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Porcine skeletal muscle is a highly heterogeneous tissue type, and the Longissimus Dorsi
muscle (LDM), as the most economical and physiologically metabolized skeletal muscle in
pigs, has always been the focus of research and improvement in pig molecular breeding.
Circular RNA, as an important new member of regulatory non-coding RNA after
microRNA, has become a frontier hot spot in life science research. This study aims to
explore candidate circRNAs related to growth, meat quality, and skeletal muscle
development among Duroc pigs with different average daily gain (ADG). Eight pigs
were selected and divided into two groups: H group (high-ADG) and L group (low-
ADG), followed by RNA-Seq analysis to identify circRNAs. The results showed that backfat
at 6-7 rib (BF) and Intramuscular fat (IMF) content in the H group was significantly lower
than L group, but ribeye area (REA) in the H group was higher than in the L group. In RNA-
seq, 296 Differentially expressed (DE) circRNAs (157 upregulated and 139 downregulated)
were identified and exons flanking long introns are easier to circularize to produce
circRNAs. Most of the DE circRNAs were enriched in Quantitative trait locus (QTL)
regions related to meat quality and growth traits. In addition, a gene can produce one
or more circRNA transcripts. It was also found that the source genes of DE circRNAs were
enriched in MAPK, FoXO, mTOR, PI3K-Akt, and Wnt signaling pathways. The results
showed that different ADG, carcass, and meat quality traits among half-sibling Duroc pigs
with the same diet may be due to the DE circRNAs related to skeletal muscle growth and
development.

Keywords: circRNAs, skeletal muscle, meat quality, growth traits, Duroc pigs

1 INTRODUCTION

Skeletal muscle is an important tissue that plays a key role in metabolism (Das et al., 2020), abnormal
growth of skeletal muscle can cause many diseases, such as Duchenne muscular dystrophy (DMD)
and Facioscapulohumeral dystrophy (FSHD) (Birnkrant et al., 2018; Campbell et al., 2018), and it is
directly related to growth and meat quality of livestock and poultry (Xu et al., 2017). In recent years,
more and more reports have shown that non-coding RNA can regulate skeletal muscle growth and
development, including microRNAs (miRNAs), long non-coding RNAs (IncRNAs) and circular
RNAs (circRNAs) (Legnini et al., 2017; Li Y. et al., 2018; Yin et al.,, 2020). In 1976, circRNAs were first
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discovered in potato tuber (Sanger et al., 1976). Firstly, circRNAs
have been regarded as abnormal products because of their low
expression abundance, and the fact that it exists only in a few
pathogenic bacteria and does not have biological functions
(Sanger et al, 1976; Kos et al, 1986). With the rapid
development of high-throughput sequencing technology and
bioinformatics, more and more studies have found that
circRNAs are widely spread in organisms, and their functions
are gradually being discovered. Compared with IncRNAs and
miRNAs, circRNAs have a closed loop structure without 5’ end
caps and 3’ end poly(A) tails, resisting the degradation of
RNaseRand, therefore, presenting higher conservation and
stability (Hansen et al., 2013; Chen et al., 2015).

Regarding the regulation of circRNAs in muscle
development is still in its infancy, current researches on
circRNAs in skeletal muscle include identification of
circRNAs, analysis of expression patterns, and researches on
the regulation mechanism of circRNAs in skeletal muscle
development. The current reports found that circRNAs
mainly act as molecular “sponges” of miRNAs and
participate in the regulation of muscle development. The
circLMO7 regulates myoblasts differentiation and survival
by sponging miR-378a-3p (Wei et al.,, 2017). The circRNA
circHIPK3 produced by the third exon of the chicken
HIPK3 gene, has the highest expression level compared to
other circular RNAs generated from the HIPK3 gene. It was
also differentially expressed in different stages of skeletal
development. The circHIPK3 can act as a sponge of miR-
30a-3p, and promote cell proliferation and differentiation,
binding to MEF2C, while miR-3p could inhibit the
proliferation of Chicken primary myoblasts (CPMs) and
repress the differentiation of CPMs by decreasing the
expression of MEF2C (Chen et al., 2019). In addition, the
circFGFR2 can promote myoblast proliferation by sponging
miR-29b-1-5p and miR-133a-5p (Chen X. et al,, 2018). The
circFUTI0 can act as a molecular sponge of miR-133a and
promote cell differentiation, apoptosis and inhibit cell
proliferation by upregulating the expression of miR-133a
target genes (Li H. et al., 2018).

At present, the researches on circRNAs in the muscles of
different animal species mainly focus on the comparison between
animals with different genetic backgrounds, and there are
relatively few comparative studies between half-siblings. This
study aims to explore candidate circRNAs related to skeletal
muscle growth and development among Duroc pigs with
different average daily gain (ADG).

2 MATERIALS AND METHODS
2.1 Ethics Statement

All animal care and treatment procedures were conducted in
strict accordance with the Animal Ethics Committee of Shandong
Agricultural University, China, and performed in accordance
with the Committee’s guidelines and regulations (Approval
No.: 2004006).
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2.2 Animals
Duroc pigs come from a core breeding farm. Combined with the

existing measurement data, we selected the top 30% (at least 200)
of the excellent individuals from the 30-110 kg pigs, and continue
the performance measurements until the animals reached 130 kg.
According to the average daily gain, eight pigs were selected and
divided into two groups: high-average daily gain group (774.89 g)
and low-average daily gain group (658.77 g). The Longissimus
Dorsi muscle (LDM) tissues were sampled and snap-frozen in
liquid nitrogen for extraction of total RNA.

2.3 RNA Extraction, Strand-Specific Library

Construction and Sequencing

Total RNA was extracted from LDM tissues with Trizol reagent
kit (Invitrogen, Carlsbad, CA, United States) according to the
instructions. RNA quality was detected on an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
United States), and checked with RNase free agarose gel
electrophoresis. Then total RNA was treated with RNase R to
degrade the linear RNAs, and purified with the RNeasy MinElute
Cleanup kit (Qiagen, Venlo, Netherlands). Strand-specific library
was constructed with VAHTS Total RNAseq (H/M/R) Library
Prep Kit (Vazyme, Nanjing, China) for Illumina. In a word,
ribosome RNAs were removed to retain circRNAs.

The enriched circRNAs were fragmented into short fragments
with fragmentation buffer and transcribed into cDNA with
random primers. Second-strand were synthesized with DNA
polymerase I, RNase H, dUTP and buffer. And then, the
cDNA fragments were purified with VAHTSTM DNA Clean
Beads (Vazyme, Nanjing, China), end repaired, poly(A) added,
and ligated to Illumina sequencing adapters. Then Uracil-N-
Glycosylase (UNG) was used to digest the second-strand cDNA.
The digested products were purified with VAHTSTM DNA Clean
Beads, PCR amplified, and sequenced by Illumina
Novaseq60000 by Gene Denovo Biotechnology Co.
(Guangzhou, China).

2.4 Quality Control for Raw Reads (Raw
Datas) and Mapping

Raw reads contained adapters or low-quality reads. Thus, raw
reads were further filtered by fastp (Chen S. et al., 2018) (version
0.18.0, parameter settings: -a AGATCGGAAGAGC -q 20 -u 50 -
n 15-150 -w 1) to get high quality clean reads. The quality control
standards were as follows: 1) removing adapters reads; 2)
removing reads containing more than 10% of unknown
nucleotides (N); 3) removing low quality reads containing
more than 50% of low quality (Q-value<20) bases. Bowtie2
(Langmead and Salzberg., 2012) (version 2.2.8, parameter
settings: -local -p 4 --mm) software was used for mapping
reads to ribosome RNA (rRNA) database. The rRNA removed
reads of each sample were then mapped to reference genome by
TopHat2 (Kim et al., 2015) (version 2.1.1, parameter settings:
-rna- strandness RF -p 4 -q -t --dta --new-summary --mm),
respectively.
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2.5 Identification of circRNAs and circRNAs

Statistics

The 20mers from both ends of the unmapped reads were
extracted and aligned to the reference genome to find unique
anchor positions within splice site. Anchor reads that aligned in
the reversed orientation (head-to-tail) indicated circRNA splicing
and then were subjected to find_circ (Memczak et al, 2013)
(version 1, parameter settings: -r <sample.txt> -G <genome.fa>
-p novel_ -s <stats.file>) to identify circRNAs. The anchor
alignments were then extended such that the complete read
aligns and the breakpoints were flanked by GU/AG splice
sites. A candidate circRNA was called if it was supported by at
least two unique back spliced reads at least in one sample.

The identified circRNAs were analyzed including type,
chromosome distribution and length distribution by find_circ
(version 1) and the annotation information of the reference
genome.

2.6 Analysis of differentially expressed

circRNAs

Differentially expressed (DE) circRNAs across group were
identified by edgeR package (version 3.12.1) (http://www.r-
project.org/) (Robinson et al., 2010). Identified DE circRNAs
with an absolute fold change >1.5 and a p value < 0.05 were
considered significant DE circRNAs.

2.7 Functional Enrichment Analysis of

Source Gene

Source gene is the origin gene of a circRNA, and the functional
analysis of source genes were studied to know about the main
functions of circRNAs source genes.

2.7.1 GO Enrichment Analysis

Gene Ontology (GO) is an international standardized gene
functional classification system, which includes three parts:
cellular component, biological process and molecular function.
On the one hand, the GO function analysis includes the GO
function classification annotation of genes; on the other hand, it
includes GO functional significant enrichment analysis of genes.
Firstly, all source genes were mapped to GO terms in the Gene
Ontology database  (http://www.geneontology.org/), gene
numbers were calculated for every term, significantly enriched
GO terms in source genes comparing to the genome background
were defined by hypergeometric test. The calculating formula of
p-value is as follows:

e

N: the number of all genes with GO annotation; n: the number
of source genes in N; M: the number of all genes that are
annotated to the certain GO terms; m: the number of source
genes in M. The calculated p-value were gone through FDR

Idnetification of circRNAs in Dluroc

Correction, taking FDR < 0.05 as a threshold. GO terms
meeting this condition were defined as significantly enriched
GO terms in source genes.

2.7.2 KEGG enrichment analysis

The analysis of Pathway helps to further know about the
biological functions of genes. KEGG is the main public
database about Pathway (Kanechisa et al, 2008). Pathway
enrichment analysis identified significantly enriched metabolic
pathways or signal transduction pathways in source genes
comparing with the whole genome background. The
calculating formula is the same as that in GO analysis:

0
e

N: the number of all genes that with KEGG annotation; n: the
nuber of source genes in N; M: the number all genes annotated to
specific pathways; m: the number of source genes in M. The
calculated p-value was gone through FDR Correction, taking
FDR < 0.05 as a threshold. Pathways meeting this condition
were defined as significantly enriched pathways in source genes.

2.8 Quantitative trait locus analysis

Basic Local Alignment Search Tool (blast) comparison was
performed on the QTL locus (<2Mb) with high confidence
related to pig growth and meat quality traits. If the transcript
or QTL interval is more than 50% duplicated, the transcript is
located on this QTL. Genome information can be downloaded
from AnimalQTLdb (PigQTLdb: http://www.animalgenome.
org-/QTLdb/pig.html) Database.

2.9 Target Relationship Prediction

For the circRNAs included in the circBase database, the
StarBase (Li et al, 2014) database provides the targeting
relationship between circRNAs and miRNAs. Therefore, the
target relationship between existing circRNAs and miRNAs
can be found through the StarBase database. There may be
some unreported targeting relationships between all circRNAs
and all miRNAs of pigs. Therefore, the analysis will also
predict the target relationship between all circRNAs and
miRNAs of pigs. RNAhybrid + svm_light, Miranda, and
TargetScan were used to predict the target relationship
(Qiao et al., 2016).

2.10 Quantitative real-time PCR analysis

The total RNA was reverse-transcribed into cDNA by
PrimeScript RT reagent kit (TaKaRa, Dalian, China), and the
analyzed by SYBR® Green Pro Taq HS Premix (Accurate
Biotechnology (Hunan) Co., Ltd., Changsha, China). Primers
were compounded from Sangon Biotech (Shanghai, China), and
sequences of primers are shown in Table 1. B-actin was used as a
housekeeping gene. The fold change in expression was the
obtained by 2722€T method, AACT= (CT Target gene - Clp-actin)

H group ~ (CT Target gene ~ CTB-aCtin) L group*
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TABLE 1 | Primers sequences.

Gene Sequence (5'-3')
CACCAGATGCCTACTCTGTTACTT
GCCTTTGTTGCTCCTTCTATGATC
GGATCAAACCCCACTGGACAT
AGTACATTGTGCCTGGTAGATTCA
AGACATGCACATCCAGATCACAGA

novel_circ_008472-F
novel_circ_008472-R
novel_circ_010066-F
novel_circ_010066-R
novel_circ_008433-F

novel_circ_008433-R CAGGAACACAACACCACGCTG
novel_circ_005672-F GTGTCGGGAAGGTGAACTTGT
novel_circ_005672-R TCTGAGGTTTCTTGTGCTCTTGG
novel_circ_012322-F TGCCAGAAGGTCTTGCCATAG
novel_circ_012322-R GGCTACATTCAGACACATTGCTT

2.11 Meat Quality and Carcass Traits

Description

Backfat at 6-7 rib (BF): hang the right carcass upside down and
measure the subcutaneous fat thickness at the 6-7 rib of the
carcass with a vernier caliper. unit: mm.

Ribeye area (REA): The cross-sectional area of the
Longissimus Dorsi at the junction of the thoracic and lumbar
vertebrae. The carcass was laid flat and the height and width of the
cross-section area were measured by vernier calipers. The
formula was as follows:

REA (cm?) = height (cm) x width (cm) x 0.7

Detailed experimental methods for Intramuscular Fat (IMF)
analysis are described in-depth by Holman et al. (Holman et al,,
2019).

3 RESULTS

3.1 Meat Quality and Carcass Traits
Description

As shown in Table 2, there was no difference in carcass weight
concerning the two groups of AVG (H and L). For BF, the H
group was significantly lower than the L group (p < 0.05), and
for REA, the H group was higher than the L group (p < 0.05). In
addition, IMF content in H group was significantly lower than
L group.

3.2 Overview of Sequencing Data and

Quality Assessment

The eight libraries in this study were filtered to remove the
reads containing adapters (about 0.19%) and low-quality reads
(about 1.13%). Finally, about 98.68% of the raw data reached
the quality control standard as clean data (Supplementary
Table S1). Through ribosome alignment, it was found that
only 52.41% (49.75%-55.05%) of the data in the eight samples
were available for subsequent transcriptome analysis
(Supplementary Table S2). With the alignment in the
reference Sus scrofa genome (Ensembl-release104), on
average about 84.10% of the clean reads were mapped to

Idnetification of circRNAs in Dluroc

TABLE 2 | Meat quality and carcass traits description.

Traits H group L group

Carcass weight/ kg 97.57 £ 1.33 96.45 + 2.47
BF/ mm 30.66 + 3.22° 35.68 + 4.23%
REA/ cm? 59.86 + 3.61% 50.42 + 1.61°
IMF content/% 430 +027° 4.80 + 0.08%

Note: @ © Those with the different letters in each line showed significant difference (p <
0.05). H group represents High-average daily gain (ADG) group, L group represents
L-average daily gain (ADG) group. BF, represents backfat at 6-7 rib, REA, represents
ribeye area, and IMF, represents Intramuscular fat.

the reference, about 77.60% of them were considered
Unique Mapped reads, and only 6.5% were Multiple
Mapped reads (Supplementary Table S3).

3.3 Identification of circRNAs

To identify circRNAs related to skeletal muscle development, we
identified the expression of circRNAs by removing the
ribosomal RNA (rRNA) RNA-seq. A total of 13974 circRNAs
were identified (Supplementary Table S10), and
9066 circRNAs were co-expressed in the two groups
(Figure 1A). The length of circRNAs was less than 1600bp
and most of the circRNAs were from exon regions (Figures
1B,C), in addition, circRNAs were distributed on every
chromosome (Figure 1D).

3.4 Analysis of Genomic Characteristics on
circRNAs

The average number of circRNAs exon was 3.91, the average
length of the open reading frame (ORF) was 23 amino acids (aa),
and the length of the transcript was 1665.73nt (Figures 2A-C),
which were lower than mRNA, but the expression levels of
circRNAs were higher than mRNAs.

3.5 Analysis of Source Genes and Molecular

Characteristics of circRNAs

To explore the source of circRNA transcription, the source
genes of 13974 circRNAs transcripts were analyzed. As shown
in Figure 3A, a total of 608 circRNAs did not detect their
source genes, and the remaining 13366 circRNAs transcripts
were generated from 4,466 genes. The majority of genes 1935)
produce one circRNA transcript, and only 265 genes could
produce ten or more circRNA transcripts.

To explore the molecular characteristics of circRNAs, the 5 kb
flanking sequence of pig circRNAs upstream and downstream was
analyzed. The results showed that most of the flanking sequences of
circularized exons were introns. About 55.25% of 5’ sequences
upstream of circRNAs contained introns, and 55.28% of 3'
sequences downstream of circRNAs contained introns. In
addition, 29% of 5’ flanking sequences and 27.66% of the 3'
flanking sequences contained CDS (Coding Sequence),
respectively, and the remaining flanking sequences were
intergenic and UTR (Untranslated Region) (Figure 3C).
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FIGURE 1 | Identification of circRNAs. (A) The number of identified circRNAs. Yellow represents H group, blue represents L group. The overlap represents the
number of genes shared between the two groups, and non-overlap represents genes unique to each group. (B) The length of circRNAs. The abscissa represents the
length of circRNAs, the ordinate represents frequency. (C) The location distribution of circRNAs. The abscissa represents the annotation type, the ordinate represents
the number of circRNAs. (D) The chromosome distribution of identified INcRNAs. The abscissa represents the chromosome, the ordinate represents the number of
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Statistics on the length of introns in the flanking sequences of
circRNA found that most of the introns in the flanking sequence
were longer than 5000 bp, indicating that the flanking sequence of
pig circRNAs contains longer introns (Figure 3B). The basic Local
Alignment Search Tool (BLAST) was used to align the introns of
each intron pair that flanked circRNAs. Most of circRNAs shared
reverse complementary matches (RCMs) of at least 200 bp
(Figure 3D).

In addition, 296 DE circRNAs were identified, including
157 upregulated circRNAs and 139 downregulated circRNAs
(Figures 4A,B, Supplementary Table S4). Among them,
28 circRNAs related to muscle development were identified
(14 upregulated and 14 downregulated) (Figure 4C).
Hierarchical clustering showed that the expressions of
circRNAs were distinguishable between H group and L
group, indicating a significant difference between H group
and L group.

To verify RNA-seq results, five DE circRNAs were selected to
perform by qRT-PCR. The results showed that qRT-PCR results
were in agreement with those in RNA-seq (Figure 4D). The
results indicated that circRNAs identified from RNA-seq were
reliable.

3.6 GO and KEGG Analysis of Source Genes

of DE circRNAs

To understand the functions of DE circRNAs, GO and KEGG
analysis were performed. The results showed that the source genes of
DE circRNAs were significantly enriched in regulation of DNA
recombination, blood vessel development, response to oxidative
stress, mitotic spindle organization, programmed cell death and
other GO terms (Figure 5A, Supplementary Table S5). The source
genes of DE circRNAs were significantly enriched in pathways
including MAPK, FoXO, mTOR, PI3K-Akt and Wnt signaling
pathways (Figure 5B, Supplementary Table S6).

The DE circRNAs related to muscle development were
significantly enriched in regulation of endothelial cell
proliferation, calcium ion transport, regulation of
skeletal muscle contraction by calcium ion signaling,
transition between fast and slow fiber, myofibril
assembly, muscle cell differentiation and other GO terms
(Figure 6A, Supplementary Table S7), and they were
also enriched in Pathways in cancer, EGFR tyrosine
kinase inhibitor resistance, PPAR signaling pathway, Insulin
signaling pathway, cAMP signaling pathway, FoxO
signaling pathway, PI3K-Akt signaling pathway, AMPK
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Blue represents RNA-seq result, purple represents gRT-PCR result.

signaling pathway, Jak-STAT signaling pathway and other
pathways (Figure 6B, Supplementary Table S8).

3.7 Expression Analysis of Growth Traits

and Meat Quality-Relevant QTLs

According to the QTL mapping analysis, 256 DE circRNAs source
genes were enriched in QTLs related to growth and meat quality in
pigs (Table 3, Supplementary Table S9). The results showed that
DE circRNAs were closely related to the growth traits and meat
quality. For example, circRNA ENSSSCG00000049158 was enriched
in Drip loss QTL, Water holding capacity QTL, Average daily gain
QTL and other QTLs. circRNA ENSSSCG00000004203 was
enriched in Backfat at last rib QTL, Shoulder subcutaneous fat
thickness QTL, Backfat at last rib QTL, Percentage type Ila fibers
QTL, PH for Longissimus Dorsi QTL and Leaf fat weight QTL.

3.8 Analysis of Target Relationship

Prediction
In this study, 252534 miRNA-circRNA pairs were identified
between 453 miRNAs and 13836 circRNAs.

4 DISCUSSION

Average daily gain (ADG) is considered an important growth trait,
it can directly affect the economic benefits of the pig producers.
Growing fast and having a high lean meat rate is the best ideal state.
In this study, the results showed that H group not only grew faster
than L group, but also had less BF and IMF content than L
group. Therefore, pigs in H group will be preferred by more pig
producers. To explore the phenotype differences between the H
and L groups, RNA-seq was used to identify circRNAs.

Due to the imperfect methods of circRNAs research and
identification, the functional identification of circRNAs is still
in its infancy. In recent years, the development of sequencing
technology and bioinformatics have provided technical
support for the study of circRNAs from the whole genome.

Genome-wide methods for circRNAs identification mainly
include gene chip technology and RNA-seq technology. RNA-
seq is widely used in circRNAs research in both model
organisms and non-model organisms. At present, RNA-seq
has been used in many species, such as mice (Jakobi et al.,
2016), cattle (Wei et al., 2017), pigs (Liang et al., 2017) and
sheep (Li et al., 2017), with high reliability and feasibility.
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Firstly, to deeply understand the genomic characteristics of
circRNAs, 13974 circRNA transcripts were analyzed. A total
of 13366 circRNA transcripts were generated from
4,466 genes, and most genes can produce multiple circRNA
transcripts. In previous research, 5,934 circRNAs were
identified on different muscles in pigs, and 4,928 circRNAs
corresponded to 2358 source genes, in addition, 85.7% of the
source genes were transcribed to generate two or more

circRNA transcripts (Liang et al., 2017). According to the
source gene location, 13950 circRNAs were distributed on all
chromosomes, and most of circRNAs contained 1-3 exons
(Tao et al., 2017). The genome characteristics of identified
circRNAs in this study were consistent with other researches,
which further illustrated accuracy and reliability of the
identified circRNAs, and also showed that circRNAs had
similarities among various species.
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The conservation of circRNA sequences among species
indicates that the formation mechanism of circRNAs may also
have inter-species similarities, studies have shown that exons
flanking long introns are easier to circularize to produce
circRNAs, and the reverse complementary sequence of

flanking introns promotes the reverse splicing of circRNAs
(Ashwal-Fluss et al, 2014; Westholm et al., 2014). Our
findings were consistent with literature reports.

At present, the functions of circRNAs are mainly annotated by
GO and KEGG analysis of circRNA source genes. Through
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TABLE 3 | Target gene of DE circRNAs distribution in chromosome and QTLs region.

Chromosome/Mitochondrion DE gene number
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12 10
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14 22
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16 6
17 10
18 8
X 6
Y 0
MT 0
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DE gene number in QTL region length(Mb)

QTL region

16 272.538
17 152.419
13 129.972
11 126.574
13 98.508
20 146.584
15 126.113
19 143.374
12 138.044
7 67.1919
5 77.1184
10 58.0079
32 208.259
22 154.672
16 137.024
6 66.4773
9 52.1699
8 58.1156
5 83.7497
0 0

0 0

Note: Chromosome/Mitochondrion represents Chromosome number. DE, gene number represents differentially expressed genes in this Chromosome; DE, gene number in QTL, region

represents differentially expressed genes in QTL, region.

enrichment analysis of DE circRNA (including related to muscle
development) source genes, we found that the source genes were
significantly enriched in histone methylation, programmed cell
death, developmental growth, cytoskeletal protein binding and
other GO terms. The significantly enriched pathways included
Apoptosis, Regulation of actin cytoskeleton, FoxO signaling
pathway, mTOR signaling pathway, PI3K-Akt signaling
pathway, Wnt signaling pathway, Hedgehog signaling pathway
and other pathways related to growth traits and skeletal muscle
growth and development. Previous studies have found that the
source genes of DE circRNAs were enriched in pathways related
to skeletal muscle development, such as JAK-STAT, PI3K-Akt,
Wnt and the transition between fast and slow fibers signaling
pathways (Wang J. et al,, 2019; Huang et al., 2021). The Map3k20
gene is one of the upstream factors regulating the JNK/MAPK
signaling pathway. The circFgfr2 regulated Map3k20 expression
by sponging miR-133, circFgfr2 can regulate skeletal muscle
development via the JNK/MAPK signaling pathway (Yan
et al, 2021). Mechanistically, circCCDC91 could absorb miR-
15a, miR-15b-5p, and miR-15¢-5p to regulate the expression of
Insulin receptor substratel (IRSI), as well as activate insulin-1like
growth factor 1-phosphatidylinositol 3-kinase/AKT (IGF1-PI3K/
AKT) signaling pathway. In addition, circCCDC9I could rescue
skeletal muscle atrophy by activating IGF1-PI3K/AKT pathway
(Zhao et al., 2022). The circPPPIR13B promotes chicken SMSC
proliferation and differentiation by targeting miR-9-5p and
activating IGF/PI3K/AKT signaling pathway. The results
showed that the DE circRNAs play an important role in
meat quality and skeletal muscle development, and can be used
as candidate functional circRNAs related to skeletal muscle.
circRNAs are found in almost all cells and tissues. At the same
time, circRNAs also have a certain degree of sequence conservation

(higher sequence conservation than IncRNAs), and have the
miRNA response elements (MREs), therefore, circRNAs can be
competing endogenous RNAs (ceRNAs) for regulating miRNAs
(Song and Li,, 2018). In this study, it was found that circRNAs have
one or more binding sites for miRNAs. Previous research showed
that the c¢iRS-7 has multiple binding site for miR-7, thereby
inhibiting miR-7 activity and leading to upregulation of miR-7
target gene expression (Hansen et al., 2013). In addition, many
reports have demonstrated that circRNAs can inhibit the binding
of miRNAs to target genes, thereby regulating cell growth and
development. For instance, the circZfp609 acts as a sponge of miR-
194-5p to increase the expression of BCLAFI and inhibit myoblast
differentiation (Wang Y. et al, 2019). The circSVIL can promote cell
proliferation and differentiation by sponging miR-203 and
promoting the expression of MEF2C and c¢-JUN in chicken
(Ouyang et al., 2018a). The circRBFOX2 interacts with miR-206
to increase the expression of cyclin D2 and thereby promotes cell
proliferation in chickens (Ouyang et al.,, 2018b).

In recent years, due to the extensive development of QTL
research, a large number of QTLs have been discovered in pigs.
Taking the QTL mapping study of domestic pigs in the
AnimalQTLdb database as an example, more than 20,000 QTLs
have been identified, involving more than 600 different traits. The
QTLs mapping studies of other livestock and poultry, such as cattle,
chickens, and horses, are also very common (Legarra et al., 2015).
How to integrate this large amount of information, compare and
locate, and finally determine the genetic basis of candidate genes
and traits is a key issue in applying these localization results.
Therefore, the research on QTL has become a new hot issue.

Some studies have shown that muscle fibers were related to meat
quality and growth development (Lee et al,, 2010). In QTL analysis, it
was found that most DE circRNAs were related to meat quality and
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growth traits. In other research, 54.01% of DE circRNAs were
enriched in QTL regions related to meat quality and growth
traits, such as the circRNA227 was enriched in the Intramuscular
fat content QTL and Loin muscle area QTL and circRNA11553 was
enriched in the Mean corpuscular hemoglobin content QTL (Shen
et al, 2019). But compared with QTL, the number of circRNAs that
control muscle traits in pigs is few. However, in the coming decades,
the development of bioinformatics, genetics, and transgenic
technology will greatly increase the number of circRNAs
controlling muscle traits in pigs. This will facilitate the discovery
of functional candidate circRNAs. The results of QTL analysis may
provide some data support for the discovery of new functions of
circRNAs.

circRNAs are involved in many physiological and pathological
processes, including cancer, aging, and muscle development, but their
specific functions are still unclear. Thus, our results could help to
understand the genetic mechanisms in meat quality in livestock and
poultry, and further studies are necessary for a better comprehension
of circRNAs functions in skeletal muscle development.

5 CONCLUSION

In conclusion, 296 DE circRNAs were identified. Most DE
circRNAs were enriched in QTLs related to meat quality and
growth traits. In addition, the source genes of DE circRNAs were
enriched in pathways related to cell growth and skeletal muscle
development. Therefore, these DE circRNAs may play a key role
in meat quality and growth traits. Researches on circRNAs in
skeletal muscle development and disease are still in its infancy,
and skeletal muscle plays a key role in body development. How to
use these circRNAs and apply them to livestock breeding and
disease treatment remains a challenge. Therefore, the
understanding of the complex molecular mechanism of
circRNAs requires further study.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/bioproject/, PRINA812354.

REFERENCES

Ashwal-Fluss, R., Meyer, M., Pamudurti, N. R., Ivanov, A., Bartok, O,
Hanan, M., et al. (2014). circRNA biogenesis competes with pre-
mRNA splicing. Mol. Cell 56 (1), 55-66. d0i:10.1016/j.molcel.2014.08.019

Birnkrant, D. J., Bushby, K., Bann, C. M., Apkon, S. D., Blackwell, A,
Brumbaugh, D., et al. (2018). Diagnosis and management of
Duchenne muscular dystrophy, part 1: Diagnosis, and neuromuscular,
rehabilitation, endocrine, and gastrointestinal and nutritional
management. Lancet. 17 (3), 251-267. doi:10.1016/S1474-
4422(18)30024-3

Campbell, A. E,, Belleville, A. E., Resnick, R., Shadle, S. C., and Tapscott, S. J.
(2018). Facioscapulohumeral dystrophy: Activating an early embryonic

Neurol.

Idnetification of circRNAs in Dluroc

ETHICS STATEMENT

The animal study was reviewed and approved by All animal care
and treatment procedures were conducted in strict accordance
with the Animal Ethics Committee of Shandong Agricultural
University, China, and performed in accordance with the
Committee’s guidelines and regulations (Approval No.:
2004006). Written informed consent was obtained from the
owners for the participation of their animals in this study.

AUTHOR CONTRIBUTIONS

WC and YZ designed the study. WC, LM, SL, and MQ
performed the research. YZ contributed reagents and
materials. LM analyzed the data and wrote the manuscript.
WC and YZ provided substantial comments and revised the
manuscript. All authors read and approved the final version of
the manuscript.

FUNDINGS

This study was supported financially by National Key R&D
Program of China (No. 2021YFD1301200), the Agricultural
Animal Breeding Project of Shandong Province (No.
2020LZGCO012), Shandong Province Pig Industry Technology
System Project (No. SDAIT-08-02), Shandong Provincial
Natural Science Foundation (No. ZR2019MC053).

ACKNOWLEDGMENTS

We are grateful to Yu Zhang, Jing Zhao, Yingbin Du and Meigqi
Zhu for their assistance in sample collection and laboratory
analyses.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.858763/
full#supplementary-material

transcriptional program in human skeletal muscle. Hum. Mol. Genet. 27
(R2), R153-R162. doi:10.1093/hmg/ddy162

Chen, I, Chen, C. Y., and Chuang, T. J. (2015). Biogenesis, identification, and
function of exonic circular RNAs. Wiley Interdiscip. Rev. RNA 6 (5), 563-579.
doi:10.1002/wrna.1294

Chen, X., Ouyang, H., Wang, Z., Chen, B., and Nie, Q. (2018a). A novel circular RNA
generated by FGFR2 gene promotes myoblast proliferation and differentiation by
sponging miR-133a-5p and miR-29b-1-5p. Cells 7 (11), 199. doi:10.3390/
cells7110199

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018b). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34 (17), i884-i890. doi:10.1093/bioinformatics/bty560

Chen, B, Yu, ], Guo, L., Byers, M. S,, Wang, Z., Chen, X,, et al. (2019). Circular RNA
circHIPK3 promotes the proliferation and differentiation of chicken myoblast
cells by sponging miR-30a-3p. Cells 8 (2), 177. doi:10.3390/cells8020177

Frontiers in Genetics | www.frontiersin.org

September 2022 | Volume 13 | Article 858763


https://www.ncbi.nlm.nih.gov/bioproject/,%20PRJNA812354
https://www.ncbi.nlm.nih.gov/bioproject/,%20PRJNA812354
https://www.frontiersin.org/articles/10.3389/fgene.2022.858763/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.858763/full#supplementary-material
https://doi.org/10.1016/j.molcel.2014.08.019
https://doi.org/10.1016/S1474-4422(18)30024-3
https://doi.org/10.1016/S1474-4422(18)30024-3
https://doi.org/10.1093/hmg/ddy162
https://doi.org/10.1002/wrna.1294
https://doi.org/10.3390/cells7110199
https://doi.org/10.3390/cells7110199
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.3390/cells8020177
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Ma et al.

Das, A, Das, A, and Das, D. (2020). Circular RNAs in myogenesis. Biochim. Biophys.
Acta. Gene Regul. Mech. 1863 (4), 194372. doi:10.1016/j.bbagrm.2019.02.011
Hansen, T. B., Jensen, T. L, Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard, C.
K., et al. (2013). Natural RNA circles function as efficient microRNA sponges.
Nature 495 (7441), 384-388. doi:10.1038/nature11993

Holman, B., Bailes, K. L., Meyer, R. G., and Hopkins, D. L. (2019). Effect of
modified soxhlet (soxtec) and folch extraction method selection on the total
lipid determination of aged beef. . Food Sci. Technol. 56 (8), 3957-3961. doi:10.
1007/s13197-019-03878-4

Huang, K., Chen, M., Zhong, D., Luo, X,, Feng, T., Song, M., et al. (2021). Circular
RNA profiling reveals an abundant circEchl that promotes myogenesis and
differentiation of bovine skeletal muscle. J. Agric. Food Chem. 69 (1), 592-601.
doi:10.1021/acs.jafc.0c06400

Jakobi, T., Czaja-Hasse, L. F., Reinhardt, R., and Dieterich, C. (2016). Profiling and
validation of the circular RNA repertoire in adult murine hearts. Genomics
Proteomics Bioinforma. 14 (4), 216-223. doi:10.1016/j.gpb.2016.02.003

Kanehisa, M., Araki, M., Goto, S., Hattori, M., Hirakawa, M., Itoh, M., et al. (2008).
KEGG for linking genomes to life and the environment. Nucleic Acids Res. 36,
D480-D484. doi:10.1093/nar/gkm882

Kim, D., Langmead, B., and Salzberg, S. L. (2015). Hisat: A fast spliced aligner with low
memory requirements. Nat. Methods 12 (4), 357-360. doi:10.1038/nmeth.3317

Kos, A., Dijkema, R., Arnberg, A. C., van der Meide, P. H., and Schellekens, H.
(1986). The hepatitis delta (delta) virus possesses a circular RNA. Nature 323
(6088), 558-560. doi:10.1038/323558a0

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie
2. Nat. Methods 9 (4), 357-359. doi:10.1038/nmeth.1923

Lee, S. H, Joo, S. T., and Ryu, Y. C. (2010). Skeletal muscle fiber type and
myofibrillar proteins in relation to meat quality. Meat Sci. 86 (1), 166-170.
doi:10.1016/j.meatsci.2010.04.040

Legarra, A, Croiseau, P., Sanchez, M. P., Teyssedre, S., Salle, G., Allais, S., et al. (2015).
A comparison of methods for whole-genome QTL mapping using dense markers
in four livestock species. Genet. Sel. Evol. 47 (1), 6. doi:10.1186/s12711-015-0087-7

Legnini, I, Di, Timoteo. G., Rossi, F., Morlando, M., Briganti, F., Sthandier, O, et al.
(2017). Circ-ZNF609 is a circular RNA that can Be translated and functions in
myogenesis. Mol. Cell 66 (1), 22-37. doi:10.1016/j.molcel.2017.02.017

Li, J. H, Liu, S, Zhou, H,, Qu, L. H,, and Yang, J. H. (2014). starBase v2.0: decoding
miRNA-ceRNA, miRNA-ncRNA and protein-RNA interaction networks from
large-scale CLIP-Seq data. Nucleic Acids Res. 42, D92-D97. doi:10.1093/nar/gkt1248

Li, C, Li, X,, Ma, Q., Zhang, X, Cao, Y., Yao, Y., et al. (2017). Genome-wide
analysis of circular RNAs in prenatal and postnatal pituitary glands of sheep.
Sci. Rep. 7 (1), 16143. doi:10.1038/s41598-017-16344-y

Li, Y., Chen, X,, Sun, H.,, and Wang, H. (2018a). Long non-coding RNAs in the
regulation of skeletal myogenesis and muscle diseases. Cancer Lett. 417, 58—64.
doi:10.1016/j.canlet.2017.12.015

Li, H, Yang, J, Wei, X, Song, C, Dong, D. Huang, Y. et al. (2018b).
CircFUT10 reduces proliferation and facilitates differentiation of myoblasts by
sponging miR-133a. J. Cell. Physiol. 233 (6), 4643-4651. doi:10.1002/jcp.26230

Liang, G, Yang, Y., Niu, G, Tang, Z., and Li, K. (2017). Genome-wide profiling of
Sus scrofa circular RNAs across nine organs and three developmental stages.
DNA Res. 24 (5), 523-535. doi:10.1093/dnares/dsx022

Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013).
Circular RNAs are a large class of animal RN As with regulatory potency. Nature
495 (7441), 333-338. doi:10.1038/nature11928

Ouyang, H., Chen, X,, Li, W,, Li, Z., Nie, Q., and Zhang, X. (2018a). Circular RNA
circSVIL promotes myoblast proliferation and differentiation by sponging miR-
203 in chicken. Front. Genet. 9, 172. doi:10.3389/fgene.2018.00172

Ouyang, H,, Chen, X., Wang, Z., Yu, ], Jia, X,, Li, Z, et al. (2018b). Circular RNAs are
abundant and dynamically expressed during embryonic muscle development in
chickens. DNA Res. 25 (1), 71-86. d0i:10.1093/dnares/dsx039

Qiao, Y., Mao, Y., Wang, J., Chen, R, Libing, Z., Su, Y. Q,, et al. (2016). Analysis of
liver and gill miRNAs of Larimichthys crocea against Cryptocryon irritans
challenge. Fish. Shellfish Immunol. 59, 484-491. doi:10.1016/j.£51.2016.10.027

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 (1), 139-140. doi:10.1093/bioinformatics/btp616

Idnetification of circRNAs in Dluroc

Sanger, H. L., Klotz, G., Riesner, D., Gross, H. J., and Kleinschmidt, A. K. (1976).
Viroids are single-stranded covalently closed circular RNA molecules existing
as highly base-paired rod-like structures. Proc. Natl. Acad. Sci. U. S. A. 73 (11),
3852-3856. d0i:10.1073/pnas.73.11.3852

Shen, L., Gan, M., Tang, Q,, Tang, G., Jiang, Y., Li, M., et al. (2019). Comprehensive
analysis of IncRNAs and circRNAs reveals the metabolic specialization in
oxidative and glycolytic skeletal muscles. Int. J. Mol. Sci. 20 (12), E2855. doi:10.
3390/ijms20122855

Song, Y. Z, and Li, J. F. (2018). Circular RNA hsa_circ_0001564 regulates
osteosarcoma proliferation and apoptosis by acting miRNA sponge.
Biochem. Biophys. Res. Commun. 495 (3), 2369-2375. doi:10.1016/j.bbrc.
2017.12.050

Tao, H., Xiong, Q., Zhang, F., Zhang, N., Liu, Y., Suo, X, et al. (2017). Circular RNA
profiling reveals chi_circ_0008219 function as microRNA sponges in pre-
ovulatory ovarian follicles of goats (Capra hircus). Genomics 110 (4),
257-266. doi:10.1016/j.ygeno.2017.10.005

Wang, J., Ren, Q., Hua, L., Chen, J., Zhang, J., Bai, H., et al. (2019a). Comprehensive
analysis of differentially expressed mRNA, IncRNA and circRNA and their
ceRNA networks in the Longissimus Dorsi muscle of two different pig breeds.
Int. J. Mol. Sci. 20 (5), 1107. doi:10.3390/ijms20051107

Wang, Y., Li, M., Wang, Y., Liu, J., Zhang, M., Fang, X, et al. (2019b). A
Zfp609 circular RNA regulates myoblast differentiation by sponging miR-
194-5p. Int. J. Biol. Macromol. 121, 1308-1313. d0i:10.1016/j.ijbiomac.2018.
09.039

Wei, X, Li, H,, Yang, J., Hao, D., Dong, D., Huang, Y., et al. (2017). Circular RNA
profiling circLMO7 that regulates myoblasts
differentiation and survival by sponging miR-378a-3p. Cell Death Dis. 8
(10), e3153. doi:10.1038/cddis.2017.541

Westholm, J. O., Miura, P., Olson, S., Shenker, S., Joseph, B., Sanfilippo, P., et al.
(2014). Genome-wide analysis of drosophila circular RNAs reveals their
structural and sequence properties and age-dependent neural accumulation.
Cell Rep. 9 (5), 1966-1980. doi:10.1016/j.celrep.2014.10.062

Xu, M., Chen, X., Chen, D., Yu, B., and Huang, Z. (2017). FoxO1: A novel insight
into its molecular mechanisms in the regulation of skeletal muscle
differentiation and fiber type specification. Oncotarget 8 (6), 10662-10674.
doi:10.18632/oncotarget.12891

Yan, ], Yang, Y., Fan, X, Liang, G., Wang, Z,, Li, ], et al. (2021). Circrnaome profiling
reveals circfgfr2 regulates myogenesis and muscle regeneration via a feedback
loop. J. Cachexia Sarcopenia Muscle 13 (1), 696-712. doi:10.1002/jcsm.12859

Yin, H., He, H., Shen, X., Zhao, J., Cao, X., Han, S., et al. (2020). miR-9-5p inhibits
skeletal muscle satellite cell proliferation and differentiation by targeting
IGF2BP3 through the IGF2-PI3K/akt signaling pathway. Int. J. Mol. Sci. 21
(5), E1655. doi:10.3390/ijms21051655

Zhao, J., Zhao, X., Shen, X, Zhang, Y., Zhang, Y., Ye, L., et al. (2022).
Circcede91 regulates chicken skeletal muscle development by sponging mir-
15 family via activating IGF1-PI3K/AKT signaling pathway. Poult. Sci. 101 (5),
101803. doi:10.1016/j.psj.2022.101803

reveals an abundant

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ma, Chen, Li, Qin and Zeng. 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

September 2022 | Volume 13 | Article 858763


https://doi.org/10.1016/j.bbagrm.2019.02.011
https://doi.org/10.1038/nature11993
https://doi.org/10.1007/s13197-019-03878-4
https://doi.org/10.1007/s13197-019-03878-4
https://doi.org/10.1021/acs.jafc.0c06400
https://doi.org/10.1016/j.gpb.2016.02.003
https://doi.org/10.1093/nar/gkm882
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/323558a0
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1016/j.meatsci.2010.04.040
https://doi.org/10.1186/s12711-015-0087-7
https://doi.org/10.1016/j.molcel.2017.02.017
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1038/s41598-017-16344-y
https://doi.org/10.1016/j.canlet.2017.12.015
https://doi.org/10.1002/jcp.26230
https://doi.org/10.1093/dnares/dsx022
https://doi.org/10.1038/nature11928
https://doi.org/10.3389/fgene.2018.00172
https://doi.org/10.1093/dnares/dsx039
https://doi.org/10.1016/j.fsi.2016.10.027
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1073/pnas.73.11.3852
https://doi.org/10.3390/ijms20122855
https://doi.org/10.3390/ijms20122855
https://doi.org/10.1016/j.bbrc.2017.12.050
https://doi.org/10.1016/j.bbrc.2017.12.050
https://doi.org/10.1016/j.ygeno.2017.10.005
https://doi.org/10.3390/ijms20051107
https://doi.org/10.1016/j.ijbiomac.2018.09.039
https://doi.org/10.1016/j.ijbiomac.2018.09.039
https://doi.org/10.1038/cddis.2017.541
https://doi.org/10.1016/j.celrep.2014.10.062
https://doi.org/10.18632/oncotarget.12891
https://doi.org/10.1002/jcsm.12859
https://doi.org/10.3390/ijms21051655
https://doi.org/10.1016/j.psj.2022.101803
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Identification and Functional Prediction of Circular RNAs Related to Growth Traits and Skeletal Muscle Development in Duroc ...
	1 Introduction
	2 Materials and Methods
	2.1 Ethics Statement
	2.2 Animals
	2.3 RNA Extraction, Strand-Specific Library Construction and Sequencing
	2.4 Quality Control for Raw Reads (Raw Datas) and Mapping
	2.5 Identification of circRNAs and circRNAs Statistics
	2.6 Analysis of differentially expressed circRNAs
	2.7 Functional Enrichment Analysis of Source Gene
	2.7.1 GO Enrichment Analysis
	2.7.2 KEGG enrichment analysis

	2.8 Quantitative trait locus analysis
	2.9 Target Relationship Prediction
	2.10 Quantitative real-time PCR analysis
	2.11 Meat Quality and Carcass Traits Description

	3 Results
	3.1 Meat Quality and Carcass Traits Description
	3.2 Overview of Sequencing Data and Quality Assessment
	3.3 Identification of circRNAs
	3.4 Analysis of Genomic Characteristics on circRNAs
	3.5 Analysis of Source Genes and Molecular Characteristics of circRNAs
	3.6 GO and KEGG Analysis of Source Genes of DE circRNAs
	3.7 Expression Analysis of Growth Traits and Meat Quality-Relevant QTLs
	3.8 Analysis of Target Relationship Prediction

	4 Discussion
	5 Conclusion
	Data Availability Statement
	Ethics Statement
	Author contributions
	Fundings
	Acknowledgments
	Supplementary Material
	References


