincRNAs (DELs) were
obtained between the two breeds, and their potential target genes (PTGs) were predicted. The results of
Gene Ontology and pathway analysis revealed that PTGs are involved in multiple biological processes
and pathways related to muscle development. The quantitative trait loci (QTLs) of DELs were predicted,
and the results showed that most QTLs are related to muscle development. Finally, we constructed a co-
expression network between muscle development related PTGs (MDRPTGs) and their corresponding
DELs on the basis of their expression levels. The expression of DELs was signi�cantly correlated with the
corresponding MDRPTGs. Also, multiple MDRPTGs are involved in the key regulatory pathway of muscle
�ber hypertrophy, which is the IGF-1-AKT-mTOR pathway.

Conclusions In summary, multiple lincRNAs that may cause differences in skeletal muscle development
between the two breeds were identi�ed, and their possible regulatory roles were explored. The �ndings of
this study may provide a valuable reference for further research on the role of lincRNA in skeletal muscle
development.

Background
In the past few decades, pig breeding has been focused on increasing lean meat ratio and growth rate,
resulting in a decline in the quality and �avor of pork. However, the current increase in pork quality
requirements has prompted breeders to increase the growth rates of pigs while ensuring the quality and
�avor of pork.

Tibetan pigs, also known as ginseng pigs, have less subcutaneous fat, more lean meat, higher amounts
of protein and amino acids, and better taste than Yorkshire pigs[1]. Tibetan pigs are particularly popular
in the high-end market. The price of Tibetan pigs is at least �ve times the prices of other commercial pork
varieties in the Chinese market. However, compared with traditional commercial pig breeds, such as
Yorkshire, Tibetan pigs have slower growth rates and lower reproductive rates. At 12 months old, Tibetan
pigs usually weigh approximately 25 kg[2]. As a typical Western breed, Yorkshire pigs have a high lean
rate, rapid muscle growth, and heavy body weight[3]. Therefore, understanding the difference in skeletal
muscle growth and development between the two breeds is bene�cial to the genetic improvement of pigs
in the future.
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In pig breeding, the growth and development of skeletal muscles directly affect the quantity and quality
of animal meat. Related studies have shown that skeletal muscle growth is affected by the number, size,
and type of muscle �bers[4]. and the number and size of muscle �bers are closely related to the
tenderness of pork[5, 6].

Long noncoding RNA (lncRNA) was once widely regarded as a transcriptional “noise.” However, its
potential function has attracted attention in recent years. Numerous studies have shown that lncRNA
plays an important regulatory role in many key biological processes, such as metabolism[7], immune
response[8] and apparent modi�cation[9]. Moreover, lncRNA plays a key role in muscle development; for
instance, the mouse lncRNA H19[10], promotes muscle differentiation by participating in miRNA coding.
Tens of thousands of lncRNAs have been identi�ed in the pig genome by high-throughput sequencing
technology, but little is known about their functions. lncRNA can affect the expression of nearby genes
through cis-acting mechanisms and performs a series of functions in the whole cell through trans-acting
mechanisms[11].

Here, DELs were obtained through pipeline analysis and differential expression analysis, and potential
target genes in cis were predicted. The role of DELs in the regulation potential target genes (PTGs) was
explored by performing Gene Ontology and pathway analysis on the PTGs. Meanwhile, the quantitative
trait loci (QTL) of DELs were analyzed for the prediction of the potential function of DELs from other
perspectives. The co-expression network of MDRPTGs and their corresponding long intergenic noncoding
RNAs (lincRNAs) was constructed and used in exploring the potential role of DELs in skeletal muscle
development. Finally, a comprehensive analysis was performed, and the possible role of DELs in the
difference in skeletal muscle development between the two breeds was discussed. The aim of this work
is to provide a valuable reference for the study of lncRNA related to porcine skeletal muscle development.

Result

Identi�cation of 361 lincRNAs based on RNA-seq data in
two breeds of pig
Six published RNA-seq data (Figure.S1,Table 1) sets of two pig breeds (Tibetan and Yorkshire)[12] were
used in identifying lincRNAs that may cause phenotypic differences between the breeds. As shown in
Fig. 1A, potential lincRNAs were obtained on the basis of this pipeline. Approximately 245.05 of
258.43 million reads were mapped to the pig reference genome (Sus scrofa 11.1) by HISAT2. The
mapped reads of each data were assembled into one set of transcripts with StringTie, and all of the
transcripts from six data were merged into a nonredundant transcript set. A total of 828 transcripts, which
were > 200 bp intergenic transcripts with more than two exons, were obtained from this pipeline. Finally,
three different methods namely, CPC, HMMER, and BLAST were used for the assessment of the coding
potential of the transcripts. A total of 361 potential lincRNAs were obtained. In addition, 53 of the
potential lincRNAs had no overlaps with currently annotated coding or noncoding transcripts (Figure.1B).
These lincRNAs are distributed in all chromosomes except the Y chromosome (Figure.1C).
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Characterization of pig lincRNAs
Previous studies have shown by comparing structural features that pig lincRNA is identical to the
lincRNAs of other mammals (human and mouse). The pig lincRNA has fewer and longer exons than the
coding gene; the lincRNA transcript, owing to their small number of exons, is shorter than the coding
gene[13]. Thus, the present study compared the difference in exon number (Figure.2A), length (Figure.2B),
and length of transcription (Figure.2C) between lincRNA (known lincRNAs and novel lincRNAs) and
protein coding genes in this data, consistent with previous reports. The accuracy of lincRNAs obtained
from the pipeline of this study was con�rmed.

Expression Analysis of lincRNAs
The mammalian genome is universally transcribed and encodes thousands of lincRNAs distributed
throughout the genome, which are less conserved and have low expression levels[14, 15]. The present
study compared the average expression levels of 361 lincRNAs (known lincRNAs and novel lincRNAs)
and protein coding genes from six samples to investigate whether this expression pattern is also present
in pigs. The results showed that the average expression level of lincRNAs (known lincRNAs and novel
lincRNAs) in pigs is generally lower than that of genes encoding proteins (Figure.3A). In order to study the
lincRNA that may cause phenotypic differences between the two breeds of pigs (Yorkshire pigs and
Tibetan pigs). DeSeq2 in the R package was used to perform differential expression analysis on the two
breeds of pig samples on the basis of expression levels. Between the two breeds, 66 of the 138 DELs of
Yorkshire pigs were upregulated and 72 were downregulated (Figure.3B). Between the two pig breeds, 326
of the 682 differentially expressed coding genes identi�ed were downregulated and 356 were upregulated
(Figure.S2).

DELs Target Genes Prediction and Gene ontology and
pathway analysis
Given that lncRNA can silence or activate cis-gene expression, it can act on neighboring genes at lncRNA
sites[16].Target genes (Table.S1, the methods of target genes prediction refer to methods) in the range of
100 kb upstream and downstream of the DELs position were searched. Conducting the online GO and
pathway analysis (Table.S2) through Metascape to explore the functions of target genes that may be
regulated by DELs[17]. The results showed that 409 PTGs were signi�cantly (P < 0.05) involved in 155
biological processes and 21 pathways. Many biological processes and pathways involved in muscle
development (Figure.4A). In addition, we found that the genes in the pathways related to muscle
development differently expressed between the two species (Figure.4B). It is speculated that the
differential expression of target genes may be related to the differential expression of linRNA between the
two species.

QTLs Analysis of DELs and Functional Prediction
The functions of DELs were further explored by performing QTL mapping analysis (Table.S3) after the
prediction of the target genes of DELs. The results indicated that approximately 37% of QTLs are
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associated with muscle growth and development (Figure.5A). At the same time, we calculated the
chromosome distribution of QTLs associated with muscle development were mainly distributed on
chromosomes 4 and 6 (Figure.5B). Interestingly, the top 10 QTLs were associated with muscle
development, and were mainly concentrated on the average back fat thickness QTL, waist muscle area
QTL and body weight QTL (Figure.5C). This result con�rms the potential mechanism of DELs associated
with muscle growth and development.

Construction of co-expression networks
To further explore the potential role of DELs in muscle development. We collected PTGs from biological
processes and pathways involved in muscle development (Table.S4). Based on the expression levels of
these PTGs and the corresponding lincRNA, we construction the DELs- MDRPTGs co-expression network
by using Cytoscape_3.6.1 [18] (Fig. 6). It was found that 34 of the 138 DELs may regulate PTGs which
associated with muscle development, and we found that 25 of 34 DELs upregulate their target genes. In
addition, there are eight DELs corresponding to more than two MDRPTGs, two MDRPTGs correspond to
multiple DELs. Therefore, we speculate that there are some regulatory mechanisms related to muscle
development between MDRPTG and DEL.

Correlation veri�cation between DEL genes and their PTGs
In the PTG prediction section, we predicted 409 PTGs corresponding to 138 DELs. To con�rm this result,
we randomly selected 5 lincRNA genes with signi�cant positive correlation based on their expression
levels. The correlation coe�cients were all greater than 0.80, and the p values   were less than 0.05. We
performed RT-qPCR experiments on nine samples, and the results were analyzed using linear regression.
The expression levels suggested that the �ve pairs of lincRNA genes and their PTGs are signi�cantly
positively correlated, with a correlation coe�cient greater than 0.80 and p value of less than 0.05. The
experimental results of RT-qPCR showed that the results of the two datasets are in good agreement,
further improving the reliability of the present study (Fig. 7).

Discussion
The skeletal muscle is the largest organ in animals. In pigs, skeletal muscles have important economic
signi�cance for production, and understanding the development of skeletal muscles is important for
improving productivity and meat quality. Previous studies have detected thousands of lincRNAs in
skeletal muscle, but only a few number of lincRNAs have been characterized. In this study, 361 potential
lincRNAs were identi�ed on the basis of the designed pipeline, of which 53 lincRNAs were novel lincRNAs.
Thereafter, 138 DELs were statistically obtained using the DeSeq2 software, of which 66 DELs were
upregulated in the LW group and 72 were downregulated. The transcription length, exon length, number
and expression characteristics of potential lincRNA and coding genes were compared and found to be
consistent with the characteristics of other mammalian lincRNAs. The accuracy of our pipeline
identi�cation lincRNA was veri�ed from the other hand.
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The PTGs of DELs were predicted, and gene ontology analysis was used to understand the biological
processes that PTGs may participate in to predict the possible role of corresponding DELs. Multiple
biological processes are associated with skeletal muscle development. Such processes include muscle
structure development, muscle organ development, muscle cell differentiation, and skeletal muscle tissue
development. DELs may indirectly affect the development of skeletal muscle by regulating its target
genes. In general, multiple genes need to cooperate with one another to play the ultimate biological
function; thus, Kyoto Encyclopedia of Genes and Genomes pathway analysis was performed on PTGs.
Path-based analysis is used to understand the possible role of DELs. Multiple genes were speculated to
participate in the cAMP signaling pathway, the mTOR signaling pathway, and the Rap1 signaling
pathway. QTL mapping analysis was performed to improve the credibility of DEL potential functional
prediction. The results show that 1137 of the predicted 3018 QTLs are associated with skeletal muscle
development. The proportion of loin muscle area QTL and body weight QTL is the highest. The muscle
development-related PTGs were studied by generating the MDRPTG–DEL co-expression network. We then
focused on muscle development related PTGs. Generating the MDRPTG–DEL co-expression network.

Based on the above analysis results, we comprehensive analysis found that multiple DELs may
participate in the IGF-1-Akt-mTOR signaling pathway by regulating their PTGs. The growth of skeletal
muscle depends on muscle �ber hypertrophy, and the size of muscle �bers is increased when the rate of
protein synthesis is higher than the rate of degradation. Under normal physiological conditions, the IGF-1-
Akt-mTOR pathway plays a key regulatory role in skeletal muscle protein synthesis[19, 20]. Interestingly,
multiple PTGs are related to this pathway.

Mitochondrial calcium unidirectional transporter (MCU) is a highly selective channel for Ca2+ transport
into the mitochondria. Mammucari et al[21]. reported that MCU participates in IGF-1-Akt-mTOR signaling
by increasing Ca2+ level in the mitochondria, activating the PGC-1α4, which is a transcriptional
coactivator; the IGF-1 gene is activated through the PGC-1α4, leading to muscle hypertrophy[21, 22]. In the
present study, our analysis showed that compared with the TP group, the LW group had higher MCU
expression level (Figure.S3), which may be associated with the growth characteristics of Yorkshire pig
breeds. More importantly, we found that DEL-MSTRG.8035 is positively related to the expression of MCU
and highly expressed in the LW group. Insulin-like growth factor 2 (IGF-2) is a maternal blotting growth
factor that regulates prenatal skeletal muscle development[23]. It can be involved in the IGF1-Akt-mTOR
signaling pathway by activating the IGF1 receptor[24]. A signi�cant positive correlation exists between
the DEL-MSTRG.12010 and IGF-2, which were upregulated in the LW group. Interestingly, MSTRG.12010
was signi�cantly negatively correlated with the troponin T-3 (TNNT3) gene. Wang et al. It is predicted that
TNNT3 can regulate muscle growth and muscle �bers[25]. TNNT3 is an important part of pig skeletal
muscle �laments, that can affect the taste and tenderness of pork[26, 27]. Its expression level was low in
the LW group. This may, on the other hand, �nd the reason for the decrease in meat quality as the growth
rate increases. In addition, a potential target gene, serum response factor (SRF), plays an important role in
controlling muscle �ber hypertrophy[28, 29]. SRF can control the transcription of miR-486, which as a
potential regulator of PI3K/Akt signal transduction in muscle cells, can phosphorylate Akt and activate
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the IGF-1-Akt-mTOR signaling pathway, leading to muscle �ber hypertrophy[30]. The co-expression
network, suggests that DEL-MSTRG.21771 is signi�cantly positively correlated with SRF expression and
highly expressed in the LW group. It is speculated that MSTRG.21771 regulates the high expression of its
potential target gene SRF, in the LW group, which possibly useful in maintaining the fast skeletal muscle
rate in Yorkshire pig. PLD1 is an isoform of phospholipase D (PLD)[31], which can stimulate
phosphatidylcholine (PC) to produce phosphatidic acid (PA), which can bind to mTOR and participate in
the IGF-1-Akt-mTOR signaling pathway[32]. The substrate S6K1 of mTORC1 is phosphorylated to
enhance protein translation, resulting in muscle �ber hypertrophy[33]. Furthermore, DEL-MSTRG.6293
was positively correlated with its expression, and highly expressed in the LW group. QTL results indicated
that MSTRG.8035, MSTRG12010, MSTRG21771, and MSTRG.6293 were all mapped to the QTL loci, such
as Loin weight QTL, Loin muscle area QTL, and backfat above muscle dorsi QTL, which are related to
muscle development. It is speculated that these DELs may be related to skeletal muscle development,
and participate in the IGF-1-Akt-mTOR signaling pathway by regulating the expression of its potential
target genes, thereby affecting the muscle �brous hypertrophy process. However, the speci�c molecular
regulation of this phenomenon remains unclear,and further studies are needed. Figure 8 shows that DELs
may affect muscle protein synthesis by regulating their PTGs to participate in the IGF-1-Akt-mTOR
pathway.

Conclusions
In conclusion, Given that native livestock breeds are adapted to local conditions and are not as strongly
selected as commercial livestock breeds, they are important reservoirs of genetic variation. Studying
lincRNAs that cause phenotypic differences between local and Western pig breeds is important to breed
improvement. In this study, linRNAs that may cause skeletal muscle growth differences between Tibetan
and Yorkshire pigs were identi�ed, and a batch of novel linRNAs were discovered. Furthermore, we
speculate that multiple DELs may participate in the IGF-1-Akt-mTOR pathway that affects muscle protein
synthesis by regulating their target genes, and affect the size of muscle �bers. Our �nding serve as
valuable reference and new ideas for lincRNA research.

Methods

Datasets Used in This Study
In this study, the sows used for RNA-seq were reared under similar environmental and feeding
conditions(12). Tibet Agricultural University, under the same dietary and drinking water standards, raises
Tibetan pigs (TP) and imported pig breeds, Yorkshire pigs (LW). After 60 days of fertilization, 9 embryos
were taken from each group, and the longissimus dorsi muscle (LD) muscle tissue of the 12th rib was
taken and frozen in liquid nitrogen to extract total RNA. We obtained six published RNA-seq data for two
pig breeds (TP&LW) from the GEO database. All RNA-seq datasets were divided into two groups with 3
replicates in each group(12). The pig gene annotations were downloaded from
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ftp://ftp.ensembl.org/pub/release-91/gtf/sus_scrofa, and the non-redundant reference sequence
database was downloaded from https://ftp.ncbi.nih. gov/blast/db/.

Animals and sample collection
The experimental Yorkshire pigs were provided by the National Livestock Engineering Research Center of
Huazhong Agricultural University. All Yorkshire pigs were raised under the same temperature, humidity,
ventilation conditions and feeding standards. After fasting for 12 hours, nine sows with 55 days of
pregnancy were randomly selected and euthanized by electric shock and rapid bleeding. Then take the
longissimus dorsi muscle of embryo and save it in liquid nitrogen for later use.

RNA-Seq Reads Mapping and Initial assembly
We use FastQc to evaluate the quality of sequencing reads in the data. Low quality reads were removed
using Trimmomatic (version 0.3.2)[34] with the default parameters. The clean data obtained were aligned
to the Sus scrofa genome (SusScrofa11.1) from University of California Santa Cruz (UCSC) using the
HISAT2 (version 2.0.1) default parameters. Sorting mapped reads and remove duplicates via
SAMtools(version 0.1.19)[35]. In addition, we assembled the read map using the default parameters of
StringTie (version 1.2.2)[36]. At the same time, we set the StringTie's "-G" option for the novel transcript
assembly. Finally, we used the merge function of StringTie software to combine the transcription �les
from six samples (GTF format) into a non-redundant transcriptome �le.

Pipeline for lincRNA Identi�cation
361 lincRNAs were screened based on established pipelines in our laboratory [37]. The complete pipeline
follows the one shown in Fig. 1A. Step 1, Transcripts representing intergenic transcripts classi�ed as "U"
were screened using the gffcompare program StringTie (version1.2.2). Step 2, based on the transcript
characteristics of lincRNA, transcripts with transcript lengths greater than 200 bp and exon numbers
greater than 2 were screened. Step 3, the coding potential of lincRNAs were veri�ed using a coding
potential calculator (CPC) tool[38], and the lincRNAs with CPC value < 0 was entered into the downstream
screening program. Step 4, to improve the accuracy of lincRNA screening, we predicted the coding
potential of transcripts from multiple perspectives. We translated the transcript into six possible protein
sequences, which were then transcribed and compared to the Pfam database. Finally, no Pfam hit (E
value < 1e-5) transcripts are retained. Step 5, Transcripts were aligned with NCBI NR and UniRef90
databases using the BLASTX program, and transcripts of similar proteins in known proteins were �ltered
(E value < 1e-5). Step 6, to minimize the chance of false positives, transcripts that were not expressed
(FPKM values) in all samples were removed.

Comparison of characteristics between protein coding gene
and lincRNA
We selected 45788 "gene_biotype = protein_coding" transcripts from the pig's genome annotation �le
(SusScrofa 11.1) to de�ne them as transcripts of protein coding genes. In addition, we use the "blastn"
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instruction to divide lincRNA into known lincRNA and novel lincRNA. We then identi�ed and compared the
transcript lengths, exon lengths, exon numbers, and FPKM averages for these three categories.

Differential expression analysis of lincRNA
We used the counting software HTSeq[39] to count the number of reads in the six samples, and then
divided the six samples into two groups according to the variety, namely TP and LW, and compared them
in R using the "Deseq2" package[40]. The gene of |log2FoldChange|>1, padj < 0.05 is a differentially
expressed gene. Then, it is calculated by taking the intersection of the potential lincRNA obtained from
the pipeline to obtain the differentially expressed lincRNA(DELincRNA), at the same time, it is intersected
with the protein coding gene expressed in the sample to obtain a differentially expressed protein
encoding gene.

DELs target prediction
In accordance with previous studies[41]. Using bedtools (version 2.17.0) to search for mRNAs in the
100 kb upstream and downstream of the lincRNA locus, and the Pearson correlation coe�cient of DELs
and mRNAs was calculated in R. Finally, mRNA with a correlation coe�cient greater than 0.9 was
identi�ed as a cis potential target of DELs.

Function enrichment analysis
Due to the limitations of pig genome annotation, this study included background human orthologous
genes[42]. After transforming the pig gene into a human gene in the Ensembl website, gene ontology (GO)
and the Kyoto Gene and Genomic Encyclopedia (KEGG) pathway enrichment analysis were performed in
Metascape. Subsequent selection of p value less than 0.05 is a valid result.

Prediction of DELs function by QTL
In this study, the pig QTL annotation �le was downloaded from the animal QTL database, and the
location information of DEL was proposed in the non-redundant transcription �le according to the ID of
DEL. After that, we performed QTL mapping on DEL using the BEDTools (version 2.17.0).

Correlation veri�cation between DEL and its PTG
We used the longissimus dorsi muscle from nine 55-day-old embryos of Yorkshire pigs and performed RT-
qPCR to verify the expression correlation between DELs and PTGs. For quantitative veri�cation, in the �rst
step, total RNA was extracted using Trizol reagent (Invitrogen, Life Technologies, CA, USA) and performed
according to the manufacturer's instructions. The purity and concentration of total RNA were measured
by a micro-spectrophotometer (Thermo, NanoDrop 2000, United States) at 260 and 280 nm. Next, cDNA
synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo, Wuhan,
Cat#k1622).According to the manufacturer's instructions, qPCR for DELs and PTGs detection in Roche
LightCyler 480 system (Roche, Mannheinm, Germany) was performed using SYBR Green (CWBIO, Beijing,
China, CW0957). Ten pairs of RT-qPCR primers were designed using the Primer 5 program (Table.S5,
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Table.S6). 18S rRNA is used as an endogenous control gene. The RT-qPCR data were analyzed using the
2-△△CT method and R scripts were used to perform related linear regression analysis.
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lincRNA
long intergenic noncoding RNA
LW
Yorkshire
TP
Tibetan pig
DELs
differentially expressed lincRNAs
PTGs
potential target genes
QTLs
quantitative trait loci
MDRPTGs
development related PTGs
PA
phosphatidic acid
PC
phosphatidylcholine
IGF-1
insulin-like growth factor-1
IRS
insulin receptor substrate
PI3K
phosphatidylinositol 3 kinase
mTORC1
mechanistic target of rapamycin in complex 1
IGF-2
Insulin-like growth factor 2
TNNT3
troponin T-3
SRF
Serum response factor
PLD
phospholipase D
MCU
Mitochondrial calcium unidirectional transporter

References



Page 12/24

1. Li M, Wu H, Luo Z, Xia Y, Guan J, Wang T, Gu Y, Chen L, Zhang K, Ma J et al: An atlas of DNA
methylomes in porcine adipose and muscle tissues. Nature communications 2012, 3:850.

2. Mi S, Li X, Zhang CH, Liu JQ, Huang DQ: Characterization and discrimination of Tibetan and Duroc x
(Landrace x Yorkshire) pork using label-free quantitative proteomics analysis. Food research
international (Ottawa, Ont) 2019, 119:426-435.

3. Liu H, Xi Y, Liu G, Zhao Y, Li J, Lei M: Comparative transcriptomic analysis of skeletal muscle tissue
during prenatal stages in Tongcheng and Yorkshire pig using RNA-seq. Funct Integr Genomics 2018,
18(2):195-209.

4. Xu X, Mishra B, Qin N, Sun X, Zhang S, Yang J, Xu R: Differential Transcriptome Analysis of Early
Postnatal Developing Longissimus Dorsi Muscle from Two Pig Breeds Characterized in Divergent
Myo�ber Traits and Fatness. Animal biotechnology 2019, 30(1):63-74.

5. Ryu YC, Kim BC: The relationship between muscle �ber characteristics, postmortem metabolic rate,
and meat quality of pig longissimus dorsi muscle. Meat Sci 2005, 71(2):351-357.

�. Elminowska-Wenda G: Structure traits of Longissimus lumborum muscle in wild boar/domestic pig
hybrids. Folia biologica 2006, 54(3-4):133-137.

7. Kornfeld JW, Bruning JC: Regulation of metabolism by long, non-coding RNAs. Frontiers in genetics
2014, 5:57.

�. Yu AD, Wang Z, Morris KV: Long noncoding RNAs: a potent source of regulation in immunity and
disease. Immunology and cell biology 2015, 93(3):277-283.

9. Zhang H, Zeitz MJ, Wang H, Niu B, Ge S, Li W, Cui J, Wang G, Qian G, Higgins MJ et al: Long
noncoding RNA-mediated intrachromosomal interactions promote imprinting at the Kcnq1 locus. The
Journal of cell biology 2014, 204(1):61-75.

10. Geng T, Liu Y, Xu Y, Jiang Y, Zhang N, Wang Z, Carmichael GG, Taylor HS, Li D, Huang Y: H19 lncRNA
Promotes Skeletal Muscle Insulin Sensitivity in Part by Targeting AMPK. Diabetes 2018, 67(11):2183-
2198.

11. Kopp F, Mendell JT: Functional Classi�cation and Experimental Dissection of Long Noncoding RNAs.
Cell 2018, 172(3):393-407.

12. Shang P, Wang Z, Chamba Y, Zhang B, Zhang H, Wu C: A comparison of prenatal muscle
transcriptome and proteome pro�les between pigs with divergent growth phenotypes. Journal of
cellular biochemistry 2019, 120(4):5277-5286.

13. Li J, Gao Z, Wang X, Liu H, Zhang Y, Liu Z: Identi�cation and functional analysis of long intergenic
noncoding RNA genes in porcine pre-implantation embryonic development. Sci Rep 2016, 6:38333.

14. Hezroni H, Koppstein D, Schwartz MG, Avrutin A, Bartel DP, Ulitsky I: Principles of long noncoding
RNA evolution derived from direct comparison of transcriptomes in 17 species. Cell Rep 2015,
11(7):1110-1122.

15. Liu S, Wang Z, Chen D, Zhang B, Tian RR, Wu J, Zhang Y, Xu K, Yang LM, Cheng C et al: Annotation
and cluster analysis of spatiotemporal- and sex-related lncRNA expression in rhesus macaque brain.
Genome research 2017, 27(9):1608-1620.



Page 13/24

1�. Batista PJ, Chang HY: Long noncoding RNAs: cellular address codes in development and disease.
Cell 2013, 152(6):1298-1307.

17. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, Benner C, Chanda SK:
Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nature
communications 2019, 10(1):1523.

1�. Su G, Morris JH, Demchak B, Bader GD: Biological network exploration with Cytoscape 3. Current
protocols in bioinformatics 2014, 47:8.13.11-24.

19. Saxton RA, Sabatini DM: mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017,
168(6):960-976.

20. Erbay E, Park IH, Nuzzi PD, Schoenherr CJ, Chen J: IGF-II transcription in skeletal myogenesis is
controlled by mTOR and nutrients. The Journal of cell biology 2003, 163(5):931-936.

21. Mammucari C, Gherardi G, Zamparo I, Raffaello A, Boncompagni S, Chemello F, Cagnin S, Braga A,
Zanin S, Pallafacchina G et al: The mitochondrial calcium uniporter controls skeletal muscle
trophism in vivo. Cell Rep 2015, 10(8):1269-1279.

22. Ruas JL, White JP, Rao RR, Kleiner S, Brannan KT, Harrison BC, Greene NP, Wu J, Estall JL, Irving BA et
al: A PGC-1alpha isoform induced by resistance training regulates skeletal muscle hypertrophy. Cell
2012, 151(6):1319-1331.

23. Clark DL, Clark DI, Beever JE, Dilger AC: Increased prenatal IGF2 expression due to the porcine
intron3-G3072A mutation may be responsible for increased muscle mass. J Anim Sci 2015,
93(5):2546-2558.

24. Jaafar R, Zeiller C, Pirola L, Di Grazia A, Naro F, Vidal H, Lefai E, Nemoz G: Phospholipase D regulates
myogenic differentiation through the activation of both mTORC1 and mTORC2 complexes. The
Journal of biological chemistry 2011, 286(25):22609-22621.

25. Wang Z, Shang P, Li Q, Wang L, Chamba Y, Zhang B, Zhang H, Wu C: iTRAQ-based proteomic
analysis reveals key proteins affecting muscle growth and lipid deposition in pigs. Sci Rep 2017,
7:46717.

2�. Chen H, Zhang J, Yu B, Li L, Shang Y: Molecular cloning, structural analysis, and tissue expression of
the TNNT3 gene in Guizhou black goat. Gene 2015, 573(1):123-128.

27. Ji J, Zhou L, Huang Y, Zheng M, Liu X, Zhang Y, Huang C, Peng S, Zeng Q, Zhong L et al: A whole-
genome sequence based association study on pork eating quality traits and cooking loss in a
specially designed heterogeneous F6 pig population. Meat Sci 2018, 146:160-167.

2�. Li S, Czubryt MP, McAnally J, Bassel-Duby R, Richardson JA, Wiebel FF, Nordheim A, Olson EN:
Requirement for serum response factor for skeletal muscle growth and maturation revealed by
tissue-speci�c gene deletion in mice. Proc Natl Acad Sci U S A 2005, 102(4):1082-1087.

29. Guerci A, Lahoute C, Hebrard S, Collard L, Graindorge D, Favier M, Cagnard N, Batonnet-Pichon S,
Precigout G, Garcia L et al: Srf-dependent paracrine signals produced by myo�bers control satellite
cell-mediated skeletal muscle hypertrophy. Cell metabolism 2012, 15(1):25-37.



Page 14/24

30. Small EM, O'Rourke JR, Moresi V, Sutherland LB, McAnally J, Gerard RD, Richardson JA, Olson EN:
Regulation of PI3-kinase/Akt signaling by muscle-enriched microRNA-486. Proc Natl Acad Sci U S A
2010, 107(9):4218-4223.

31. Jaafar R, De Larichaudy J, Chanon S, Euthine V, Durand C, Naro F, Bertolino P, Vidal H, Lefai E, Nemoz
G: Phospholipase D regulates the size of skeletal muscle cells through the activation of mTOR
signaling. Cell communication and signaling : CCS 2013, 11:55.

32. Toschi A, Lee E, Xu L, Garcia A, Gadir N, Foster DA: Regulation of mTORC1 and mTORC2 complex
assembly by phosphatidic acid: competition with rapamycin. Molecular and cellular biology 2009,
29(6):1411-1420.

33. Schia�no S, Dyar KA, Ciciliot S, Blaauw B, Sandri M: Mechanisms regulating skeletal muscle growth
and atrophy. The FEBS journal 2013, 280(17):4294-4314.

34. Bolger AM, Lohse M, Usadel B: Trimmomatic: a �exible trimmer for Illumina sequence data.
Bioinformatics (Oxford, England) 2014, 30(15):2114-2120.

35. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R: The
Sequence Alignment/Map format and SAMtools. Bioinformatics (Oxford, England) 2009,
25(16):2078-2079.

3�. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL: StringTie enables improved
reconstruction of a transcriptome from RNA-seq reads. Nature biotechnology 2015, 33(3):290-295.

37. Zou C, Li S, Deng L, Guan Y, Chen D, Yuan X, Xia T, He X, Shan Y, Li C: Transcriptome Analysis Reveals
Long Intergenic Noncoding RNAs Contributed to Growth and Meat Quality Differences between
Yorkshire and Wannanhua Pig. Genes 2017, 8(8).

3�. Kong L, Zhang Y, Ye ZQ, Liu XQ, Zhao SQ, Wei L, Gao G: CPC: assess the protein-coding potential of
transcripts using sequence features and support vector machine. Nucleic acids research 2007,
35(Web Server issue):W345-349.

39. Anders S, Pyl PT, Huber W: HTSeq--a Python framework to work with high-throughput sequencing
data. Bioinformatics (Oxford, England) 2015, 31(2):166-169.

40. Varet H, Brillet-Gueguen L, Coppee JY, Dillies MA: SARTools: A DESeq2- and EdgeR-Based R Pipeline
for Comprehensive Differential Analysis of RNA-Seq Data. PloS one 2016, 11(6):e0157022.

41. Cabili MN, Trapnell C, Goff L, Koziol M, Tazon-Vega B, Regev A, Rinn JL: Integrative annotation of
human large intergenic noncoding RNAs reveals global properties and speci�c subclasses. Genes &
development 2011, 25(18):1915-1927.

42. Yang Y, Zhou R, Li W, Liu Y, Zhang Y, Ao H, Li H, Li K: Dynamic Transcriptome Analysis Reveals
Potential Long Non-coding RNAs Governing Postnatal Pineal Development in Pig. Frontiers in
genetics 2019, 10:409.

Additional Files
Additional �le 1: Figure.S1. PCA analysis results of RNA-seq data.



Page 15/24

Additional �le 2: Figure.S2. Differential expression analysis of differential protein coding genes. the bar
code represents the color scale of the log10

(FPKM) .
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Additional �le 4: Table.S2. Gene ontology and pathway analysis of adjacent genes of lincRNAs.

Additional �le 5: Table.S3. Statistical table for QTLs analysis of DELs.

Additional �le 6: Table.S4. The expression regulation relationship between DEL genes and their PTGs.

Additional �le 7: Figure.S3. Heatmap of muscle development-related differentially expressed genes. the
bar code represents the color scale of the log10

(FPKM).

Additional �le 8: Table.S5. The information of ten pairs of RT-qPCR primers.
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Figure 1

LincRNA analysis pipeline, classi�cation and chromosome distribution. (A) LincRNAs identi�cation
pipeline. (B) Venn diagram of the proportion of different lincRNAs. (C) LincRNAs chromosome
distribution.
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Figure 2

Characterization of identi�ed lincRNAs. (A) The number of exons of different lincRNAs and protein-coding
genes. (B) The transcript length of different lincRNAs and protein-encoding genes. (C) The exon length of
different lincRNAs and protein-encoding genes.
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Figure 3

The results of expression analysis. (A) Expression levels of different lincRNA and protein-encoding genes.
(B) Differential expression analysis of differential lincRNAs, the bar code represents the color scale of the
log10(FPKM) .
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Figure 4

The results of Gene ontology and pathway analysis. (A) Gene ontology and pathway related to muscle
development. (B) Gene expression in Gene ontology and pathway related to muscle development, the bar
code represents the color scale of the log10 (FC).
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Figure 5

QTL analysis results. (A) Percentage of muscle development-related QTLs among all QTLs. (B)
Distribution of QTL in each chromosome. (C) The Top 10 of QTLs.
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Figure 6

DELs-MDRPTGs co-expression network diagram. Green dots represent MDRPTG, red dots represent DEL;
green lines indicate that DEL is negatively correlated with the corresponding MDRPTG, and red indicates
that DEL is positively correlated with the corresponding MDRPTG.
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Figure 7

Linear regression of lincRNA and PTG expression. The r0 and p0 represent the Pearson correlation
coe�cient and p value of each pair of lincRNA and PTG in 6 samples, respectively; The r and p represent
veri�cation in 9 samples. (A) MSTRG.12010 vs IGF-2. (B) MSTRG.2530 vs WDR5. (C) MSTRG.24143 vs
SESN3. (D) MSTRG.21771 vs SRF. (E) MSTRG.14875 vs UNKL.
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Figure 8

Schematic diagram of lincRNAs involvement in muscle �ber hypertrophy signaling by regulating its target
genes. IGF-1, insulin-like growth factor-1; IRS, insulin receptor substrate; PI3K, phosphatidylinositol 3
kinase; mTORC1, mechanistic target of rapamycin in complex 1; IGF-2, Insulin-like growth factor 2;
TNNT3, troponin T-3; SRF, Serum response factor; PLD, phospholipase D; PC, phosphatidylcholine; PA,
phosphatidic acid; MCU, Mitochondrial calcium unidirectional transporter. Red indicates key genes in the
IGF-1-Akt-mTOR signaling pathway; orange indicates lincRNA; and green indicates PTG.
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