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N6-methyladenosine (m6A) is an abundant internal mRNA modification and plays a crucial regulatory role in animal growth and development. In recent years, m6A modification has been found to play a key role in skeletal muscles. However, whether m6A modification contributes to embryonic breast muscle development of Pekin ducks has not been explored. To explore the role of m6A in embryonic breast muscle development of ducks, we performed m6A sequencing and miRNA sequencing for the breast muscle of duck embryos on the 19th (E19) and 27th (E27) days. A total of 12,717 m6A peaks were identified at E19, representing a total of 7,438 gene transcripts. A total of 14,703 m6A peaks were identified, which overlapped with the transcripts of 7,753 genes at E27. Comparing E19 and E27, we identified 2,347 differential m6A peaks, which overlapped with 1,605 m6A-modified genes (MMGs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses revealed that MMGs were enriched in multiple muscle- or fat-related pathways, which was also revealed from our analysis of differentially expressed genes (DEGs). Conjoint analysis of m6A-seq and RNA-seq data showed that pathways related to β-oxidation of fatty acids and skeletal muscle development were significantly enriched, suggesting that m6A modification is involved in the regulation of fat deposition and skeletal muscle development. There were 90 upregulated and 102 downregulated miRNAs identified between the E19 and E27 stages. Through overlapping analysis of genes shared by MMGs and DEGs and the targets of differentially expressed miRNAs (DEMs), we identified six m6A-mRNA-regulated miRNAs. Finally, we found that m6A modification can regulate fat deposition and skeletal muscle development. In conclusion, our results suggest that m6A modification is a key regulator for embryonic breast muscle development and fat deposition of ducks by affecting expressions of mRNAs and miRNAs. This is the first study to comprehensively characterize the m6A patterns in the duck transcriptome. These data provide a solid basis for future work aimed at determining the potential functional roles of m6A modification in adipose deposition and muscle growth.
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Introduction

More than 150 chemical modifications to RNA have been described (1), and these structural modifications play regulatory roles by affecting gene expression. In recent years, with the identification of enzymes capable of reversing N6-methyladenosine (m6A) and the development of transcriptome-wide sequencing methods to map modified sites (2–5), the prevalence and functional significance of internal mRNA modifications have been recognized. Therefore, there is a renewed interest in the biological function of RNA modification.

N6-methyladenosine was first discovered in 1974 and refers to the RNA methylation modification on the sixth N atom of base A with the active adenosine acid as the methyl donor (6). m6A is the most abundant internal mRNA modification and has been observed in various species, accounting for over 80% of all RNA base methylations (7–9). The enzymes that modify m6A methylation include “writers,” “erasers,” and “readers,” which refer to methylated transferases, demethylases, and methylated reading proteins, respectively (10). Methyltransferase-like 3 (METTL3) and methyltransferase-like 14 (METTL14), regulated by the association of a subunit protein Wilms tumor 1-associated protein (WTAP), belong to methylated transferase and can form complexes to catalyze the deposition of m6A in mammalian mRNA (11, 12). AlkB homolog 5 (ALKBH5) and fat mass and obesity-associated (FTO) protein act as m6A demethylases to remove methyl from target regions (13, 14), while heterogeneous nuclear ribonucleoprotein and YTH domain-containing RNA-binding protein act as m6A-methylated reading proteins (15).

N6-methyladenosine is closely involved in the regulation of gene expression, RNA transcription, translation, shearing, degradation, and nuclear transportation (16, 17). More importantly, m6A methylation modification plays an essential role in animal growth and development. METTL3 knockdown inhibited myoblast proliferation and myogenic differentiation, whereas METTL3 overexpression promoted these processes (18). A complete transcriptome map of m6A was obtained by transcriptome sequencing of muscle tissue from three different pig breeds, and m6A was found to be widely distributed in muscle tissue (19). However, to our knowledge, no study has addressed m6A modification in the breast muscle tissues of ducks.

China is a major producer and consumer of ducks in the world, and in 2019, duck production and consumption in China accounted for about 75% of the world's duck stock, according to the Food and Agriculture Organization (FAO). Pekin duck is a famous meat breed for its fast growth rate. Therefore, a study on the regulation mechanism of breast muscle development is crucial for improving the meat yield of Pekin duck and is also the basis of breeding a new lean meat type of Pekin duck. Our previous research showed that the 19th day of hatching (E19) is the fastest point of breast muscle development—as well as the crucial transition point for breast muscle development during the embryonic stage of Pekin ducks—and that the weight of the breast muscles was largely constant from E19 to E27 (20). Subsequently, miRNA and mRNA patterns of breast muscles at the E13 (13th day of hatching), E19, and E27 (27th day of hatching) stages were studied (21, 22), and candidates that may play key roles in the breast muscle development of Pekin duck were identified. However, no studies have shown whether m6A and miRNA expressions are different in E19 and 27 and the potential role of m6A in the breast muscle development of Pekin duck.

The aim of this study was to explore whether m6A and miRNA cooperatively regulate breast muscle differentiation in Pekin duck embryos. We conducted m6A sequencing on the breast muscle tissues of ducks at E19 and E27 to explore whether m6A modification existed in these two periods. We also performed miRNA-seq to explore whether some genes were regulated by both m6A and miRNA in Pekin duck embryos. We determined the distribution of m6A and miRNA regulation during breast muscle differentiation in Pekin duck embryos. The results of this study will offer a basis for unraveling the role of m6A modification and miRNA in breast muscle differentiation.



Materials and methods


Ethics approval

This study was approved by the Institute of Animal Science & Veterinary Medicine, Hainan Academy of Agricultural Sciences (IASVM-HAAS, Haikou, China; ethical approval reference number: IASVMHAAS-AE-202012), and followed the Regulations for the Administration of Affairs Concerning Experimental Animals of China.



Searching of duck homologous sequences in m6A RNA modification

The duck reference genome sequences (BGI_duck_1.0) and complete genome annotation GFF3 file were downloaded from the NCBI database, which ensured that genes affected by m6A methylation were accurately located. Related enzyme sequences in m6A RNA modification were searched by blasting the duck reference genome, and the duck sequences were compared with those of human.



Sample collection

The experimental duck embryos were obtained from the Z-type Pekin Duck Breeding Farm of the Beijing Institute of Animal Science, Chinese Academy of Agricultural Sciences. The eggs were incubated at a temperature of 37 ± 0.5°C and a humidity of 86–87%. The breast muscle samples were obtained from E13, E19, and E27 stages. The duck embryo and breast muscle were taken out and spun off under aseptic conditions. Three eggs at each stage were used to collect breast muscles. The left and right breast muscles were placed in separate centrifuge tubes, placed in liquid nitrogen, taken back to the laboratory, and stored in a −80°C cryogenic refrigerator. The left and right breast muscles from each duck embryo were used for m6A-seq and miRNA-seq sequencing analyses, respectively.



RNA extraction

Total RNA was isolated and purified using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. The RNA concentration and purity of each sample were quantified using a NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). The RNA integrity was assessed by a Bioanalyzer 2100 (Agilent, CA, USA) with RIN number >7.0 and confirmed by electrophoresis with denaturing agarose gel. Poly (A) RNA was purified from 50 μg total RNA using Dynabeads Oligo (dT)25-61005 (Thermo Fisher, CA, USA). Then, the poly (A) RNA was fragmented into small pieces using a Magnesium RNA Fragmentation Module (NEB, cat. e6150, USA) at 86°C for 7 min.



Expression pattern of m6A-associated methylase

Total RNA of each breast muscle sample from three embryonic stages was isolated using Trizol reagent (Invitrogen, USA) following the manufacturer's instructions. The SYBR PrimeScript RT-PCR Kit (TaKaRa, Japan) was used for reverse transcription polymerase chain reaction (RT-PCR). The relative expression levels of METTL3, METTL14, WATP, KIAA1429, FTO, ALKBH5, YTHDF1, and YTHDF2 were examined by quantitative RT-PCR (qRT-PCR) using reference gene GAPDH. The primer sequences are listed in Table 1.


TABLE 1 Primers information of genes.
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Quantitative RT-PCR was carried out with an iCycler IQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, USA). The qRT-PCR contained 1 μL of cDNA, 12.5 μL of SYBR Premix Ex-Taq, 10.5 μL of ddH2O, and 0.5 μL of 10 pmol/μL forward and reverse primer (Table 1). The thermal cycling parameters were one cycle at 95°C for 30 s and 40 cycles at 95°C for 10 s and 60°C for 40 s. An 80-cycle melting curve analysis was performed after each PCR run to confirm product specificity, with one cycle at 95°C for 1 min, one cycle at 55°C, and then increasing temperature of 0.5°C for every 10 s until 95°C while fluorescence was continuously monitored. qRT-PCR analysis of each sample was repeated three times.



m6A immunoprecipitation (IP), library construction, and sequencing

The cleaved RNA fragments were incubated at 4°C for 2 h with an m6A-specific antibody (Synaptic Systems, cat. 202003, Germany) in IP buffer (50 mM Tris–HCl, 750 mM NaCl, and 0.5% Igepal CA-630). Then, the IP RNA was reverse transcribed to create the cDNA by SuperScript™ II reverse transcriptase (Invitrogen, cat. 1896649, USA), which was then used to synthesize U-labeled second-stranded DNAs with E. coli DNA polymerase I (NEB, cat. m0209, USA), RNase H (NEB, cat. m0297, USA), and dUTP solution (Thermo Fisher, cat. R0133, USA). An A-base was then added to the blunt ends of each strand for ligating to the indexed adapters. Each adapter contained a T-base overhang for ligating the adapter to the A-tailed fragmented DNA. Single- or dual-index adapters were ligated to the fragments, and the sample size selection was performed with AMPureXP beads. After the heat-labile UDG enzyme (NEB, cat. m0280, USA) treatment of the U-labeled second-stranded DNAs, the ligated products were amplified by PCR under the following conditions: denaturation at 95°C for 3 min, eight cycles of denaturation at 98°C for 15 s, annealing at 60°C for 15 s, extension at 72°C for 30 s, and final extension at 72°C for 5 min. The average insert size for the final cDNA library was 300 ± 50 bp. Finally, the 2 × 150bp paired-end sequencing (PE150) was performed on an Illumina NovaSeq™ 6000 (LC-Bio Technology Co., Ltd., Hangzhou, China) following the vendor's recommended protocol.



Data analysis of m6A-seq and RNA-seq

The fastp tool (https://github.com/OpenGene/fastp) was used to remove the reads that contained adaptor contamination, low-quality bases, and undetermined bases with default parameters. Then, sequence quality of IP and Input samples was also verified using fastp. We used HISAT2 (http://daehwankimlab.github.io/hisat2) (23) to map reads to the reference genome of Anas platyrhynchos. The mapped reads of IP and Input libraries were provided to an R package exomePeak (https://bioconductor.org/packages/exomePeak), which can identify m6A peaks with bed or bigwig format files that can be adapted for visualization on the IGV software (http://www.igv.org). Peaks were examined by the Poisson distribution matrix with default parameters (P < 0.05). MEME (http://meme-suite.org) and HOMER (http://homer.ucsd.edu/homer/motif) were used for de novo and known motif findings, followed by localization of the motif with respect to peak summit. Called peaks were annotated by intersection with gene architecture using the R package ChIPseeker (https://bioconductor.org/packages/ChIPseeker). Then, StringTie (https://ccb.jhu.edu/software/stringtie) was used to determine the expression level for all mRNAs from Input libraries by calculating FPKM [total exon fragments/mapped reads (millions) × exon length (kB)]. The differentially expressed genes (DEGs) were selected with log2 (fold change) >1 or log2 (fold change) <-1 and p-value < 0.05 using the R package edgeR (https://bioconductor.org/packages/edgeR) (24). Gene enrichment analysis was performed by Gene Ontology (GO) (http://www.geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.kegg.jp/).



Conjoint analysis of m6A-seq and RNA-seq data

To comprehensively study the roles of methylated m6A level and gene expression abundance, we performed correlation analyses of m6A-seq and RNA-seq data. Through the analyses of m6A-seq and RNA-seq data, we obtained differentially methylated m6A peaks in abundance and DEGs. We divided the differentially methylated m6A peaks into upregulated m6A sites (higher methylated m6A sites at E27 than those at E19) and downregulated m6A sites (higher methylated m6A sites at E19 than those at E27). Similarly, DEGs were also divided into upregulated genes (higher expression levels at E27 than those at E19) and downregulated genes (higher expression levels at E19 than those at E27). We overlapped up- and down-methylated m6A sites with up- and downregulated genes and then obtained the upregulated genes with upregulated methylated m6A sites (up–up), downregulated genes with upregulated methylated m6A sites (down–up), upregulated genes with downregulated methylated m6A sites (up–down), and downregulated genes with hypo-methylated m6A sites (down–down). GO and KEGG functional analyses for genes shared by DEGs and DMGs were performed to investigate the functions of these genes.



miRNA library construction, sequencing, and data analysis

The miRNA libraries were constructed with a similar method to Gu et al. (22). In brief, the isolated total RNA of each individual from E19 and E27 was used for the generation of the small RNA libraries where the population of recovered small RNAs, ranging in size from 18 to 30 nucleotides, was purified using 15% polyacrylamide gel. Then, 5′ adaptors (Illumina, USA) were ligated to the purified small RNAs, followed by purification of ligation products on Novex 15% TBE–urea gel. The 5′ ligation products were then ligated to 3′ adaptors (Illumina), and products with 5′ and 3′ adaptors were purified using Novex 10% TBE–urea gel (Invitrogen). Subsequently, reverse transcription reactions were performed using the RT primer, and PCRs were performed using the forward and reverse Illumina primers. The PCR product was purified by phenol/chloroform extraction and ethanol precipitation, and miRNA libraries were obtained. After purification and quality detection, miRNA libraries were sequenced on an Illumina Genome Analyzer (LC-Bio Technology Co., Ltd., Hangzhou, China), and raw reads were produced.

The raw reads were subjected to an in-house program, ACGT101-miR (LC Sciences, Houston, TX, USA), to remove adapter dimers, junk, low complexity, common RNA families (rRNA, tRNA, snRNA, and snoRNA), and repeats. Subsequently, unique sequences with lengths of 18–26 nucleotides were mapped to specific species precursors in miRBase 22.0 by BLAST search to identify known miRNAs and novel 3p- and 5p-derived miRNAs. Length variation at both the 3′ and 5′ ends and only one mismatch inside of the sequence were allowed in the alignment. The unique sequences mapping to specific species mature miRNAs in hairpin arms were identified as known miRNAs. The unique sequences mapping to the other arm of known specific species precursor hairpin opposite to the annotated mature miRNA-containing arm were considered as novel 5p- or 3p-derived miRNA candidates.

The unmapped sequences were BLASTed against the specific genomes, and the hairpin RNA structures containing sequences were predicated from the flank 80 nt sequences using RNAfold software (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi). The criteria for secondary structure prediction were as follows: (1) number of nucleotides in one bulge in stem (≤ 12); (2) number of base pairs in the stem region of the predicted hairpin (≥16); (3) cutoff of free energy (kCal/mol ≤ -15); (4) length of the hairpin (up and down stems + terminal loop ≥50); (5) length of the hairpin loop (≤ 20); (6) number of nucleotides in one bulge in the mature region (≤ 8); (7) number of biased errors in one bulge in the mature region (≤ 4); (8) number of biased bulges in the mature region (≤ 2); (9) number of errors in the mature region (≤ 7); (10) number of base pairs in the mature region of the predicted hairpin (≥12); and (11) percent of mature in stem (≥80).

Differentially expressed miRNAs were selected by the t-test method (http://en.wikipedia.org/wiki/Students_t-test), which compares the significance level of difference between the E19 and E27 stages. A heatmap was used to analyze the cluster pattern in different control sets with log10 values. Target genes of DEMs with a significant difference were predicted by the TargetScan algorithm (25–27) with default parameter and miRanda algorithm (28, 29) (Max_Energy < -10) according to the score standard. Finally, the overlapped genes predicted by both algorithms were deemed as the target genes of DEMs.



Integrative analysis of miRNA-seq, mRNA-seq, and m6A-seq data

Differentially expressed miRNAs were identified through the analysis of miRNA-seq data, and we predicted the targets of DEMs. Then, we overlapped the targets of DEMs and the genes shared by MMGs and DEGs (called m6A-mRNA-miRNA genes). Subsequently, we identified the miRNAs that were targeted by m6A-mRNA-miRNA genes (called m6A-mRNA-regulated miRNAs). Finally, we performed GO and KEGG functional enrichment analyses of targets of m6A-mRNA-regulated miRNAs to study their potential roles.



Availability of data

Sequences are available from GenBank with the Bioproject accession numbers SRR13051312–SRR13051329.




Results


Comparison of homologous genes of methylase

The sequences of m6A-methylated enzymes in ducks were obtained by blasting on NCBI. Through comparison with human homologous genes of methylases, we found that all duck METTL14, FTO, and YTHDF1 genes had homologous genes in humans. All the E-values of these three genes were 0.0, and their max scores were 674, 605, and 802, respectively.



m6A modification levels and the expression of m6A RNA modification enzymes

We previously found that duck breast muscles grew much faster at E19 than those at E13 and E27. To explore whether m6A modification played a role in duck embryonic breast muscle development, we examined the levels of m6A in the total RNAs of breast muscles at E13, E19, and E27. Using the colorimetric m6A quantification strategy, we found that the m6A level at E19 was much higher than those at E13 and E27 (Figure 1A), which indicated that the expression of the total RNA methylation level of m6A in duck breast muscle was significantly higher in the period of vigorous proliferation and differentiation than that during the period of cessation of proliferation.


[image: Figure 1]
FIGURE 1
 Gene expression levels of m6A methylation enzymes in different stages. (A) Heatmap of m6A modification levels of E13, E19, and E27 in duck embryonic breast muscles. (B) Gene expression levels of m6A methylation enzymes at E13, E19, and E27 from RNA-seq data. (C) Detection of gene expression levels of m6A methylation enzymes at E13, E19, and E27 detected by qRT-PCR. Statistically significant differences are indicated by *p ≤ 0.05, **p ≤ 0.01.


According to our previous transcriptome sequencing (RNA-seq) results, the expression of METTL14, FTO, and YTHDF1 was significantly different among the E13, E19, and E27 stages (P < 0.01) (Figure 1B). Then, qRT-PCR was used to test the mRNA expression levels of several m6A RNA modification enzymes during different stages. The results revealed that the expression levels of METTL14, FTO, YTHDF1, and YTHDF2 were higher in the breast at E19 than those at E27, while WATP, KIAA1429, and ALKBH were more highly expressed at E27 than at E19 (Figure 1C). Therefore, we speculated that the expression of methylase was significantly correlated with the proliferation and differentiation of duck breast muscle cells.



Transcriptome-wide m6A modification patterns

Through sequencing of m6A-seq and RNA-seq, 68.19–81.52 million clean reads were generated from each m6A-seq dataset and 65.48–88.88 million clean reads were generated from the RNA-seq dataset (Table 2). HISAT2 was used to map reads to the genome of Anas platyrhynchos (BGI_duck_1.0) with default parameters. The percentages of mapped reads for m6A-seq ranged from 75.25 to 77.01% and for RNA-seq ranged from 74.45 to 77.62% (Supplementary Table S1).


TABLE 2 Descriptive statistics of sequenced data.
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To study the distribution of m6A peaks, we first detected the enrichment of reads near the transcriptome initiation site (transcription start sites, TSS). The results showed that the m6A peaks were enriched in the vicinity of transcription start sites (TSS) (Figure 2A). We then divided the duck genes into 5'UTR, 3'UTR, first exon, and other exons and found that the reads from m6A-IP samples are highly accumulated around the other exons (except the first exon) at both E19 (53.81%) and E27 (36.17%) stages (Figures 2B,C). For E19, the ratios of peaks were similar on the first exon (18.81%) and 3′UTR (18.69%), while peaks distributed at 5′UTR were the least (8.69%). For E27, the percentages of peaks on the first exon and the other exons were also similar, all accounting for about 36%. A total of 12,717 m6A peaks were identified by exomePeak at E19, representing the transcripts of 7,438 genes. At E27, 14,703 m6A peaks were identified, which correspond to the transcripts of 7,753 genes. There were 5,091 and 5,406 unique peaks for E19 and E27, but only 2,347 peaks were shared by E19 and E27, indicating their significant difference in global m6A modification patterns (Figure 2D).


[image: Figure 2]
FIGURE 2
 Analysis of transcriptome-wide m6A-seq data. (A) Distribution of reads in the upstream and downstream 3kb range from the TSS–TES (transcription end sites). The abscissa is the gene location, and the ordinate is the coverage depth of reads. (B) Pie chart of m6A peaks at E19. (C) Pie chart of m6A peaks at E27. (D) Pie chart of unique and shared m6A peaks between E19 and E27.




Enrichment analysis of m6A-modificated genes

The abundance of the m6A peaks between the E19 and E27 stages was compared to identify the abundance differential peaks (Supplementary material 1). We found 2,347 differential m6A peaks between the E19 and E27 stages, which overlapped 1,605 genes (called m6A-modified genes, MMGs). The MMGs were mainly located at other exons and 3′UTR regions (Figure 3A). GO and KEGG analyses were then performed to explore the function of m6A-modified genes. GO analysis displayed that MMGs were mostly enriched in cellular component and molecular functions (Figure 3B). Moreover, there were 179 genes located in the nucleus. Furthermore, 169 genes had a vital impact on protein binding. Pathway analysis revealed that peroxisome was the most significantly enriched pathway, and m6A-modified genes were significantly enriched in the Wnt signaling pathway and calcium signaling pathway (Figure 3C).


[image: Figure 3]
FIGURE 3
 GO and KEGG analyses of m6A-modified genes. (A) Distribution of m6A-modified genes (MMGs) along genes. (B) Analysis of GO enrichment. (C) Statistics of KEGG pathway enrichment.




Identification of differentially expressed genes

There were 12,869 genes detected at E19 and E27. The number of genes expressed in three individuals ranged from 11,226 to 11,494 at E19, while that ranged from 9,966 to 10,491 at E27. In general, the number of expressed genes was higher at E19 than that at E27. However, the overall gene expression levels were similar in both periods, which was shown from the gene expression box plot (Figure 4A). We also found 5,337 DEGs between these two stages, including 3,344 highly expressed genes at E27 and 1,993 highly expressed genes at E19 (Figures 4B–D).


[image: Figure 4]
FIGURE 4
 Global gene expression in the two stages and GO and KEGG analyses of DEGs. (A) Global expression levels of expressed genes. (B) Number of upregulated and downregulated DEGs between the two stages. (C) Volcanic map of DEGs. (D) Heatmap of DEGs. (E) Statistics of GO enrichment. (F) GO analysis of DEGs. (G) KEGG analysis of DEGs.


Differentially expressed genes were selected for Gene Ontology (GO) and KEGG pathway enrichment analyses. According to the GO results, DEGs were not directly involved in the biological process, but more concentrated in the aspects of cellular components and molecular function. Eight hundred and three DEGs were enriched in the nucleus, and 681 DEGs were enriched in the cytoplasm. Furthermore, 723 DEGs participated in the molecular function of protein binding (Figure 4E). Through GO enrichment analysis, we found that the plasma membrane was the most significant term with the largest number of genes (436 genes). In addition, the selected DEGs were enriched in some skeletal muscle development and fat deposition GO terms, such as negative regulation of canonical Wnt signaling pathway, muscle organ development, activation of MAPKK activity, and activation of MAPK activity (Figure 4F). Moreover, KEGG analysis showed that DEGs were enriched in several pathways related to muscle development. For example, the Wnt signaling pathway was enriched, which is also related to skeletal muscle development. Additionally, pathways of dilated cardiomyopathy (DCM), fatty acid metabolism, viral myocarditis, and cardiac muscle contraction—which are associated with fat deposition and cardiac muscle development—were revealed through KEGG analysis (Figure 4G).



Conjoint analysis of m6A-seq and RNA-seq data at E19 and E27

As mentioned above, we had found 2,347 differential m6A peaks between the E19 and E27 stages, with 1,512 downregulated peaks and 835 upregulated peaks in abundance. Through conjoint analysis of m6A-seq and RNA-seq data, the downregulated peaks overlapped with 394 decreased expression genes (down–down genes) and 689 increased expression genes (down–up genes). Conversely, 227 genes with upregulation in m6A abundance showed downregulated gene expression (up–down genes) and 380 genes with upregulation in abundance showed upregulated gene expression (up–up genes) (Figure 5A, Supplementary material 1).
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FIGURE 5
 Conjoint analysis of m6A-seq and RNA-seq data. (A) Distribution of genes with a significant change in both m6A methylation level and gene expression between E19 and E27. Up–up, up–down represent genes with increased m6A methylation level and increased gene expression and genes with increased m6A methylation level and decreased gene expression, respectively. Down–up, down–down represent genes with decreased m6A methylation level and increased gene expression and genes with decreased m6A methylation level and decreased gene expression, respectively. (B) GO terms of genes shared by MMGs and DEGs. (C) GO enrichment analysis of genes shared by MMGs and DEGs. (D) KEGG enrichment analysis of genes shared by MMGs and DEGs. (E) Visualization of m6A abundances in WINT7a mRNA transcripts at E19 and E27.


Gene Ontology analysis for genes shared by MMGs and DEGs showed that plasma membrane, peroxisome, and calcium ion transport were the most significant three GO terms (Figures 5B,C), among which peroxisome is involved in β-oxidation of fatty acids and calcium ion transport is involved in muscle development), indicating some genes shared by MMGs and DEGs are potential regulators of skeletal muscle development and fat deposition.

Kyoto Encyclopedia of Genes and Genomes analysis showed that peroxisome (related to β-oxidation of fatty acids), Wnt signaling pathway, and calcium signaling pathway (tightly associated with skeletal muscle development) (Figure 5D) were the most significantly enriched pathways (the peroxisome pathway ranked the first), which were consistent with the GO results described above. In addition, we found many genes related to skeletal muscle development in MMGs such as BCL9, SOX11, EPHB1, MYOCD, BVES, SLC8A3, ASB2, CFLAR, EPHB1, WNT7A, and SCN4A (Table 3), suggesting that m6A modification plays crucial roles in duck muscle development. Among the skeletal muscle development-related genes, we picked out Wnt7a to compare the status of m6A modification levels in various stages and samples using Integrative Genomics Viewer (IGV) software (30). We also found that the m6A levels on the Wnt7a gene were significantly different when comparing E19 and E27 (Figure 5E).


TABLE 3 List of 11 genes that exhibit a significant change in both m6A modification and mRNA expression related to muscle development in duck embryonic breast muscle tissues.
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Association analysis of miRNAs-seq, mRNA-seq, and m6A-seq data

We also tested the differentially expressed miRNAs (DEMs) between the E19 and E27 stages. There were 90 upregulated miRNAs and 102 downregulated miRNAs between the E19 and E27 stages. Through overlapping analysis of genes shared by MMGs and DEGs and the targets of DEMs, we identified six m6A-mRNA-regulated miRNAs, namely, cli-miR-1467-3p_1ss19AG, PC-3p-28816_21, efu-miR-9226_2ss4AG22GA, gga-miR-338-5p, gga-miR-338-3p, and apl-miR-11588-3p.

To verify the potential role of m6A-mRNA-regulated miRNAs, we performed the GO and KEGG analyses of the targets of m6A-mRNA-regulated miRNAs. The GO results showed that the most significant GO term (P = 4.10E-04) was phosphatidylinositol phosphorylation, which is involved in skeletal muscle development. Then, the second most significant GO term (phosphatidylinositol-mediated signaling) and other significant GO terms (kinase activity, phosphatidylinositol 3-kinase complex, and phosphatidylinositol 3-kinase complex, class IA) were all associated with skeletal muscle development (Figure 6A, Supplementary material 2). Being consistent with the GO results, the KEGG pathway analysis also found that some pathways were involved in skeletal muscle development, such as inositol phosphate metabolism, phosphatidylinositol signaling system, and focal adhesion (Figure 6B, Supplementary material 3).


[image: Figure 6]
FIGURE 6
 GO and KEGG analyses of m6A-mRNA-regulated miRNAs data. (A) GO terms of target genes of m6A-mRNA-regulated miRNAs. (B) KEGG enrichment analysis of target genes of m6A-mRNA-regulated miRNAs.





Discussion

N6-methyladenosine is the most prevalent internal form of modification in polyadenylated mRNAs and long non-coding RNAs in higher eukaryotes, having been described in yeast, Arabidopsis, fruit flies, and mammals (31, 32). Recent studies have shown that m6A modifications to mRNA have a variety of biological functions and play key roles in gene expression regulation (33), animal development (16), and human diseases (34).

We aimed to describe the m6A modification profiles in embryonic breast muscle of ducks so as to lay a foundation for further exploring how m6A modifications contribute to the growth and development of duck breast muscle. In addition, we also did miRNAs-seq. MiRNA is also an important regulator of breast muscle development. The combination of the m6A-seq and miRNAs-seq will help us find the key target of breast muscle development.

Skeletal muscle development is a complex and multi-stage process that includes the formation of muscle cells into myotubes and the formation of muscle fibers (35, 36). However, almost no animals increase the number of muscle fibers after birth; thus, the amount of muscle meat production in adult livestock and poultry is determined during embryogenesis. Therefore, it is important to study embryonic muscle development (20).

Gu et al. (20) reported that E19 is the fastest point for breast muscle development. Before the E19 stage, breast muscle is mainly involved in muscle fiber proliferation events, while afterward, the crucial event is muscle fiber fusion to form more multinucleated myotubes. Therefore, we selected breast muscles at the E13, E19, and E27 stages for the preliminary experiment and found that the expression levels of m6A and methylation modification enzymes were all highest at E19. This is consistent with the duck breast muscle development model and suggests that m6A methylation modification plays some key role in the development of embryonic breast muscle of ducks. These results encouraged us to perform m6A sequencing of embryonic breast muscle at the E19 and E27 stages.

Through m6A-seq, we obtained a list of m6A peaks that overlapped with genes at the E19 (7,438) and E27 (7,753) stages, indicating that m6A modification might be a common approach for duck gene regulation. The methylated genes obtained in this study are much higher than those detected in pigs and chickens, respectively, finding 5,864 and 3,303 methylated genes for muscle tissues and adipose tissues of pigs, and 2,893 and 4,593 transcripts for pre- and post-selection follicles (19, 37).

Recently, two independent studies combining m6A immunoprecipitation with high-throughput analysis revealed that the m6A modification tends to occur in the termination codon, 3′UTRs, mRNA exons, and protein-coding regions (12, 38). Our research also manifested similar distribution patterns in which the peaks from m6A-IP samples were highly accumulated around the other exons (except the first exon) in two embryonic periods, accounting for 53.81 and 36.17%, respectively (Figures 3B,C). At the E19 stages, peaks on the first exon and 3′UTR accounted for 18.81 and 18.69%, respectively, while peaks on the first exon and the other exons both accounted for ~36%, suggesting the conservation of m6A distribution in various species.

The skeletal muscle development and fat deposition are both complicated multi-step processes involving some crucial signaling pathways, e.g., initiation and mediation. For skeletal muscle development (39), the Wnt signaling pathway (40), the activation of MAPK activity (41), and the calcium signaling pathway (42) are all tightly associated with skeletal muscle development. For fat deposition, both fatty acid metabolism and peroxisome (43) play key roles. In this study, many MMGs were enriched in both muscle-related pathways (Wnt signaling pathway, calcium signaling pathway, and/or MAPK activity) and fat-related pathways (peroxisome). m6A modification was tightly related to biological processes, including skeletal development and fat deposition, which suggested m6A modification might play crucial roles in duck breast muscle development and fat deposition. Moreover, a negative correlation between m6A methylation enrichment and gene expression levels was found in chicken follicles (37). In addition, our previous study also indicated that E19 was the fastest point of breast muscle development (20). Therefore, we propose that MMGs with lower m6A levels may be the positive regulators for the breast muscle development of ducks, while MMGs with higher m6A levels might be the negative regulators. However, the results obtained above need to be validated in future by molecular experiments.

N6-methyladenosine modification has a regulatory effect on the mRNA of the gene, thus affecting the gene's function. “Writers” were responsible for determining the sex of Drosophila development by adding m6A modifications to the pre-mRNA of Sxl (44). YTHDF2 can regulate the mRNA level during the maternal-to-zygotic transition (MZT) and regulate the development of zebrafish offspring (45). Therefore, association analysis of MMGs and DEGs is important in investigating the regulatory roles of m6A.

In this study, we overlapped MMGs and DEGs and obtained the shared genes. Thus, the shared genes might be the genes affected by m6A. We further picked out 11 muscle-related development genes from the shared genes, including four “up–up” genes (BCL9, SOX11, EPHB1, and MYOCD) and seven “down–down” genes (BVES, SLC8A3, ASB2, CFLAR, EPHB1, Wnt1a, and SCN4A) (Table 3), which can be used to explore the regulation mechanism of m6A modification in embryonic breast muscle of ducks. In particular, Wnt7a is implicated in playing roles in homeostasis maintenance of skeletal muscle, and Wnt7a treatment may be potentially applied in skeletal muscle dystrophy (46). In addition, Wnt7a induces satellite cell expansion, myofiber hyperplasia, and hypertrophy in rat craniofacial muscle (47). Therefore, we selected Wnt7a for visualization analysis.

It has been reported that the transcript of argonaute-2 (AGO2), a catalytic protein in miRNA-mediated gene silencing, was highly methylated in young peripheral blood mononuclear cells although less so following aging (48). The study also showed a correlation of m6A-methylated AGO2 mRNA with miRNA expression, and it indicated a negative effect of m6A methylation on miRNA expressions during cellular senescence. In this study, we found that six DEMs with their target genes overlapped with genes shared by DEGs and DMGs, suggesting that these six DEMs are regulated by m6A modification. The GO and KEGG analyses for the targets of the six DEMs showed many significantly enriched GO terms or KEGG pathways involved in the regulation of skeletal muscle development. Among them, phosphatidylinositol 3-kinase complex and phosphatidylinositol 3-kinase complex class IA may regulate AMPK activity (49) and subsequently promote skeletal muscle regeneration (50). In addition, phosphatidylinositol phosphorylation, phosphatidylinositol-mediated signaling, and inositol phosphate metabolism are all related to the phosphatidylinositol signaling system. Safi et al. (51) showed that the PI3K pathway, a pathway belonging to the phosphatidylinositol signaling system, can impede the effect of CKIP-1 on C2C12 cell differentiation. Based on our results and the available literature data, we speculate that m6A modification might play a key role in the skeletal muscle development of ducks by affecting miRNA.

In conclusion, we compared the homologous methylase sequences between ducks and humans and illustrated the overall m6A level and the expression of methylases at the E19 and E27 stages. We also revealed the global m6A modification patterns in duck embryonic breast muscles and found that MMGs were enriched in skeletal muscle development-related pathways. In addition, our results strongly indicated that genes shared by DEGs and MMGs might be associated with skeletal muscle development and fat deposition. Finally, we found miRNAs were also regulated by m6A modification, revealed by association analysis of miRNA-seq, RNA-seq, and m6A-seq data.
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