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Abstract: The skeletal muscle fiber profile is closely related to livestock meat quality. However, the
molecular mechanisms determining muscle fiber types in donkeys are not completely understood.
In this study, we selected the psoas major muscle (PM; mainly composed of oxidative-type muscle
fibers) and biceps femoris muscle (BF; mainly composed of glycolytic-type muscle fibers) and system-
atically compared their mRNA and microRNA transcriptomes via RNA-seq. We identified a total of
2881 differentially expressed genes (DEGs) and 21 known differentially expressed miRNAs (DEmiRs).
Furthermore, functional enrichment analysis showed that the DEGs were mainly involved in energy
metabolism and actin cytoskeleton regulation. The glycolysis/gluconeogenesis pathway (including
up-regulated genes such as PKM, LDHA, PGK1 and ALDOA) was more highly enriched in BF, whereas
the oxidative phosphorylation pathway and cardiac muscle contraction (including down-regulated
genes such as LDHB, ATP2A2, myosin-7 (MYH7), TNNC1, TPM3 and TNNI1) was more enriched in PM.
Additionally, we identified several candidate miRNA–mRNA pairs that might regulate muscle fiber
types using the integrated miRNA–mRNA analysis. Combined with the results of protein–protein
interaction (PPI) analysis, some interesting DEGs (including ACTN3, TNNT3, TPM2, TNNC2, PKM,
TNNC1 and TNNI1) might be potential candidate target genes involved in the miRNA-mediated
regulation of the myofibril composition. This study is the first to indicate that DEmiRs, especially
eca-miR-193a-5p and eca-miR-370, and potential candidate target genes that are mainly involved
in actin binding (e.g., ACTN3, TNNT3 and TNNC1) and the glycolysis/gluconeogenesis pathways
(e.g., PKM) might coregulate the myofibril composition in donkeys. This study may provide useful
information for improving meat quality traits in Dezhou donkeys.

Keywords: transcriptome; skeletal muscle; fiber type; donkeys

1. Introduction

Skeletal muscle consists of different types of muscle fiber, which may affect the bio-
chemical characteristics of the muscle [1]. The major muscle fibers can be roughly divided
into the slow-twitch type (type I) and fast-twitch type (type II) according to the differences
in their metabolic and contractile characteristics. With regard to metabolism, slow-twitch
fibers, which are also known as the oxidative muscle type, show a higher abundance of
mitochondria and myoglobin and higher oxidative metabolism than fast-twitch fibers (gly-
colytic type) [2]. It is well established that muscle fiber composition is an important factor
affecting meat quality, including meat color, tenderness and flavor [3,4]. In addition to
meat quality in animals, muscle fiber composition is also strongly related to muscle health
in animals [5]. Therefore, the control of muscle fiber composition is of special concern
not only for meat quality regulation, but also for molecular diagnostics and therapeutics.
It was reported that gene expression in eukaryotes is specific to each tissue [6]. Further,
the amount of gene products that are made in the same tissue, as well as in other tissues
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that make up that product, regulates the expression of that gene [7]. Additionally, one
of the basic activities in domestic animals is the study of genes and proteins related to
economic traits and their study at the cellular level [8]. Thus, understanding the differential
expression patterns of muscle fiber at the transcript level in domestic animals is of criti-
cal importance. Donkey meat is drawing research interest, mainly due to characteristics
including its high protein content and low fat content [9]. Although some studies have
reported the differences among the various muscle fiber types in terms of physiology and
functionality, the molecular mechanisms and signaling pathways involved in determining
muscle fiber types in donkeys remain largely unknown.

MicroRNAs (miRNAs), which are important regulators of gene expression at the post-
transcriptional level, have also been reported to play an important role in skeletal muscle
growth and development [10,11]. Moreover, studies have broadened our understanding of
the role of some muscle-specific miRNAs in the regulation of muscle fiber type composition
and specification by regulating the expression of muscle-fiber-type-specific genes and asso-
ciated transcription factors in certain livestock [12–15]. For example, Wang et al. showed
that miR-499-5p acts as a positive regulator of oxidative myofiber formation in pigs by
silencing Sox6 mRNA expression and increasing MyHC I and MyHC IIa mRNA levels [16].
MicroRNA-23a has been observed to affect muscle fiber composition by repressing the
expression of MEF2c and its downstream genes (including PGC1-α, NRF1 and mtTFA) [17].
miR-143-5p, miR-499-5p and miR-129-3p have been shown to be involved in determining
muscle fiber composition in chickens by regulating the CaN/NFAT signaling pathway [15].
Knowledge of the roles of miRNAs in controlling the donkey muscle fiber profile remains
limited. In a recent report on horses, Bao et al. demonstrated that miR-499 and miR-206 can
regulate the expression of SOX6, thereby affecting the performance of fast- and slow-twitch
muscle fiber types [18].

The Dezhou donkey, an important breed in China, with a large size, is famous for
its excellent characteristics (including its large size, muscular body and excellent skin
quality) [19]. Past studies in our lab have found differences in meat quality among various
muscles of Dezhou donkeys (such as the donkey gluteus vs. longissimus dorsi) [20], and
Chai et al. identified some differentially expressed genes (DEGs) related to tenderness in
donkey meat (including MYH1, MYH7, MYH4 and MYL2) [9]. However, the regulation
mechanisms underlying muscle fiber type specification in Dezhou donkeys at the transcript
level still need to be further elucidated. To address this, we studied mRNA–miRNA
interactions to further explore the difference between the two muscle fiber types. In this
study, we compared the mRNA and miRNA differences between the psoas major muscle
(PM; mainly composed of oxidative-type muscle fibers) and biceps femoris muscle (BF;
mainly composed of glycolytic-type muscle fibers) and identified the regulatory mechanism
of muscle fiber composition. Therefore, the study provides a deep understanding that may
contribute to the quality control and improvement of donkey meat.

2. Materials and Methods
2.1. Animal Selection and Sample Collection

The trial was carried out at the Dezhou donkey original breeding farm authorized
by Shandong Province (Dezhou city, Shandong, China) and all procedures used in this
study were approved by the Institutional Animal Care Committee at Liaocheng Univer-
sity (Permit No. DFG21010103-1). Six healthy male donkeys with similar body weight
(225 ± 6 kg; mean ± SEM) and aged 2.5 years were selected for this study. After a 12 h
feed withdrawal, six donkeys were slaughtered for tissue collection, as was done in our
previous publication [21]. After death, the neck muscle (NM), psoas major muscle (PM),
longissimus doris muscle (LD) and biceps femoris muscle (BF) were sampled and washed
with sterilized saline, and immediately placed in liquid nitrogen for histochemical analysis
and RNA extraction. Then, all frozen samples stored in dry ice were transported to the
laboratory and stored at −80 ◦C for further analysis.
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2.2. Histochemical Analysis

Histochemical analyses were performed with ATPase staining using the method of
Brooke and Kaiser [22] with slight modifications. Transverse serial sections of 10 µm in
thickness were cut from entire blocks (1.0 × 1.0 × 1.5 cm) with a cryostat microtome
(HM525, Microm GmbH, Walldorf, Germany) at −20 ◦C. Sections were subsequently
used for histochemical analysis of myosin adenosine triphosphatase (mATPase) following
alkaline (pH 10.70) preincubation. An image analysis system (Image-Pro® plus 5.1, Media
Cybernetics Inc., Rockville, MD, USA) was used to examine the stained sections. The
muscle fibers were classified as fiber types I, IIA and IIB according to the nomenclature
of Brooke and Kaiser. Approximately 500 fibers per sample were counted to analyze the
muscle fiber characteristics with Image-Pro Plus software (Image-Pro® plus 5.1, Media
Cybernetics Inc., Rockville, MD, USA), including the fiber number percentage (FNP) and
fiber area percentages (FAP). FNP shows the ratio of the counted fiber number of each fiber
type to the total counted fiber number. FAP was the ratio of a total cross-sectional area of
each fiber type to total fiber area measured.

2.3. RNA Extraction, Sequencing and Bioinformatics Analysis

Total RNA was extracted from PM and BF muscle samples of the donkeys using
Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol.
RNA quality was verified using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) and the NanoDrop2000 (Thermo Scientific, Wilmington, NC, USA),
and then high-quality RNA samples were used for library preparation and sequencing. The
paired-end RNA-seq sequencing libraries were sequenced with the Illumina NovaSeq 6000
(2 × 150 bp read length) using 5 µg of total RNA. The RNA-seq data were analyzed with
the free online platform Majorbio Cloud Platform (http://www.majorbio.com). Briefly,
quantification of gene expression as transcript per million (TPM) values was carried out
using the RSEM algorithm (Version 1.3.1) [23]. The differential expression genes (DEGs)
were identified and screened by DESeq2 based on fold change > 1.5 and p-value < 0.05 [24].

2.4. Small RNA Sequencing and miRNA Analysis

The miRNA data were also analyzed with the free online Majorbio Cloud Plat-
form (http://www.majorbio.com). The reads were mapped to the reference genome
of Equus_asinus (https://www.ncbi.nlm.nih.gov/genome/7038?genome_assembly_id=
1720012, accessed on 24 March 2022) and classified by alignment against Rfam 12.3 (http:
//rfam.janelia.org/) and miRBase 22.1 (http://www.mirbase.org/). The publicly available
software miRDeep2 (https://www.mdc-berlin.de/content/mirdeep2-documentation) was
used to identify novel and known miRNAs [25], and sequences matching Equus_caballus in
miRBase were considered known miRNAs. As mentioned above, the miRNA expression
levels were calculated and normalized to transcripts per million (TPM) values. Significantly
differentially expressed miRNAs (DEmiRs) were identified and screened by using DEseq2
according to the criteria of a fold change > 1.5 and a p-value < 0.05. Finally, miRandaSoft
(score cutoff ≥ 160.0, energy cutoff ≤ −20 kcal/mol, http://www.miranda.org/) and
RNAhybrid (number of hits per target ≥ 100, energy cutoff ≤ −20 kcal/mol, p-value
cutoff ≤ 0.01, http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/) were used to predict
the target genes of the DEmiRs.

2.5. Functional Enrichment Analysis

All DEGs and target genes of DEmiRs were used for functional enrichment
analysis, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, with the free online platform Majorbio Cloud Platform
(http://www.majorbio.com). The results with p-adjust values less than 0.05 were con-
sidered significantly enriched.

http://www.majorbio.com
http://www.majorbio.com
https://www.ncbi.nlm.nih.gov/genome/7038?genome_assembly_id=1720012
https://www.ncbi.nlm.nih.gov/genome/7038?genome_assembly_id=1720012
http://rfam.janelia.org/
http://rfam.janelia.org/
http://www.mirbase.org/
https://www.mdc-berlin.de/content/mirdeep2-documentation
http://www.miranda.org/
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/
http://www.majorbio.com
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2.6. Real-time Quantitative PCR

To validate the transcriptome results, six mRNAs and two miRNAs were randomly
selected for qRT-PCR. The relative expression analysis of genes was assessed by qRT-PCR
as described in our previous study [9]. Trizol reagent was used to extract the total RNA
of muscle samples, and reverse transcription was carried out using the PrimeScript RT
Reagent Kit (TaKaRa, Dalian, China). GAPDH gene was used as a housekeeping gene in
this procedure to normalize the gene expression data. Real-time qPCR was performed using
ChamQ SYBR Color qPCR Master Mix (2X) (Vazyme, Nanjing, China) in a 7300 Real-Time
PCR System (Applied Biosystems, USA). For miRNA analysis, 1 µg of RNA was used
for reverse transcription with Maxima Reverse Transcriptase (Thermo Fisher Scientific,
Vilnius, Lithuania). The U6 snRNA was used as the internal reference. Real-time qPCR
was performed using 2X SG Fast qPCR Master Mix (Bimake, Houston, TX, USA) in a
QuantStudio 3&5 Real-Time PCR System (ABI/Thermo Fisher, Wilmington, NC, USA). The
primers used in this study are listed in Table S1. The 2–∆∆Ct method was used to quantitate
mRNA and miRNA expression level.

2.7. Protein–Protein Interaction (PPI) Network Analysis

To further identify hub genes, a protein–protein interaction (PPI) network analysis
was performed in the Search Tool for the Retrieval of Interacting Genes (STRING) database.
In the network, each edge was obtained based on the edge weight score to quantify
the interaction confidence, and the PPI network was constructed and visualized using
Cytoscape software (v3.9.0, Cytoscape Consortium, San Diego, CA, USA).

2.8. Statistical Analyses

SPSS statistical software (Version 22, SPSS IBM, New York, NY, USA) was used for
statistical analysis. Data on the muscle fiber characteristics of NM, LD, PM and BF muscle
was assessed by one-way ANOVA followed by Duncan multiple comparison, and Student’s
t test was used to analyze the differences in FAP and RT-PCR data between the PM and
BF. The variability of results was expressed as the mean ± standard error. Means were
considered significantly different at p < 0.05.

2.9. Data Availability

The dataset(s) supporting the conclusions of this article are available in the National
Center for Biotechnology Information Sequence Read Archive (http://www.ncbi.nlm.
nih.gov/sra) under BioProject accession numbers PRJNA870101 (RNA-seq data) and PR-
JNA870031 (small RNA-seq data).

3. Results
3.1. Muscle Fiber Type Populations

Muscle fiber characteristics, including fiber diameter (FD), fiber number percentage
(FNP) and fiber area percentage (FAP) are summarized in Table S2. In total, 24 samples
(six sets of four muscles) were collected and analyzed, including the neck muscle, longis-
simus dorsi muscle from the back, psoas major muscle from the lower levels of the lumbar
spine, and biceps femoris muscle from the hind limbs. As expected, a clear difference in
the muscle fiber type composition was observed among the four muscle sections. The
type I (slow) FAP of Dezhou donkeys was most prevalent in PM (55.99%), followed by NM
(34.82%), LD (21.94%) and BF (9.22%) (Table S2 and Figure 1). Additionally, the diameter
of the PM was thinner than that of the BF. Based on the above results, PM and BF were
selected for the further study of muscle fiber types.

http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
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Figure 1. Muscle fiber type characterization in Dezhou donkeys. (A) Images of myosin ATPase
staining (pH 10.7) of PM (left) and BF (right). The lightest muscle fibers are type I fibers, muscle
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muscles of donkeys. **: Significant differences between PM and BF (p < 0.001). I, type I; II, type II
(type IIA and type IIB); PM, psoas major; BF, biceps femoris muscle.

3.2. Overview of RNA and Small-RNA Sequencing

To assess the expression of mRNAs and miRNAs in the different muscle fiber types
in donkeys, we collected PM and BF for the transcriptomic profiling of all mRNAs and
miRNAs through the high-throughput sequencing of eight muscle samples (four each from
PM and BF). In the mRNA-Seq libraries, a total of 504,369,474 raw reads were produced
from the eight samples analyzed (Table S3) and deposited in the NCBI database under
accession number PRJNA870101. After filtration, a total of 499,455,950 clean reads were
obtained from the eight samples tested, more than 85% of which were mapped to the
Dezhou donkey reference genome (Table S3). The Q20 and Q30 clean read quality scores of
the eight samples were above 97% and 94%, respectively, indicating that the reliability and
quality of the sequencing data met the standard analysis requirements and could be used
for further analysis.

Additionally, in the small RNA-Seq libraries, an average of 11,452,819 clean reads
were obtained from the eight samples. An average of more than 300 known miRNAs and
70 novel miRNAs were obtained after analyses and annotation (Table S4). Furthermore,
the data supporting these results were deposited in the NCBI database under accession
number PRJNA870031.

3.3. Differentially Expressed Genes (DEGs) between the Two Muscles

The PCA showed that the DEGs differed between the two muscle types of donkeys
(Figure S1). Muscles were differentiated based on the presence of slow and fast myofibers.
A total of 2881 differentially expressed genes (DEGs) were identified by comparing the
gene expression between PM and BF, among which 1575 genes were up-regulated and 1306
genes were down-regulated in BF relative to PM (Figure 2A and Table S6a). The results
indicated that there was a significant difference between the two muscle types at the mRNA
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level. As expected, BF showed higher expression levels of genes related to the fast-twitch
muscle fiber type (up-regulated DEGs, p < 0.05), such as TNNI2, TNNC2, MYH1, MYH2,
ACTN3, MYBPC2 and MYLPF, whereas PM showed higher abundances of genes related
to the slow-twitch muscle fiber type (down-regulated DEGs, p < 0.05), including MYH7,
MYH7B, TNNC1, TNNI1, MYL2 and MYL3.
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To better understand the function of these DEGs, we performed further GO and KEGG
pathway enrichment analyses (Figure 2B,C and Figure S2). After GO enrichment anal-
ysis, we observed that the DEGs were mainly enriched in biological pathways. Among
the identified biological processes, the enriched GO terms were mainly related to muscle
development and energy metabolism (Figure S2A). The results of the KEGG enrichment
analysis also showed that the DEGs were enriched in some pathways involved in mus-
cle profiles and function as well as energy metabolism, such as the glucagon signaling
pathway, PPAR signaling pathway, glycolysis/gluconeogenesis, AMPK and PI3K-AKT
signaling pathways, and regulation of actin cytoskeleton (Figure S2B). Additionally, the
glycolysis/gluconeogenesis pathway (including up-regulated genes such as PKM, BPGM,
ENO2, LDHA, PGK1 and ALDOA) was more highly enriched in BF, whereas the oxidative
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phosphorylation pathway (including down-regulated genes such as NDUFB3, NDUFC1,
SDHB, ATP5MC1, NDUFB5 and ATP5F1D) was more enriched in PM (Figure 2B,C). In ad-
dition, some important genes involved in the calcium signaling pathway (such as CAMK1,
CALM1, CALML6, ANXA2 and NFATC3 genes) were also identified in our study, and most
of them were more highly expressed in BF.

3.4. Differentially Expressed miRNAs (DEmiRs) and Target Gene Prediction

To understand the expression characteristics of microRNAs in the slow-twitch PM
and fast-twitch BF muscles, we constructed a small RNA library of the two muscles. After
sequence alignment, 2528 known miRNAs and 621 novel miRNAs were identified (Table
S4). A total of 21 known miRNAs were identified as DE-miRs between the two muscles
(Table S5). Among these miRNAs, 7 miRNAs (such as eca-miR-199b-5p, eca-miR-370
and eca-miR-758) were up-regulated, and 14 miRNAs (such as eca-miR-196b, eca-miR-
196a, eca-miR-192, eca-miR-615-3p, eca-miR-499-3p, eca-miR-128 and eca-miR-193-5p)
were down-regulated in BF. Furthermore, 48,194 miRNA target genes were predicted and
identified based on analyses with miRanda and RNAhybrid software. Among these genes,
1531 target genes were found to be previously identified DEGs, which were considered
intersection genes (Table S6b).

3.5. qRT-PCR Validation

To validate the transcriptome results, the relative expression of five mRNAs (including
ACTN3, CPT1B, MYL1, MYL2 and PFKL) and two miRNAs (eca-miR-10a and eca-miR-758)
was randomly selected for qRT-PCR quantification. As shown in Figure S3, the qRT-PCR
expression patterns of these DEGs and two DEmiRs were in accordance with the results of
the RNA-Seq analysis, indicating the reproducibility and reliability of our RNA-Seq results.
Notably, MYH4, a marker of fast-twitch muscle fiber, was significantly more abundant in
BF than in PM (Figure S3A), despite the failure to identify this gene in RNA-seq analysis.

3.6. Combined Analysis of DEGs and DEmiRs

To reveal possible miRNA–mRNA interactions, we used Cytoscape mapping soft-
ware (v3.9.0, Cytoscape Consortium, San Diego, CA, USA) to construct the potential
miRNA–mRNA regulatory network. Based on GeneCards (www.genecards.org) and some
references [6,26], more than 100 DEGs that might be closely related to muscle fiber composi-
tion were screened from the mRNA sequencing data (Table S6c). By considering these genes
combined with the intersection genes, we screened 74 genes to construct a miRNA–mRNA
regulatory network (Table S6d). We obtained 64 pairs of DEmiRs-DEGs, which included
9 down-regulated and 2 up-regulated miRNAs as well as 16 down-regulated and 48 up-
regulated DEGs, and we then drafted the network of the DEmiRs and the DEGs based on
the negative correlations (Figure 3). In the networks, eca-miR-193-5p, eca-miR-1379 and
eca-miR-370 showed large numbers of target genes. Some important genes of the muscle
fiber profile were found in this network, such as ACTN3, TNNC2, TNNT3, MYPLF, TNNC1,
NFATC2, PKM, TPM2 and TNNI1. Most genes that were up-regulated in BF were targets of
the down-regulated miRNAs eca-miR-193-5p and eca-miR-1379 as well as eca-miR-615-3p
(Figure 3B). On the other hand, TNNC1, TPM2, TNNI1 and MYH14 (also referred to as
MYH7b), enriched in PM, were targets of the up-regulated miRNA eca-miR-370 (Figure 3A).

www.genecards.org
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green indicates down-regulated miRNAs or genes. Node size indicates the degree; a bigger node
indicates a higher degree.

Additionally, GO and KEGG enrichment analyses were carried out to explore the
potential functions of these DEGs in this network. As shown in Figure S4A, the enriched
GO terms were mainly related to biological processes including the Wnt signaling pathway,
cell differentiation and glycolytic processes, cellular components such as troponin complex,
and molecular functions such as actin binding. The enriched KEGG pathways were mainly
associated with energy metabolism (such as glycolysis/gluconeogenesis and the pentose
phosphate pathway), the Wnt signaling pathway, cancer (mainly related to cell proliferation
and differentiation), and muscle contraction (Figure S4B). Finally, these genes in the miRNA–
mRNA regulatory network were also used to build a PPI network, which included 272 edges
and 50 nodes. The top 10 hub genes in network string interactions ranked by the degree
method were ACTN3, TPM2, TNNT3, TNNC2, MYLPF, TNNC1, TNNI1, TNNI2, PKM and
MMP2 (Figure 4). The degree scores are shown in Table S6e.
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4. Discussion and Conclusions

Skeletal muscle fiber is not only closely related to human muscle health but also
affects meat quality in livestock production [1,4,15]. In our previous studies, we observed
differences in meat quality among various muscles of donkeys (e.g., donkey gluteus vs.
longissimus dorsi) [20] as well as genes related to donkey meat tenderness, as reported
by Chai et al. [9]. However, the molecular mechanisms determining the muscle fiber
profiles of donkeys remain unclear, especially with respect to miRNA regulation. Thus,
we further explored the molecular mechanisms affecting muscle fiber types by comparing
microRNA and mRNA differences through RNA sequencing of the two types of muscles.
First, according to the observed muscle fiber characteristics, we selected PM and BF as
representatives of type I muscle fibers (oxidative type) and type II muscle fibers (glycolytic
type), respectively. Similar to previous reports, PM was characterized as the slow oxidative
fiber type (type I), as found in pork [27,28], beef [29] and goat muscles [30], whereas
BF showed higher respective percentages of type II fibers (fast-twitch fibers) [4,13,31].
Generally, the diameter of type I muscle fibers is thinner than that of type II muscle
fibers [32], and our data were consistent with this pattern. Then, we identified a total of
2881 differentially expressed genes (DEGs) and 21 known differentially expressed miRNAs
(DEmiRs) as well as several candidate miRNA–mRNA pairs that might regulate muscle
fiber type by integrated miRNA–mRNA analysis.

In the present study, we also investigated the high functional divergence between
PM and BF based on functional enrichment analysis. As expected, the functional analysis
based on KEGG results showed that DEGs involved in energy metabolism, oxidative
phosphorylation and cardiac muscle contraction were more enriched in PM, including
some important genes (LDHB, ATP2A2, myosin-7 (MYH7), MYH6, TNNC1, TPM3 and
TNNI1) that are generally more highly expressed in slow-twitch skeletal muscle and cardiac
muscle [18,33]. However, the expression of myosin-2 (MYH2), myosin-1-like (MYH1) and
MYH4, which are molecular markers of adult fast/type II myofibers [34], was significantly
higher in BF, indicating that BF was more enriched with type II myofibers than PM and
showed a higher glycolysis level. Concerning the functional pathways of fast-twitch muscle
fibers, BF was also mainly enriched in pathways related to the glucagon signaling pathway
and glycolysis/gluconeogenesis, including the PKM, PGK1, LDHA, PPP3CA, TNNC2 and
ALDOA genes. For example, PKM is a key rate-limiting enzyme that catalyzes the last step
in glycolysis [35], whereas PGK is involved in the first step in ATP generation. PKM has also
been reported to participate in regulating meat quality; for instance, the expression of this
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gene is significantly negatively correlated with the final meat pH [28]. Another gene, LDHA,
encodes skeletal-muscle-specific lactate dehydrogenase, which also plays an important
role in glycolysis and affects the meat quality [36]. It is worth noting that most DEGs
involved in the calcium signaling pathway, including CALM1, CALM6, CALMK1, PPP3CA,
ANXA2, NFATc2 and NFATc3, showed significantly higher levels in BF (mainly composed
of fast-twitch muscle fibers), which was similar to the results of previous studies showing
that the CaN/NFAT signaling pathway plays a key role in regulating the muscle fiber
phenotype [15,37]. It has also been shown that the expression of CALM1, a subunit of CaM,
is negatively correlated with intramuscular fat in pigs [38] and influences meat quality.
Furthermore, genes such as MYH1, MYH7, MYH4 and MYL2 have been identified as
candidate genes affecting meat tenderness in our previous work [9]. These results indicated
that there is a difference between PM and BF at the transcription level, which is consistent
with the data from the histochemical analysis of the study subjects. Additionally, some
interesting genes may play an important role in regulating skeletal myofiber formation and
thereby affect meat quality.

MicroRNAs can regulate target gene expression by promoting mRNA degradation or
repressing translation. Several studies have also identified some differentially expressed
miRNAs between glycolytic and oxidative muscles [13,15–17]. At the miRNA level, the
present study is the first to identify a total of 21 known DEmiRs in comparisons of PM
(mainly composed of slow-twitch muscle fibers) and BF (mainly composed of fast-twitch
muscle fibers). Similarly, in Mongolian horses, only 11 microRNAs (including miR-499-
3p, miR-499-5p and miR-206) were reported as DemiRs between the splenius (higher
slow-twitch muscle fiber population) and gluteus medius (higher fast-twitch muscle fiber
population) muscles [18]. Indeed, some of these DEmiRs have been reported to regulate
muscle development and functions, including myofiber-type switching. For instance, miR-
499 can affect myoblast differentiation and skeletal muscle fiber composition by repressing
target genes such as SOX6 and FNIP [16,18,39]. In turn, eca-miR-196a and eca-miR-196b
were also more highly expressed in PM, whereas their expression was most absent in
BF, which may be important for controlling myofiber type. In chickens, miR-196-5p is
most enriched in slow-twitch muscle fibers, and can regulate myofiber type by targeting
CAML1 [15]. MiR-370-3p has been shown to down-regulate ACADSB gene expression and
inhibit the formation of slow-twitch muscle fiber [40]. Additionally, some of the DEmiRs
identified in our study, such as eca-miR-192, eca-miR-10a and eca-miR-128, are involved
in muscle cell proliferation, differentiation and energy expenditure [41–43]. These results
suggested that some DEmiRs identified in our study might also be involved in skeletal
muscle fiber development and composition in donkeys.

To further understand the regulatory mechanism of miRNAs and their targets af-
fecting the muscle fiber phenotype, an interaction network was constructed between the
miRNAs and mRNAs involved in muscle development and muscle fiber composition. In
this interaction network, some genes related to myofiber type pathways associated with
the troponin complex (such as TNNI2, TNNC2 and TNNT3), actin binding (ACTN3) and
glycolysis/gluconeogenesis (such as GRK6, PKM, EPHA, ALDOA and PGM1), which are
negatively regulated by eca-miR-193a-5p or/and eca-miR-1379, showed higher expression
in BF (higher fast muscle fiber population). According to previous reports, miRNA-193a-5p
mostly functions in the context of cell proliferation and differentiation, including tumor or
cancer development and 3T3-L1 preadipocyte proliferation and differentiation [44–46]. For
instance, the overexpression of miR-193a-5p can inhibit 3T3-L1 preadipocyte proliferation
and differentiation by targeting ACAA2 [46]. A study by Ju et al. showed that miR-193-
3p may contribute to the regulation of oxidative myofibers in chickens by targeting the
PPARGC1A gene [47]. Additionally, only one report has identified miR-1379 expressed in
serum as a novel equine tissue miRNA, and the expression of this miRNA was relatively
low in both muscles evaluated in our study, indicating that its regulatory role in muscle
fiber composition in donkeys needs to be further confirmed. On the other hand, this study
indicated that only one up-regulated miRNA showed a high degree in the interaction
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network. We found that some interesting genes (e.g., TPM2, TNNC1, TNNI1, MYH14 and
ACADS) were predicted to be targets of eca-miR-370, and these genes were more highly ex-
pressed in slow muscle fibers [18,40,48]. For instance, Zhang et al. revealed that miR-370-3p
can inhibit the formation of slow-twitch myofibers by down-regulating the ACADSB gene,
which might play an important role in fiber-type transitions [40]. Furthermore, combined
with the results from PPI analysis, a number of potential candidate target genes affecting
myofibril composition were screened, including ACTN3, TNNT3, TPM2, TNNC2, PKM,
TNNC1 and TNNI1. Considering these results together, we inferred that eca-miR-193a-5p
and eca-miR-370 are very likely involved in controlling muscle fiber composition by target-
ing genes that are mainly involved in actin binding and the glycolysis/gluconeogenesis
pathways in donkeys, although the cellular functional validation of these findings and the
elucidation of the complex regulatory mechanisms involved will require further study.

In summary, we first compared the mRNA and miRNA transcript profiles of slow-
twitch (PM) and fast-twitch (BF) muscles by RNA sequencing and constructed a miRNA–
mRNA network. We identified 2881 DEGs and 21 DEmiRs between two muscles of
Dezhou donkey. Furthermore, we identified two microRNAs (eca-miR-193a-5p and eca-
miR-370) and some potential candidate target genes (ACTN3, TNNT3, TPM2, TNNC2,
PKM, TNNC1 and TNNI1), which were mainly involved in actin binding and the glycol-
ysis/gluconeogenesis pathways, and might coregulate the muscle fiber types. Therefore,
these miRNAs and potential candidate target genes could be used as candidate biomarkers
controlling myofibril composition, and this study may expand our understanding of the
molecular mechanisms underlying meat quality traits in donkeys.
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//www.mdpi.com/article/10.3390/genes13091610/s1, Figure S1: Principal component analysis
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enriched KEGG pathways of DEGs (B); Figure S3: Validation of differentially expressed mRNAs and
miRNAs by RT-qPCR. (A and B) Validation of mRNAs by qRT-PCR. Five differentially expressed
genes (ACTN3, CPT1B, MYL1, MYL2 and PFKL) were randomly selected for qRT-PCR validation,
and GAPDH was chosen as the reference gene. Additionally, the expression of MYH4, an important
marker of fast-twitch muscle fiber, was also quantified by RT-qPCR, although this gene was not
identified in the mRNA sequencing data in this study. (C and D) Validation of miRNA by qRT-PCR.
Two differentially expressed miRNAs (eca-miR-10a and eca-miR-758) were randomly selected for
qRT-PCR validation, and U6 snRNA was used as the internal reference. PM, psoas major; BF, biceps
femoris muscle. Data are expressed as the means ± SEMs. a, b Means with different letters are
significantly different, p < 0.05; Figure S4: Top 20 significantly enriched GO terms (A) and KEGG
pathways (B) of DEGs in the miRNA–mRNA network; Table S1: List of primers used for differentially
expressed genes and differentially expressed miRNA validation; Table S2: Muscle fiber characteristics
of Dezhou donkey NM, LD, PM and BF muscles; Table S3: Overview of the mRNA sequencing data;
Table S4: Overview of the small RNA sequencing data; Table S5: Differentially expressed miRNAs
between PM and BF; Table S6: (a) DEGs in BF vs. PM (Up DEG (BF/PM), p < 0.05 & FC > 1.5;
Number = 1575; Down DEG (BF/PF), p < 0.05 & FC < 0.67; Number = 1306); (b) Combined DEGs
and predicted target genes of DEmiRs as the intersection genes (number = 1531); (c) DEGs related to
the muscle fiber phenotype (number = 113); (d) Combined intersection genes and DEGs related to
the muscle fiber phenotype; (e) Degree scores of the PPI network of the DEGs in the miRNA–mRNA
network based on the STRING database.

Author Contributions: Conceptualization, Methodology and Project Administration, Y.L. and Q.M.;
Investigation and Analysis, Q.M. and X.S.; Writing—Original Draft Preparation, and Writing—Review
and Editing, Y.L., Q.M. and W.Y.; Investigation and Writing—Review and Editing, Y.L., Q.M. and
G.L.; Methodology, Analysis, Visualization and Writing—Review and Editing, Y.L. and C.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
no. 32102564), the Open Project of Shandong Collaborative Innovation Center for Donkey Industry

https://www.mdpi.com/article/10.3390/genes13091610/s1
https://www.mdpi.com/article/10.3390/genes13091610/s1


Genes 2022, 13, 1610 12 of 13

Technology (grant no. 3193308) and the Open Project of Liaocheng University Animal Husbandry
Discipline (grant no. 319312101-11 and 319312101-13).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Animal Care Committee at Liaocheng
University (Permit No. DFG21010103-1).

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset(s) supporting the conclusions of this article are available
in the National Center for Biotechnology Information Sequence Read Archive (http://www.ncbi.nlm.
nih.gov/sra, accessed on 16 August 2022) under BioProject accession numbers PRJNA870101 and
PRJNA870031.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lorenzo, J.M.; Pateiro, M.; Franco, D. Influence of muscle type on physicochemical and sensory properties of foal meat. Meat Sci.

2013, 94, 77–83. [CrossRef] [PubMed]
2. Schiaffino, S.; Reggiani, C. Fiber types in mammalian skeletal muscles. Physiol. Rev. 2011, 91, 1447–1531. [CrossRef] [PubMed]
3. Kim, G.-D.; Ryu, Y.-C.; Jeong, J.-Y.; Yang, H.-S.; Joo, S.-T. Relationship between pork quality and characteristics of muscle fibers

classified by the distribution of myosin heavy chain isoforms. J. Anim. Sci. 2013, 91, 5525–5534. [CrossRef] [PubMed]
4. Gaga Oua, M.; Picard, B. Muscle Fiber Properties in Cattle and Their Relationships with Meat Qualities: An Overview. J. Agric.

Food Chem. 2020, 68, 6021–6039. [CrossRef]
5. Talbot, J.; Maves, L. Skeletal muscle fiber type: Using insights from muscle developmental biology to dissect targets for

susceptibility and resistance to muscle disease. WIREs Dev. Biol. 2016, 5, 518–534. [CrossRef]
6. Mohammadabadi, M.; Bordbar, F.; Jensen, J.; Du, M.; Guo, W. Key Genes Regulating Skeletal Muscle Development and Growth in

Farm Animals. Animals 2021, 11, 835. [CrossRef]
7. Mohammadabadi, M. Expression of calpastatin gene in Raini Cashmere goat using Real Time PCR. Agric. Biotechnol. J. 2019, 11,

219–235. [CrossRef]
8. Mohammadabadi, M.; Asadollahpour Nanaei, H. Leptin gene expression in Raini Cashmere goat using Real-Time PCR. Agric.

Biotechnol. J. 2021, 13, 197–214. [CrossRef]
9. Chai, W.; Qu, H.; Ma, Q.; Zhu, M.; Li, M.; Zhan, Y.; Liu, Z.; Xu, J.; Yao, H.; Li, Z.; et al. RNA-seq analysis identifies differentially

expressed gene in different types of donkey skeletal muscles. Anim. Biotechnol. 2022, 18, 1–10. [CrossRef]
10. Ouyang, H.; He, X.; Li, G.; Xu, H.; Jia, X.; Nie, Q.; Zhang, X. Deep Sequencing Analysis of miRNA Expression in Breast Muscle of

Fast-Growing and Slow-Growing Broilers. Int. J. Mol. Sci. 2015, 16, 16242–16262. [CrossRef]
11. Mok, G.F.; Lozano-Velasco, E.; Münsterberg, A. microRNAs in skeletal muscle development. Semin. Cell Dev. Biol. 2017, 72, 67–76.

[CrossRef] [PubMed]
12. Liu, Y.; Li, M.; Ma, J.; Zhang, J.; Zhou, C.; Wang, T.; Gao, X.; Li, X. Identification of differences in microRNA transcriptomes

between porcine oxidative and glycolytic skeletal muscles. BMC Mol. Biol. 2013, 14, 7. [CrossRef] [PubMed]
13. Jiang, A.; Yin, D.; Zhang, L.; Li, B.; Li, R.; Zhang, X.; Zhang, Z.; Liu, H.; Kim, K.; Wu, W. Parsing the microRNA genetics basis

regulating skeletal muscle fiber types and meat quality traits in pigs. Anim. Genet. 2021, 52, 292–303. [CrossRef] [PubMed]
14. Ma, J.; Wang, H.; Liu, R.; Jin, L.; Tang, Q.; Wang, X.; Jiang, A.; Hu, Y.; Li, Z.; Zhu, L.; et al. The miRNA Transcriptome Directly

Reflects the Physiological and Biochemical Differences between Red, White, and Intermediate Muscle Fiber Types. Int. J. Mol. Sci.
2015, 16, 9635–9653. [CrossRef] [PubMed]

15. Liu, Y.; Zhang, M.; Shan, Y.; Ji, G.; Ju, X.; Tu, Y.; Sheng, Z.; Xie, J.; Zou, J.; Shu, J. miRNA-mRNA network regulation in the skeletal
muscle fiber phenotype of chickens revealed by integrated analysis of miRNAome and transcriptome. Sci. Rep. 2020, 10, 10619.
[CrossRef]

16. Wang, X.Y.; Chen, X.L.; Huang, Z.Q.; Chen, D.W.; Yu, B.; He, J.; Luo, J.Q.; Luo, Y.H.; Chen, H.; Zheng, P.; et al. MicroRNA-499-5p
regulates porcine myofiber specification by controlling Sox6 expression. Animal 2017, 11, 2268–2274. [CrossRef]

17. Shen, L.; Chen, L.; Zhang, S.; Zhang, Y.; Wang, J.; Zhu, L. MicroRNA-23a reduces slow myosin heavy chain isoforms composition
through myocyte enhancer factor 2C (MEF2C) and potentially influences meat quality. Meat Sci. 2016, 116, 201–206. [CrossRef]

18. Bao, T.; Han, H.; Li, B.; Zhao, Y.; Bou, G.; Zhang, X.; Du, M.; Zhao, R.; Mongke, T.; Laxima; et al. The distinct transcriptomes of
fast-twitch and slow-twitch muscles in Mongolian horses. Comp. Biochem. Phys. D 2020, 33, 100649. [CrossRef]

19. Zhao, C.; Teng, J.; Zhang, X.; Wang, D.; Zhang, X.; Li, S.; Li, H.; Jiang, X.; Ning, C.; Zhang, Q. Optimizing Genomic Selection in
Dezhou Donkey Using Low Coverage Whole Genome Sequencing. Res. Sq. 2021, preprint. [CrossRef]

20. Li, M.; Zhang, D.; Chai, W.; Zhu, M.; Wang, Y.; Liu, Y.; Wei, Q.; Fan, D.; Lv, M.; Jiang, X.; et al. Chemical and physical properties of
meat from Dezhou black donkey. Food Sci. Technol. Res. 2022, 28, 87–94. [CrossRef]

21. Zhang, Z.; Wang, Y.; Huang, B.; Zhu, M.; Wang, C. The Fibrolytic Enzyme Profiles and the Composition of Fungal Communities
in Donkey Cecum-Colon Ecosystem. Animals 2022, 12, 412. [CrossRef] [PubMed]

22. Brooke, M.H.; Kaiser, K.K. Muscle Fiber Types: How Many and What Kind? Arch. Neurol. 1970, 23, 369–379. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
http://doi.org/10.1016/j.meatsci.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23391865
http://doi.org/10.1152/physrev.00031.2010
http://www.ncbi.nlm.nih.gov/pubmed/22013216
http://doi.org/10.2527/jas.2013-6614
http://www.ncbi.nlm.nih.gov/pubmed/23989883
http://doi.org/10.1021/acs.jafc.0c02086
http://doi.org/10.1002/wdev.230
http://doi.org/10.3390/ani11030835
http://doi.org/10.22103/jab.2020.15510.1210
http://doi.org/10.22103/jab.2021.17334.1305
http://doi.org/10.1080/10495398.2022.2050920
http://doi.org/10.3390/ijms160716242
http://doi.org/10.1016/j.semcdb.2017.10.032
http://www.ncbi.nlm.nih.gov/pubmed/29102719
http://doi.org/10.1186/1471-2199-14-7
http://www.ncbi.nlm.nih.gov/pubmed/23419046
http://doi.org/10.1111/age.13064
http://www.ncbi.nlm.nih.gov/pubmed/33840112
http://doi.org/10.3390/ijms16059635
http://www.ncbi.nlm.nih.gov/pubmed/25938964
http://doi.org/10.1038/s41598-020-67482-9
http://doi.org/10.1017/S1751731117001008
http://doi.org/10.1016/j.meatsci.2016.02.023
http://doi.org/10.1016/j.cbd.2019.100649
http://doi.org/10.21203/rs.3.rs-607740/v1
http://doi.org/10.3136/fstr.FSTR-D-21-00149
http://doi.org/10.3390/ani12040412
http://www.ncbi.nlm.nih.gov/pubmed/35203120
http://doi.org/10.1001/archneur.1970.00480280083010
http://www.ncbi.nlm.nih.gov/pubmed/4248905


Genes 2022, 13, 1610 13 of 13

23. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 2011, 12, 323. [CrossRef] [PubMed]

24. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

25. Friedländer, M.R.; Mackowiak, S.D.; Li, N.; Chen, W.; Rajewsky, N. miRDeep2 accurately identifies known and hundreds of novel
microRNA genes in seven animal clades. Nucleic Acids Res. 2012, 40, 37–52. [CrossRef] [PubMed]

26. Rubenstein, A.B.; Smith, G.R.; Raue, U.; Begue, G.; Minchev, K.; Ruf-Zamojski, F.; Nair, V.D.; Wang, X.; Zhou, L.; Zaslavsky,
E.; et al. Single-cell transcriptional profiles in human skeletal muscle. Sci. Rep. 2020, 10, 229. [CrossRef]

27. Ke, Y.; Mitacek, R.M.; Abraham, A.; Mafi, G.G.; VanOverbeke, D.L.; DeSilva, U.; Ramanathan, R. Effects of muscle-specific
oxidative stress on cytochrome c release and oxidation–reduction potential properties. J. Agric. Food Chem. 2017, 65, 7749–7755.
[CrossRef]

28. Shen, L.; Gan, M.; Chen, L.; Zhao, Y.; Niu, L.; Tang, G.; Jiang, Y.; Zhang, T.; Zhang, S.; Zhu, L. miR-152 targets pyruvate kinase to
regulate the glycolytic activity of pig skeletal muscles and affects pork quality. Meat Sci. 2022, 185, 108707. [CrossRef]

29. Lang, Y.; Zhang, S.; Xie, P.; Yang, X.; Sun, B.; Yang, H. Muscle fiber characteristics and postmortem quality of longissimus thoracis,
psoas major and semitendinosus from Chinese Simmental bulls. Food Sci. Nutr. 2020, 8, 6083–6094. [CrossRef]

30. Hwang, Y.-H.; Joo, S.-H.; Bakhsh, A.; Ismail, I.; Joo, S.-T. Muscle fiber characteristics and fatty acid compositions of the four major
muscles in Korean native black goat. Korean J. Food Sci. Anim. Resour. 2017, 37, 948–954. [CrossRef]

31. Li, R.; Li, B.; Jiang, A.; Cao, Y.; Hou, L.; Zhang, Z.; Zhang, X.; Liu, H.; Kim, K.-H.; Wu, W. Exploring the lncRNAs Related to
Skeletal Muscle Fiber Types and Meat Quality Traits in Pigs. Genes 2020, 11, 883. [CrossRef]

32. Fang, M.; Cui, R.; Kang, X.; Liu, Y.; Li, Z.; Liu, X.; Chan, S.; Wang, Y. Integrated analysis of the whole-transcriptome of sheep
skeletal muscle reveals the ceRNA regulation network related to muscle fiber formation in sheep. Res. Sq. 2022, preprint.
[CrossRef]

33. Hou, X.; Liu, Q.; Meng, Q.; Wang, L.; Yan, H.; Zhang, L.; Wang, L. TMT-based quantitative proteomic analysis of porcine muscle
associated with postmortem meat quality. Food Chem. 2020, 328, 127133. [CrossRef]

34. Dos Santos, M.; Backer, S.; Auradé, F.; Wong, M.M.-K.; Wurmser, M.; Pierre, R.; Langa, F.; Do Cruzeiro, M.; Schmitt, A.; Concordet,
J.-P.; et al. A fast Myosin super enhancer dictates muscle fiber phenotype through competitive interactions with Myosin genes.
Nat. Commun. 2022, 13, 1039. [CrossRef]

35. Yang, W. Structural basis of PKM2 regulation. Protein Cell 2015, 6, 238–240. [CrossRef]
36. Kim, G.-D.; Jeong, J.-Y.; Yang, H.-S.; Hur, S.J. Differential abundance of proteome associated with intramuscular variation of meat

quality in porcine longissimus thoracis et lumborum muscle. Meat Sci. 2019, 149, 85–95. [CrossRef]
37. Wu, P.; Chen, L.; Cheng, J.; Pan, Y.; Zhu, X.; Bao, L.; Chu, W.; Zhang, J. The miRNA expression profile directly reflects the energy

metabolic differences between slow and fast muscle with nutritional regulation of the Chinese perch (Siniperca chuatsi). Comp.
Biochem. Phys. A 2021, 259, 111003. [CrossRef]

38. Hamill, R.M.; McBryan, J.; McGee, C.; Mullen, A.M.; Sweeney, T.; Talbot, A.; Cairns, M.T.; Davey, G.C. Functional analysis of
muscle gene expression profiles associated with tenderness and intramuscular fat content in pork. Meat Sci. 2012, 92, 440–450.
[CrossRef]

39. Liu, J.; Liang, X.; Zhou, D.; Lai, L.; Xiao, L.; Liu, L.; Fu, T.; Kong, Y.; Zhou, Q.; Vega, R.B. Coupling of mitochondrial function and
skeletal muscle fiber type by a miR-499/Fnip1/AMPK circuit. EMBO Mol. Med. 2016, 8, 1212–1228. [CrossRef]

40. Zhang, P.; Du, J.; Guo, X.; Wu, S.; He, J.; Li, X.; Shen, L.; Chen, L.; Li, B.; Zhang, J.; et al. LncMyoD Promotes Skeletal Myogenesis
and Regulates Skeletal Muscle Fiber-Type Composition by Sponging miR-370-3p. Genes 2021, 12, 589. [CrossRef]

41. Zhao, Q.; Kang, Y.; Wang, H.Y.; Guan, W.J.; Li, X.C.; Jiang, L.; He, X.H.; Pu, Y.B.; Han, J.L.; Ma, Y.H.; et al. Expression profiling
and functional characterization of miR-192 throughout sheep skeletal muscle development. Sci. Rep. 2016, 6, 30281. [CrossRef]
[PubMed]

42. Shang, Q.; Shen, G.; Chen, G.; Zhang, Z.; Yu, X.; Zhao, W.; Zhang, P.; Chen, H.; Tang, K.; Yu, F.; et al. The emerging role of miR-128
in musculoskeletal diseases. J. Cell. Physiol. 2021, 236, 4231–4243. [CrossRef] [PubMed]

43. Hu, R.; Pan, W.; Fedulov, A.V.; Jester, W.; Jones, M.R.; Weiss, S.T.; Panettieri, R.A., Jr.; Tantisira, K.; Lu, Q. MicroRNA-10a controls
airway smooth muscle cell proliferation via direct targeting of the PI3 kinase pathway. FASEB J. 2014, 28, 2347–2357. [CrossRef]

44. Jammal, R.; Krowiorz, K.; Haetscher, N.; Emmrich, S.; Rouhi, A.; Heuser, M.; Bothur, S.; Bullinger, L.; Döhner, K.; Lai, C.; et al.
The miRNA-193 Family Is a Potent Tumor-Suppressor and a Biomarker for Poor Prognosis in Acute Myeloid Leukemia. Blood
2016, 128, 1534. [CrossRef]

45. Xu, J.H.; Zhao, J.X.; Jiang, M.Y.; Yang, L.P.; Sun, M.L.; Wang, H.W. MiR-193 promotes cell proliferation and invasion by
ING5/PI3K/AKT pathway of triple-negative breast cancer. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 3122–3129. [CrossRef]

46. Han, F.; Zhou, L.; Zhao, L.; Wang, L.; Liu, L.; Li, H.; Qiu, J.; He, J.; Liu, N. Identification of miRNA in Sheep Intramuscular Fat and
the Role of miR-193a-5p in Proliferation and Differentiation of 3T3-L1. Front. Genet. 2021, 12, 633295. [CrossRef]

47. Ju, X.; Liu, Y.; Shan, Y.; Ji, G.; Zhang, M.; Tu, Y.; Zou, J.; Chen, X.; Geng, Z.; Shu, J. Analysis of potential regulatory LncRNAs and
CircRNAs in the oxidative myofiber and glycolytic myofiber of chickens. Sci. Rep. 2021, 11, 20861. [CrossRef]

48. Hettige, P.; Tahir, U.; Nishikawa, K.C.; Gage, M.J. Comparative analysis of the transcriptomes of EDL, psoas, and soleus muscles
from mice. BMC Genom. 2020, 21, 808. [CrossRef]

http://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1093/nar/gkr688
http://www.ncbi.nlm.nih.gov/pubmed/21911355
http://doi.org/10.1038/s41598-019-57110-6
http://doi.org/10.1021/acs.jafc.7b01735
http://doi.org/10.1016/j.meatsci.2021.108707
http://doi.org/10.1002/fsn3.1898
http://doi.org/10.5851/kosfa.2017.37.6.948
http://doi.org/10.3390/genes11080883
http://doi.org/10.21203/rs.3.rs-1256802/v1
http://doi.org/10.1016/j.foodchem.2020.127133
http://doi.org/10.1038/s41467-022-28666-1
http://doi.org/10.1007/s13238-015-0146-4
http://doi.org/10.1016/j.meatsci.2018.11.012
http://doi.org/10.1016/j.cbpa.2021.111003
http://doi.org/10.1016/j.meatsci.2012.05.007
http://doi.org/10.15252/emmm.201606372
http://doi.org/10.3390/genes12040589
http://doi.org/10.1038/srep30281
http://www.ncbi.nlm.nih.gov/pubmed/27452271
http://doi.org/10.1002/jcp.30179
http://www.ncbi.nlm.nih.gov/pubmed/33241566
http://doi.org/10.1096/fj.13-247247
http://doi.org/10.1182/blood.V128.22.1534.1534
http://doi.org/10.26355/eurrev_202003_20679
http://doi.org/10.3389/fgene.2021.633295
http://doi.org/10.1038/s41598-021-00176-y
http://doi.org/10.1186/s12864-020-07225-2

	Introduction 
	Materials and Methods 
	Animal Selection and Sample Collection 
	Histochemical Analysis 
	RNA Extraction, Sequencing and Bioinformatics Analysis 
	Small RNA Sequencing and miRNA Analysis 
	Functional Enrichment Analysis 
	Real-time Quantitative PCR 
	Protein–Protein Interaction (PPI) Network Analysis 
	Statistical Analyses 
	Data Availability 

	Results 
	Muscle Fiber Type Populations 
	Overview of RNA and Small-RNA Sequencing 
	Differentially Expressed Genes (DEGs) between the Two Muscles 
	Differentially Expressed miRNAs (DEmiRs) and Target Gene Prediction 
	qRT-PCR Validation 
	Combined Analysis of DEGs and DEmiRs 

	Discussion and Conclusions 
	References

