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ABSTRACT Intramuscular fat (IMF) is an impor-
tant indicator for determining meat quality, and IMF
deposition during muscle development is regulated by a
complex molecular network involving multiple genes.
The N°-methyladenosine (m®A) modification of mRNA
plays an important regulatory role in muscle adipogene-
sis. However, the distribution of m°A and its role in IMF
metabolism in poultry has not been reported. In the
present study, a transcriptome-wide m°A profile was
constructed using methylated RNA immunoprecipita-
tion sequence (MeRIP-seq) and RNA sequence
(RNA-seq) to explore the potential mechanism of regu-
lating IMF deposition in the breast muscle based on the
comparative analysis of IMF differences in the breast
muscles of 42 (group G), 126 (group S), and 180-days
old (group M) Jingyuan chickens. The findings revealed
that the IMF content in the breast muscle increased sig-
nificantly with the increase in the growth days of the

Jingyuan chickens (P < 0.05). The m®A peak in the
breast muscles of the 3 groups was highly enriched in the
coding sequence (CDS) and 3’ untranslated regions
(3 UTR), which corresponded to the consensus motif
RRACH. Moreover, we identified 129, 103, and 162 dif-
ferentially methylated genes (DMGs) in the breast
muscle samples of the G, S, and M groups, respectively.
Functional enrichment analyses revealed that DMGs
are involved in many physiological activities of muscle
fat anabolism. The m°A-induced ferroptosis pathway
was identified in breast muscle tissue as a new target for
regulating IMF metabolism. In addition, association
analysis demonstrated that LMOD2 and its multiple
m°A negatively regulated DMGs are potential regula-
tors of IMF differential deposition in muscle. The find-
ings of the present study provide a solid foundation for
further investigation into the potential role of m®A mod-
ification in regulating chicken fat metabolism.
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INTRODUCTION

It is gradually becoming recognized that the high-
intensity selection of poultry growth rate and meat pro-
duction performance can cause a significant decrease in
muscle quality to a certain extent. Intramuscular fat
(IMF) can improve the flavor, tenderness, and juiciness
of meat and is an important indicator of muscle quality
(Frank et al., 2016). IMF was mainly deposited on the
myoepimysium and myofascicular membrane in the
muscles. It is a complex physiological process in which
myocytes and adipocytes grow together, interact, and
are regulated by multiple transcription factors and
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signaling pathways (Hocquette et al., 2010). However,
in addition to specific factors regulating the transcrip-
tional regulation of IMF metabolism, epigenetic modifi-
cations are involved in multiple biological processes of
adipocyte differentiation (Song et al., 2020).

N methyladenosine (m®A) is the most common
methylation modification observed in eukaryotic RNA,
representing a novel mode of post-transcriptional gene
regulation (Roundtree et al., 2017; Frye et al., 2018;
Yang et al., 2018). m®A methylation is a reversible modi-
fication process dynamically regulated by a series of
methyltransferase complexes, m°®A-binding proteins,
and demethylase activity (Yang et al., 2018). mC®A modi-
fication is involved in almost all RNA metabolic pro-
cesses in the regulation of gene expression (Zhao et al.,
2017), thereby playing an important role in biological
activities such as tissue growth and development, cell
differentiation (Frye et al., 2018; Lee et al., 2019), and
lipid metabolism (Song et al., 2020). m°A modifications
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have been involved in fat anabolic processes by regulat-
ing transcription factors and adipose tissue-specific gene
expression. The demethylase FTO is required for preadi-
pocyte differentiation, and m°A modification mediated
by it acts as a switch to promote adipogenesis (Zhao
et al., 2014; Merkestein et al., 2015). In contrast,
increased levels of m°A mediated by the methyltransfer-
ase METTLS3 inhibited fat deposition (Wang et al.,
2015; Song et al., 2020). AMPK reduces the level of m°A
during skeletal muscle cell differentiation via FTO-
dependent demethylation, affecting fat accumulation in
skeletal muscle cells (Wu et al., 2017). Despite extensive
research into the relationship between m°A modification
and adipogenesis in recent years, its functional mecha-
nism in IMF metabolism in poultry has not been fully
described.

Jingyuan chicken is an excellent local chicken breed
resource in the Catalogue of Chinese Livestock and
Poultry Genetic Resources, with characteristics such as
rough feeding resistance, strong adversity resistance,
and delicious meat. It has developed its own distinct
meat-quality genetic law. The present study revealed
that the IMF content in the breast muscles of Jingyuan
chickens increased significantly during their growing
period, sexual maturity, and market age. Given the
importance of m°A methylation modifications in adipo-
genesis, we analyzed and compared the m°A methyla-
tion patterns during breast muscle development in the
Jingyuan chicken and investigated the functions of
m®A-modified genes and their potential mechanisms for
regulating IMF metabolism. The findings of the present
study provide a basis for determining the role of m®A
modification in regulating chicken IMF metabolism.

MATERIALS AND METHODS
Ethical Statements

The animal experiments in the present study were car-
ried out in accordance with the Regulations on Adminis-
tration of Animals Used as Subjects of Experiments
issued by the State Council of China. They were
approved by the Experimental Animal Welfare and
Ethics Review Committee of Ningxia University (Ning-
xia, China).

Animal and Tissue Collection

Jingyuan chickens were provided by a national-grade
breeding farm in Pengyang County, Ningxia. All chick-
ens were hatched in the same batch, with the same
genetic background and level of feeding management.
Ten white-feathered hens of comparable body weight
were selected for the growing period (42-days old), sex-
ual maturity (126-days old), and market age (180-days
old) and weighed and slaughtered after 12 h of fasting.
The breast muscle tissues were then rapidly separated
on both sides, and part of the tissue samples was snap-
frozen in liquid nitrogen and stored at —80°C, while the
other part was used to determine the fat content.

Fat Content Determination

The fat content of breast muscle was determined using
the national standard “National standard for food
safety: determination of fat in food” (GB 5009. 6-2016).
The 3 to 5 g mixed samples were weighed and baked in a
desiccator until completely dry. The samples were then
extracted for 6 to 10 h on a Soxhlet extractor with anhy-
drous ether as the solvent, and the residue obtained after
solvent recovery was fat in the tissue.

RNA Extractions and Real-Time Quantitative
PCR

Total tissue RNA was extracted using RNAiso Plus
(Takara, Dalian, China) as directed by the manufac-
turer. Then, c¢cDNA was synthesized via reverse
transcription using the PrimeScript®™" Reagent Kit
(Perfect Real Time; Takara, Dalian, China).
Table S1 presents the primer sequences. The quanti-
tative PCR was performed on a CFX96 real-time
PCR detection system (Bio-Rad, Hercules, CA)
according to the instructions of the SYBR® Green
Premix Pro Taq HS qPCR Kit (Accurate Biotechnol-
ogy (Hunan) Co., Ltd., ChangSha, China) with
B-actin as the internal reference. The relative mRNA
expression was calculated using 272" methods.

Methylated RNA Immunoprecipitation
Library Construction and Sequencing

The total RNA of each of the 5 breast muscle tissues of
Jingyuan chickens aged 42 d (group G), 126 d (group S),
and 180 d (group M) was selected as sequencing samples
in the study. First, poly(A)-containing RNA was isolated
from total RNA using Dynabeads Oligo (dT) (Thermo
Fisher, Waltham, CA) and divided into short fragments
of 50 to 100 nt under high temperature and magnesium
ions (NEBNext Magnesium RNA Fragmentation Mod-
ule, NEB, Ipswich, MA). The fragmented RNA was
divided into 2 parts: one for direct reverse transcription
synthesis of the transcriptome sequencing library and the
other for placing in immunoprecipitation (IP) buffer
(50 mM Tris-HC1, 750 mM NaCl, and 0.5 Igepal CA-
630) containing m°A antibody (Synaptic Systems,
Goettingen, Germany), mixed with immunomagnetic
beads (Dynabeads Antibody Coupling Kit; Thermo
Fisher, CA) and incubated at 4°C for 2 h. The resulting
IP products were synthesized as single-stranded cDNA
using SuperScript I reverse transcriptase (Invitrogen,
Waltham, CA). dUTP (Thermo Fisher, CA) was added,
and DNA polymerase I (NEB) and RNase H (NEB) was
used to synthesize double-stranded cDNA and an A was
then added to each end of the double-stranded DNA.
The 180 to 220 bp fragment was screened with magnetic
beads and enriched by PCR to produce the final cDNA
library. Finally, double-end 150-bp sequencing was per-
formed on the Illumina Novaseq 6000 platform (L.C-Bio
Technology CO., Ltd., Hangzhou, China).
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Bioinformatics Analysis

The raw sequences were all deposited in the NCBI data-
base Sequence Read Archive under the accession number
PRJNAS898123. The raw data obtained from sequencing
were saved in fastq format. The raw reads of IP and input
samples were first filtered using fastp software (Chen et al.,
2018). The high-quality valid reads were obtained by remov-
ing the adapter, repetitive, and low-quality sequences. Valid
reads were compared with the Gallus gallus reference
genome (GRCgb6a_v101) using HISAT2 (Kim et al., 2015)
to compare and obtain detailed read information. The R
package exomePeak2 was used to analyze data such as the
position and length of the peak on the genome (Meng et al.,
2014). After testing by the Poisson distribution model on
the candidate peak region with genomic reads, the region
with a Pvalue <0.05 was considered a peak. The above-men-
tioned m°A peak was then annotated using ANNOVAR
(Wang et al., 2010). MEME2 (Bailey et al., 2009) and
HOMER (Heinz et al., 2010) were used to identify the motifs
associated with peaks in each group of samples, and data
such as the P value and percentage of targets of each motif
were obtained. Gene expression levels in the 15 samples were
analyzed using StringTie software (Pertea et al., 2015),
which calculated Fragments Per Kilobase of the exon model
per Million mapped reads (FPKM) for each gene. The R
package edgeR (Robinson et al., 2010) was then used for dif-
ferential expression analysis between the 2 groups. The |log,
(fold change)| > 1 and P value <0.05 were used as thresholds
to determine the differentially expressed genes (DEGs)
between groups. To investigate the relationship between
m°A methylation and gene expression abundance, we
merged differential peaks with DEGs, and genes with one or
more m°A peaks were considered differentially methylated
genes (DMGs). The Gene Ontology (GO) (http://www.
geneontology.org/) function and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) (http://www.kegg.jp/kegg)
pathway enrichment analysis were used to determine the
functional role of DMGs and DEGs.

Statistical Analysis

GraphPad Prism (version 8.0.2) software performed
data analysis and visualization. Data were expressed as
the mean + standard error of the mean (SEM). An
unpaired 2-tailed Student t test was used to compare dif-
ferences between the 2 groups. One-way analysis of vari-
ance (ANOVA) was used to evaluate differences
between multiple groups, followed by Tukey’s multiple
comparisons tests. Correlations were determined using
Pearson correlation analysis. When the P value was less
than 0.05, the results were statistically significant.

RESULTS

Fat Content in the Breast Muscles at 3
Developmental Stages

We measured the fat percentage in the breast muscles
at 3 developmental stages to confirm the differences in

Table 1. Fat percentage in breast muscle at 3 developmental
stages.

Ages 42-days old
0.39 + 0.03"

126-days old
1.14 £ 0.08%

180-days old
1.64 & 0.20%"

Fat percentage (%)

ABDjifferent capital letters indicate extremely significant differences
(P<0.01).
*PDifferent lowercase letters indicate significant differences (P < 0.05).

fat content during Jingyuan chicken breast muscle
development. The results revealed that the fat percent-
age in the breast muscle of Jingyuan chickens increased
significantly with age (Table 1).

Transcriptome-Wide Detection of m°A
Modification in the Breast Muscle of
Jingyuan Chicken

In the present study, 15 IP libraries produced
32,808,986 to 54,128,964 raw reads, while input libraries
produced 34,482,536 to 53,911,290 raw reads. To ensure
the quality of the data analysis, low-quality reads in
the raw reads were removed, yielding 31,416,218 to
52,623,496 valid reads with Q30 and GC contents
greater than 91.59 and 47.97%, respectively (Table S2).
In all samples, the number of valid reads compared to
the Gallus gallus genome was more than 79.47%
(Table S3), with unique mapped reads and multimapped
reads averaging more than 62.07 and 18.66%, respec-
tively (Figure 1A). The proportion of exon regions in IP
and input libraries was the highest in the valid reads
compared to the genome (Figure 1B). A genome-wide
peak scan was then performed, and 18,015, 17,164, and
16,783 m®A peaks with average lengths of 4,364 bp,
4,124 bp, and 4,616 bp were identified in group G, S,
and M breast muscle samples, respectively. Figure 1C
depicts the length distribution of m°A peaks in the 3
sample groups. The m°A peaks in groups G, S, and M
corresponded to 10,250, 10,116, and 9,800 genes, respec-
tively, with 76.27, 73.96, and 79.22% of genes having
only 1 peak, and the proportion of genes having 2 or 3
peaks being relatively high, with only a few genes con-
taining 4 or more m°®A peaks (Figure 1D).

Identification and Differential Analysis of the
Genome-Wide m°A Peak

The consensus motifs of the m®A peak in groups G, S,
and M (Figure 2A) were consistent with the classical
m°A motif RRACH (where R = A/G, A = m°A, and
H = A/C/G), further improving the credibility of the
m®A peak. The mRNA sequence was divided into 7 func-
tional regions based on gene annotations and nonover-
lapping segments to analyze the preferential location of
the m°A peak. The m®A peak in the 3 groups of breast
muscle was most enriched in a stop codon and coding
sequence (CDS), followed by 3’ untranslated regions
(UTR), and a few in the 5 UTR, start codon and intron
(Figure 2B). The relative positions of m®A peaks in
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Figure 1. Methylation sequencing and m®A peak identification of group G, S, and M breast muscle samples. (A) Comparison of read distribu-
tion in IP and input samples. Unique mapped reads: The number of reads can only be unique compared to a specific location in the genome. Multi-
mapped reads: The number of reads that can be compared to multiple locations in the genome. (B) Distribution of valid reads compared to exon,
intron, and intergenic regions of the reference genome. (C) Length distribution of m®A peaks in groups G, S, and M. (D) The percentage of m®A-

methylated genes with various m®A peaks.

mRNA revealed that the 3 groups of peaks were highly
enriched in the CDS and 3" UTR (Figure 2C). Moreover,
m°A methylation was extensively modified in group G,
S, and M breast muscles, and the distribution trend of
mP®A methylation sites was consistent, with 3 chromo-
somes, chrl, chr2, and chr3 having the most peaks
(Figure 2D).

Furthermore, we compared the abundance of m®A
peaks in breast muscle samples from groups G, S, and
M. Compared to group G, group S had 713 hypermethy-
lated and 419 hypomethylated peaks (P < 0.05, fold
change >1.5) (Figure 2E, Table S4). Group M had 393
hypermethylated and 1,490 hypomethylated peaks com-
pared to group S (Figure 2F). While group M had 458
hypermethylated and 807 hypomethylated peaks com-
pared to group G (Figure 2G). In conclusion, the most
significant difference in m®A methylation was identified
between the 126 d and 180 d of breast muscles of the Jin-
gyuan chickens, and the number of hypomethylated
m®A peaks was significantly higher than that of hyper-
methylated m°A peaks.

Differential m°A peaks were then analyzed overlap-
ping in the 3 comparison groups to investigate further
the m°A methylation sites that were consistently modi-
fied during breast muscle development. Figure 2H indi-
cates only 5 shared differential peaks in the 3
comparison groups located on chromosomes chrl6,

chrl5, chrl, chr4, and chrl, respectively. Based on
David’s (https://david.nciferf.gov/) functional enrich-
ment analysis, 80 genes continuously modified by m®A
during breast muscle development were significantly
enriched into multiple functional terms (Figure 2I),
including receptor transactivation, adenylate cyclase-
activating adrenergic receptor signaling pathway, regu-
lation of GTPase activity, notch signaling pathway, pos-
itive regulation of MAPK cascade, myosin complex, and
focal adhesion (Table S5).

Screening and Functional Enrichment
Analysis of Intergroup DEGs

The transcriptome analysis of mRNA expression pat-
terns in breast muscle tissues of groups G, S, and M was
performed. In the S vs. G comparison group, 906 DEGs
were identified, with 477 being upregulated and 429
being downregulated (Figure 3A, Table S6). GO analy-
sis revealed that DEGs were significantly enriched in sig-
nal transduction, cell proliferation regulation, and
positive regulation of gene expression as well as molecu-
lar functions such as actin binding, chemokine activity,
and glutathione transferase activity (Figure 3D).
KEGG analysis demonstrated that DEGs were signifi-
cantly enriched in several lipid anabolism-related
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Figure 2. m°®A methylation profiles of Jingyuan chicken breast muscle at 3 key developmental stages. (A) Consensus motif of the m®A peak in
breast muscles of groups G, S, and M. (B) Frequency of m®A peak distribution in 7 nonoverlapping functional regions in groups G, S, and M. (C)
m®A distribution peaks across transcripts divided into 3 segments: 5 UTR, CDS, and 3’ UTR. (D) The overall distribution of m®A methylation sites
in the Jingyuan chicken genome. The circles from outside to inside represent the calling peak of the G (red), M (blue), and S (green) groups, and the
gene expression results of the G (red), M (blue), and S (green) groups, respectively. Volcano plot of differential peaks in the (E) S vs. G, (F) M vs. S,
and (G) M vs. G groups. (H) The m®A common difference peaks in all 3 comparison groups. (I) The genes represented by differential m®A peaks in

the 3 comparison groups.

pathways, including the adipocytokine signaling path-
way, PPAR signaling pathway, and the insulin signaling
pathway (Figure 3G). In the M vs. S group, 552 DEGs
were identified, 353 upregulated, and 199 downregulated
(Figure 3B, Table S6). Functional analysis revealed that
DEGs were significantly enriched in GO terms such as
cell adhesion, steroid hormone-mediated signaling path-
way, actin binding, and cation transmembrane trans-
port (Figure 3E). It was also significantly enriched for
focal adhesion, ECM-receptor interaction, the adipocy-
tokine  signaling  pathway,  glycerophospholipid

metabolism, and the fatty acid biosynthesis signaling
pathway (Figure 3H). In the M vs. G group, 1,148 DEGs
were identified, with 674 being upregulated and 474
being downregulated (Figure 3C, Table S6). GO analy-
sis demonstrated that DEGs were mainly involved in
cell adhesion, proteolysis, cytokine-mediated signaling
pathways, and molecular functions such as calcium ion
binding, actin filament binding, and serine-type endo-
peptidase inhibitor activity (Figure 3F). DEGs were sig-
nificantly enriched in several KEGG pathways,
including ECM-receptor interaction, MAPK signaling
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Figure 3. Identification and functional analysis of DEGs between breast muscles of groups G, S, and M. Volcano plot of DEGs in the (A) S vs.
G, (B) M vs. S, and (C) M vs. G groups. GO functional enrichment results of DEGs in the (D) S vs. G, (E) M vs. S, and (F) M vs. G groups. The top
10 terms with the highest number of genes significantly enriched in biological processes (BP) and molecular functions (MF). KEGG pathway enrich-
ment results of DEGs in the (G) S vs. G, (H) M vs. S, and (I) M vs. G groups. Display 10 signaling pathways significantly enriched in DEGs and asso-

ciated with IMF anabolism.

pathway, PPAR signaling pathway, IL-17 signaling
pathway, and arginine biosynthesis, which is widely
involved in fat synthesis and metabolism (Figure 3I).
The visualization of the Venn map revealed 39 genes of
continuous differential expression (Figure S1A) during
the breast muscle development of the Jingyuan chicken,
of which 15 were continuously downregulated, and 18
were upregulated, while the 6 DEGs increased at first
and then decreased (Figure S1B). Based on the identi-
fied DEGs in the IMF, the findings revealed various
enriched pathways in adipocytokine interactions, fatty
acid anabolism, amino acid metabolism, glucose homeo-
stasis, and energy activity.

Association Analysis of mRNA-seq and
mCA-seq

We identify key DMGs that regulate IMF-specific
deposition by correlating the intergroup difference peak

with DEGs. There were 70 hypermethylated DMGs (29
mRNAs upregulated and 41 downregulated) and 59
hypomethylated DMGs (33 mRNAs upregulated and 26
downregulated) in the S vs. G comparison group
(Figure 4A, Table S7). After identifying that DMGs
were significantly enriched in the PPAR signaling path-
way, ferroptosis, and fatty acid metabolism pathways
(Figure 4D), we screened and identified the roles of
FABP4, FHHADH, PLIN5, HACD4, STEAPS, and
HMOX1 in the lipid metabolism regulation. There were
19 hypermethylated DMGs (14 mRNAs upregulated
and 5 downregulated) and 84 hypomethylated DMGs
(63 mRNAs upregulated and 21 downregulated) in the
M vs. S group (Figure 4B, Table S7). KEGG analysis
revealed that DMGs were significantly enriched in argi-
nine and proline metabolism, focal adhesion, and ECM-
receptor interaction pathways (Figure 4E). The SPP1,
CHAD, HOGA1, and ARG2 genes regulated by them
were associated with adipogenesis-related processes.
There were 55 hypermethylated DMGs (37 mRNAs
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changes in both m®A methylation levels and gene expression in the (A

) Svs. G, (B) M vs. S, and (C) M vs. G groups. Hyper-up: m°A peak and

mRNA expression upregulation; Hyper-down: mA peak upregulation and mRNA expression downregulation; Hypo-up: mCA peak downregulation
and mRNA expression upregulation; Hypo-down: m®A peak and mRNA expression downregulation. KEGG pathway of DMGs enrichment in the

(D)Svs. G, (E) Mvs. S, and (F) M vs. G groups.

upregulated and 18 downregulated) and 107 hypome-
thylated DMGs (62 mRNAs upregulated and 45 down-
regulated) in the M vs. G group (Figure 4C, Table S7).
DMGs are involved in more signaling pathways at this
stage, including actin cytoskeleton regulation, the PI3K-
Akt signaling pathway, the T-cell receptor signaling
pathway, and the Rapl signaling pathway (Figure 4F).
Furthermore, the annotated LPAR1, FGF16, EGF, and
IL7R in these pathways may be functional genes for reg-
ulating fat anabolism in muscle.

In addition, we classified the differential m°®A peaks in
the 3 comparison groups as hyper- and hypomethylated
DMGs. We used GO analysis to further investigate the
potential biological significance of m®A methylation in
muscle fat anabolic processes. In the S vs. G comparison
group, hypermethylated DMGs were primarily associ-
ated with calmodulin binding, actin binding, protein
kinase inhibitor activity, and the pyruvate biosynthetic
process. G-protein coupled receptor binding, actin bind-
ing, and RNA polymerase activity were all functions of
the hypomethylated DMGs. The hypermethylated
DMGs in the M vs. S group were involved in fewer func-
tional terms, primarily protein localization, protein
kinase, and carbohydrate binding. Whereas the hypome-
thylated DMGs were involved in catalytic activity, met-
abolic process, lipopolysaccharide binding, and various
energy metabolic activities. The M vs. G group hyper-
methylated DMGs were mainly associated with muscle
activity and transcriptional activity regulation processes,

such as actin binding, cell junction, and transcription
coactivator activity. In contrast, the hypomethylated
DMGs were related to various cellular metabolic and
energy conversion processes, such as G-protein coupled
receptor binding, enzyme activator activity, and glucose
transmembrane transport (Table S7).

Functional Gene Screening and
Identification

Further investigation of DMGs regulating IMF-spe-
cific deposition revealed that only LMOD2 was consis-
tently differentially expressed in the breast muscle at all
3 developmental stages (Figure 5A). String database
(https://cn.string-db.org/) analysis demonstrated that
LMODZ2 interacts with CSRP3 and multiple myosin
family proteins (MYL2, MYBPC1, and UNC45B)
(Figure 5B), which can regulate myofiber development,
muscle contraction, and actin binding. Consistent with
the mRNA-seq results, real-time quantitative PCR
(RT-gPCR) results confirmed that the mRNA expres-
sion levels of LMODZ2 in breast muscles at different
developmental stages were significantly different
(Figure 6).

mP®A methylation was negatively correlated with gene
expression levels in these differentially m®A-modified
genes (Figure 5C). This is consistent with the aforemen-
tioned association analysis of differential peaks with
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Figure 5. Identification of key DMGs in Jingyuan chicken breast muscles at different developmental stages. (A) DMGs common to the 3 com-
parison groups. (B) LMOD2 protein interaction network analysis (edge confidence: 0.700). (C) Correlation analysis of m°A methylation and mRNA

expression in S vs. G group and M vs. S group.

DEGs, which indicates that hyper-down and hypo-up
have more DMGs than hyper-up and hypo-down regula-
tions (Figure 4A and B). In the S vs. G and M vs. S com-
parison groups, 12 stage-specific DMGs were identified,
of which HOGA1, MYHI1F, LRRC66, TEKT1, DHX5S,
PPMI1K, ANKRD2, and SACS were m®A-modified neg-
ative regulatory genes (Table 2). Functional investiga-
tions revealed that these 9 m°A negatively regulated
genes were associated with myoblast differentiation,
RNA transcriptional regulation, protein kinase activity,

catalytic activity, and mitochondrial and glucuronic
acid catabolism processes.

RT-qPCR Validations of Differentially
Expressed Genes
The mRNA expression levels of 9 of the DEGs shared

by the 3 comparison groups were significantly different
in breast muscles at different developmental stages
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Figure 6. RT-qPCR validation of DEGs in breast muscle of groups G, S, and M.
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Table 2. List of 13 genes with significant changes in both m®A peak and mRNA expression in the S vs. G and M vs. S. comparison

groups.

Svs. G Mvs. S
Gene Peak. Peak. Gene. Gene. Peak. Peak. Gene. Gene.
name Pattern logsfc Pvalue logs(fc) Pvalue Pattern logsfc Pvalue logs(fc) Pvalue
HOGA1 Hyper-down 2.74 0.00 —2.84 0 Hypo-up —2.36 0 5.36 0.00
MYHI1F Hyper-down 1.44 0.00 —4.06 0 Hypo-up —-1.73 0 1.02 0.01
LRRC66 Hyper-down 1.42 0.01 —1.72 0 Hypo-up —1.78 0 1.56 0.00
TEKT1 Hyper-down 1.37 0.00 —-1.17 0 Hypo-up —1.15 0.01 1.37 0.01
DHX58 Hyper-down 1.34 0.00 —1.09 0 Hypo-up —-1.13 0 1.67 0.00
SLC25A15 Hyper-up 1.34 0.00 1.32 0 Hypo-down —0.95 0.01 —1.37 0.00
LOC419333 Hyper-up 1.29 0.00 1.12 0.03 Hypo-down —-0.91 0.02 —1.43 0.01
PPM1K Hyper-down 0.96 0.00 —24 0 Hypo-up —0.75 0 2.54 0.00
ANKRD2 Hyper-down 0.82 0.00 —1.64 0 Hypo-up —0.65 0.02 4.8 0.00
SACS Hyper-down 0.63 0.01 —1.32 0 Hypo-up —1.69 0 1.31 0.00
LMOD2 Hypo-down —0.9 0.01 —1.49 0.04 Hypo-up —0.71 0.01 3.3 0.00
GRIP2 Hypo-down —1.09 0.02 —2.22 0 Hyper-up 1.36 0 1.98 0.01
TAL2 Hypo-down —2.46 0.00 —1.92 0 Hyper-up 1.21 0.01 2.66 0.00

(Figure 6), which was consistent with the trend of RNA-
seq, demonstrating the reliability of the sequencing
results.

DISCUSSION

IMF is important for regulating muscle quality, and
appropriate IMF deposition can significantly improve
meat flavor and palatability (Katsumata, 2011; Frank
et al., 2016). The amount of IMF deposition during the
formation of animal meat varies significantly depending
on species, sex, age, and tissue site (Chen et al., 2005;
Cui et al., 2018; Cheng et al., 2021; Ou et al., 2022;
Chen et al., 2023). Tt has been reported that changes in
chicken quality occur primarily during the growing
period, with IMF deposition increasing with age (Le
Bihan-Duval et al., 2001; Cui et al., 2018; Li et al.,
2020), which is consistent with the findings of the pres-
ent study. However, with high-intensity genetic breeding
selection, the relationship between muscle growth and
development and meat quality has become gradually out
of balance. Rapid muscle growth has resulted in histolog-
ical and biochemical changes (Petracci and Cavani,
2012). That is, the ability of fat synthesis and metabo-
lism in muscle decreased significantly. These differences
were attributed to the complex regulatory processes
that subjected adipocytes to multiple hormones and
metabolic enzymes. Comparing the differences in IMF
differential deposition at key developmental stages of
Jingyuan chicken and determining the regulation mecha-
nism of functional genes for IMF metabolism is thus an
important step toward improving muscle quality.

m®A methylation is the most common epigenetic mod-
ification of RNA transcription regulation in eukaryotes
and is involved in gene expression regulation, cell differ-
entiation, and metabolism-related biological processes
(Dominissini et al., 2012; Luo et al., 2014). A transcrip-
tome-wide assay for m®A methylation in breast muscle
tissues was performed in the present study at 42-, 126-,
and 180-days old. Many mC®A methylation sites were
present in the breast muscle at all 3 developmental

stages, with these m®A peaks primarily enriched in the
CDS and 3’ UTR. This modification pattern is similar to
that observed in rex rabbits, yaks, and pigs (Jiang et al.,
2019; Zhang et al., 2021; Guo et al., 2022; Luo et al.,
2022). However, species- and tissue-specific mC®A methyl-
ation patterns were identified in poultry studies. The
m®A peak in the breast muscle of Dingan goose embryos
is enriched in the CDS and start codon (Xu et al., 2021).
During chicken ovarian follicle selection, the m°A mark
is primarily localized in the start and stop codon regions
(Fan et al., 2019). The m®A methylation sites described
above in the animals and tissues were consistent with
the conserved motif RRACH. This modification feature
has been validated in humans and mice (Dominissini
et al., 2012; Meyer et al., 2012), and our findings support
this. When these findings were combined with functional
analysis, it was identified that genes consistently modi-
fied by m°A in the 3 developmental stages can be
involved in the regulation of GTPase activity, myosin
complex, focal adhesion, and notch signaling pathways,
implying a potential regulatory mechanism of m°®A
methylation in IMF metabolism of the chicken breast
muscle.

IMF deposition is a polygenic trait regulated by multi-
ple gene networks directly or indirectly involved in fat
anabolism (Cesar et al., 2015). The IMF content in the
breast muscle of Jingyuan chickens increased from the
beginning of the growth period to sexual maturity and
up to marketable age. DEGs were widely expressed in
breast muscles at various stages during this process.
They participated in actin binding, protein kinase activ-
ity regulation, catalytic and transcriptional activity,
glucose transport, carbon metabolism, and other biologi-
cal functions. The functional pathways of DEGs enrich-
ment in each group were examined, and the S vs. G
group identified the adipocytokine signaling pathway
(ACSBG1, ADIPOR2, C1QTNF2), PPAR signaling
pathway (APOA1, EHHADH, FABPJ/), and insulin sig-
naling pathway (FOXO01, GCK, GRAPL). Studies have
shown that the insulin signaling pathway is important
for glucose transport (Laukkanen et al., 2004; Davis
et al., 2008). The energy generated by this process
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protects adipocyte differentiation and metabolism (Salt-
iel and Pessin, 2002; Jiang et al., 2010). PPAR is a class
of transcription factors from the nuclear receptor protein
family, and its isoforms PPARa and PPARy were
widely expressed in liver and adipose tissue. They were
involved in fat anabolism by regulating the expression of
fatty acid transport and binding proteins (Soto-Avella-
neda and Morrison, 2020). Moreover, the liver is not
well developed. It has a limited capacity for fat synthesis
during this period (Wang et al., 2021), which is consis-
tent with the phenotype observed in our previous study,
where no significant fat droplet deposition was seen in
the liver tissue. Therefore, IMF deposition in the breast
muscle from 42 to 126 d is primarily due to the synthesis
of the breast muscle or the proliferation and differentia-
tion of adipocytes in the breast muscle.

The DEGs in the M vs. S groups were significantly
enriched in the adipocytokine signaling pathways
(RXRA and SOCS3), glycerophospholipid metropolis
(AGPAT2, DGKH, ETNPPL, and GPAM), fatty acid
biology (ACSL1 and ACSL4), ECM receiver interaction
(COL4A1, DIP2C, and THBS/), and focal progression
signal pathways (MYL10, SPP1, and THBS/). The pro-
tein composition of the extracellular matrix (ECM) is
required for adipocyte growth and energy metabolism
(Mariman and Wang, 2010). Focal adhesion is a protein
complex connecting the ECM and actin cytoskeleton
that plays an important role in skeletal muscle develop-
ment and is the signaling center of cell growth and differ-
entiation (Sastry and Burridge, 2000). The breast
muscle develops more slowly after sexual maturation,
resulting in reduced fatty acid oxidation capacity in
breast muscle tissue. The liver’s ability to synthesize fat
has matured during this period. The liver regulates fatty
acid synthesis through desaturation, elongation, and
oxidation and thus plays a central role in lipid metabo-
lism in poultry (Wang et al., 1984, 2006). The mitochon-
dria-localized acyl-CoA synthetase long-chain family
member 1/4 (ACSL1/4) primarily promotes fatty acid
oxidation in the liver (Huh et al., 2020), and the extra-
long-chain fatty acid elongase (ELOVL) family per-
forms the same function (Chen et al., 2021). In the pres-
ent study, ACSL 1/4 and ELOVL1 expression decreased
significantly from 126- to 180-days old. Therefore, IMF
deposition in breast muscle was mainly due to the
increased ability to transport fat from the liver. In addi-
tion, increased IMF deposition can cause chickens to
reach sexual maturation earlier (Zhao et al., 2007).
Changes in hormone levels during sexual maturation,
such as growth hormone receptor (GHR) deficiency
that inhibits mitochondrial function promote adipocyte
differentiation via the AMPK-PGCla-PPAR signaling
pathway, ultimately leading to fat deposition (Yang
et al., 2022).

Notably, ferroptosis was significantly enriched during
IMF deposition in the breast muscle. Ferroptosis is a
novel cell death pathway caused by the massive accumu-
lation of lipid peroxides induced by iron ions and reac-
tive oxygen species (Jiang et al., 2021). Tron, an essential
micronutrient, is required in skeletal muscle to maintain

physiological functions (e.g., cell differentiation and
growth) and energy metabolism. Transferrin receptor 1
(TFR1) deletion in muscle satellite cells resulted in dys-
regulated expression of the ferritin genes HMOXI,
SLC7A11, and ACSL/ and was accompanied by iron ion
accumulation, unsaturated fatty acids synthesis, disrup-
tion in glutathione metabolism, and lipid peroxidation,
all of which induce ferroptosis in skeletal muscle (Ding
et al., 2021). Studies have demonstrated that amino acid
and lipid metabolism are prerequisites for ferroptosis,
and polyunsaturated fatty acids can promote ferroptosis
via the peroxidation of specific membrane phospholipids
(Stockwell, 2022). Heme oxygenase 1 (HMOX1) is a
key inducer of intracellular heme degradation and iron
production. Adding heme to human adipocytes during
differentiation reduces intracellular lipid accumulation
and significantly downregulates the expression of ADI-
POQ, FABP/, SLC2A/, and PLINI (Moreno-Navarrete
et al., 2017). This is consistent with the findings in pigs
(Park et al., 2015). The 6-transmembrane epithelial
antigen of prostate 3 (STEAPS3) is a ferric reductase
that plays an important role in maintaining cellular iron
homeostasis (Ohgami et al., 2005, 2006).

mP®A modifications are involved in various biological
activities in eukaryotes, including RNA processing and
metabolism, and are essential for regulating gene expres-
sion and functional cellular mechanisms. Based on this,
emerging evidence reveals that m®A modification and its
regulators are essential in ferroptosis (Ruan et al., 2021;
Shen et al., 2021). HMOX1 and STEAP3 m°A methyla-
tion levels were significantly downregulated in the breast
muscles from 42- to 126-days old in this study. There-
fore, m°A methylation-mediated HMOX1 and STEAP3
may be important regulators of adipocyte metabolism in
muscle, implying that m®A-induced ferroptosis may be a
new target for regulating chicken IMF metabolism.

By analyzing the functional roles of DMGs in breast
muscle at different developmental stages, it was revealed
that hyper- and hypomethylated DMGs were primarily
involved in protein and kinase activity regulation, actin
binding, transcriptional regulation, and various energy
metabolic processes. We identified that leiomodin-2
(LMODZ2) is differentially expressed during breast mus-
cle development and that its m°A level is consistently
downregulated. LMODZ2 is a protein in striated muscle
cells that can bind to actin and participate in the forma-
tion of thin filaments (Kiss et al., 2020). LMODZ2 is only
expressed in skeletal muscle and the myocardium, per-
forming the similar function of lengthening thin fila-
ments (Conley et al., 2001; Tsukada et al., 2010). String
database exploration revealed that LMODZ2 functions
similarly to muscle development-related genes (CSRP3
and MYL2) and can regulate myofiber development,
muscle contraction, and actin binding. LMODZ2 and
CSRP3 were identified as key genes regulating breast
muscle development in yellow broilers, consistent with
Li et al. (2020). It has been established that CSRP3,
mainly expressed in skeletal muscle and myocardium, is
an important cofactor in the initiation and maintenance
of muscle-specific genes (Kong et al., 1997; Barash et al.,
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2005) and can also be used as a functional candidate
gene for pork quality regulation (Xu et al., 2010). IMF
deposition results from adipocyte action mediated by
complex gene regulatory networks in muscle. Therefore,
the m®A-modified gene LMOD2 during muscle develop-
ment may be a key candidate gene for regulating IMF
metabolism.

Based on the m®A methylation and gene expression
association analysis results, 8 stage-specific DMGs
(HOGA1, MYHIF, LRRC66, TEKTI1, DHX5S,
PPM1K, ANKRD2, and SACS) were identified. The
catabolic process of glycerol-3-phosphate and various
amino acids was aided by 4-hydroxy-2-oxoglutarate
aldolase 1 (HOGA1). HOGA1 inhibition can signifi-
cantly downregulate the expression of PPARy, C/
EBPx, AP2, CD36, and adiponectin during mouse
adipocyte differentiation, inhibiting intracellular fat
deposition (Kim et al., 2022). Protein phosphatase,
Mg®"/Mn?*"-dependent 1K (PPM1K), has mitochon-
drial pyruvate dehydrogenase activity and is a key
enzyme in the catabolism of branched-chain amino acids
(Knapik-Czajka et al., 2021). Myosin, heavy chain 1f
(MYH1F), which is highly expressed in chicken skeletal
muscle and involved in myogenesis processes, has been
well characterized in regulating skeletal muscle contrac-
tion and actin binding (Ren et al., 2022). Ankyrin repeat
domain-containing protein 2 (ANKRD2) functions as
a transcriptional regulator in myogenesis-related
processes. It is important in skeletal muscle development
in pigs (Xu et al., 2018) and myofiber-type conversion in
chickens (Stamenkovic et al., 2020). In summary,
various amino acids in muscle and adipose tissue can
differentially regulate the activity and gene expression
of enzymes involved in fat metabolism and positively
regulate muscle proteins and fatty acid synthesis. This
process is also associated with mitochondrial-mediated
energy metabolism. Therefore, the m®A modification-
mediated HOGA1, PPM1K, MYHIF, and ANKRD2
may be potential candidate genes for regulating IMF-
specific deposition, and their methylation modification
activity may be associated with multiple functional
activities during muscle biogenesis, including amino acid
anabolism, protein and transcription factor activity reg-
ulation, and cell energy metabolism.

CONCLUSIONS

In conclusion, the present study examined the m®A
methylation modification patterns in Jingyuan chick-
en’s breast muscle tissues during the growing period,
sexual maturity, and marketing ages. Functional
enrichment analysis of DMGs indicated that m°®A
modification is critical in regulating the expression of
genes related to IMF metabolism. Identifying mC®A-
induced ferroptosis in breast muscle tissue may point
to a new target for muscle adipogenesis. Further
investigation revealed that LMOD2 and its multiple
mPA negatively regulated DMGs are potential regula-
tors of muscle fat anabolism. The findings of the

present study lay a solid foundation for future inves-
tigation into the potential role of m®A modification
in regulating chicken IMF deposition.
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