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Abstract: In China, the demand for rabbit meat is also increasing, and the production for rabbit meat 

is important. However, the underlying mechanisms of regulate skeletal muscle growth and 

development in rabbits remain unclear. The purpose of this study was to identify candidate genes 

related to skeletal muscle growth in rabbits and explore their potential regulatory mechanisms. 

RNA-seq technique was used to compare the differences of skeletal muscle transcriptome in Fujian 

white rabbits at different developmental stages (day 20 and 26 of embryos and birth 1, 30 and 60-

day-olds) with a total of 25 individual selected. A total of 9737 DEGs that were acquired from the 

five groups were annotated into three ontologies of the GO database: biological process (BP), cell 

component (CC), and molecular function (MF). For KEGG analysis, there are 8249 genes were 

enriched in 1148 pathways, of which 67 pathways were significantly enriched, mainly in 

Hypertrophic cardiomyopathy (HCM), the PPAR signaling pathway, MAPK signaling pathway. 

Among all comparison groups, SE was the most abundant AS event. Real-time PCR verified that 

the expression patterns of differential genes were consistent with the transcriptome sequencing 

results. These results will provide a molecular regulation mechanism of muscle growth and 

development in Fujian white rabbits, and should serve an important theoretical basis for improving 

meat performance and growth rate of Chinese local meat rabbit breeds.  

Keywords: skeletal muscle; transcriptome; gene expression; Fujian white rabbit; growth stage 

 

1. Introduction 

Rabbit industry is important in China, its breeding volume and export volume are the world's 

first, meat rabbit export volume accounted for 27% of the world[1]. China owns abundant genetic 

resources in rabbit breeds, among which meat rabbit varieties are the most, more than 60[2].Local 

rabbit breeds in China have the advantage of good meat quality but also the disadvantage of slow 

growth of meat tissue[3]. To improving meat yield while maintaining good meat quality is important 

for local rabbit breeds in China. Finding out key genes and analyzing their molecular regulatory 

mechanisms of muscle growth in local rabbit breeds are great significance for breeding and utilization 

of Chinese local rabbit breeds. 

Skeletal muscle accounts for about 50% of the bodyweight and is the largest and an important 

tissue of an animal’s body [4]. It plays an important role in body metabolism, movement, and 

protection. In animal husbandry production, because the level of economic benefits is directly 

determined by the meat yield, study on the growth and development of skeletal muscle is important 

[5].The growth and development of muscle is a complex physiological process in which a series of 

genes or factors with positive or negative regulation are precisely regulated in a variety of complex 

ways (spatiotemporal representation, signal cascade, transcriptional regulation and feedback 

mechanism, etc.), which are essential for muscle growth[6]. With the development of high-
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throughput sequencing technology, a number of transcription factors affecting animal muscle growth 

and gene regulatory networks regulating muscle production have been identified in livestock such 

as duck [5], chicken [7-10], pigeon [11], rat [12], pig [13], goat [14, 15], sheep [16, 17], cattle [18, 19], 

horse [20]. There are only a few reports on the study of rabbit muscle transcriptome. Kuang et al. [21] 

identified 5320 differentially expressed genes in the skeletal muscle of embryo 18 day and 26 day, 

and KEGG functional annotation showed that differential genes were significantly enriched in cancer 

pathway, cytoskeletal regulatory pathway, PI3K-Akt signaling pathway and RAP1 signaling 

pathway, Six genes were closely related to muscle growth and development, among which the up-

regulated genes were TPM1, CASQ1, MYOZ1, CKM and MYL3 genes, and the down-regulated genes 

were IGF2BP1 gene. Kuang et al.[22] found that a total of 833 genes were significantly differentially 

expressed in the longissimus dorsi muscle of Qika giant white rabbits and Qixing meat rabbits, 

among which 325 genes were significantly up-regulated and 508 genes were significantly down-

regulated in Qika giant white rabbits. KEGG functional annotation showed that differentially 

expressed genes were significantly enriched in PI3K-Akt pathway, cancer pathway and plaque 

pathway. Finally, four differentially expressed genes that may be significantly related to growth and 

development were screened out. Yan identified 338 differentially expressed genes Hvnlus meat 

rabbit(D line VS E line), found seven candidate genes related to muscle growth and development, 

including TNNlI, MYH6, MYL2, Myl3.FHLI, IGF2,FRZB[23]. 

The mammalian fetal period is the important stage of muscle formation. Skeletal muscle starts 

from the mesoderm, and myoblasts first migrate from the mesoderm to the trunk and limbs, and 

proliferate rapidly[24]. The development of fetal skeletal muscle is a tightly regulated process that is 

modulated by genes and related signaling pathways [25]. Myoblasts differentiate into muscle cells 

and fuse into multinucleated muscle fibers when they reach a certain number [24, 26]. Mammalian 

muscle growth depends on an increase in the number of muscle fibers during fetal and early postnatal 

development[27]. Mammalian muscle growth after birth is mainly due to the length and 

circumference of muscle fibers (also known as muscle hypertrophy), accompanied by the 

proliferation of satellite cells and then the new myonuclei is incorporated into existing myofibers [28, 

29]. However, the regulation of muscle growth-related genes from embryonic to postnatal period has 

not been reported in rabbit muscle. 

Fujian white rabbits are commonly raised in western Fujian Province, being a native rabbit with 

high economic value for meat. However, the poor grow performance and low meat production 

restrict the economic benefits of enterprises relating to Fujian white rabbit. In this study, RNA-seq 

technology and bioinformatic tools were used to identify the major differentially expressed genes 

(DEGs) and their expression pathways in different grow stages of Fujian white rabbit. Candidate 

genes and key pathways involved in the developmental grow process in Fujian white rabbits were 

identified through comprehensive analysis of DEGs with expression levels which reflected the 

growth pattern of muscles in Fujian white rabbits. Our findings are useful for understanding the 

molecular mechanisms regulating the development of skeletal muscle and the pattern of rabbit 

growth, and provide a basis for subsequent improvement of Chinese native rabbit growth 

performance. 

2. Materials and Methods 

2.1. Animal and Muscle Tissue Collection 

The experimental rabbits used in this study were Fujian White rabbits (FWR) that were 

maintained with a unified management system in Wuping County Wudong Chatouling Fujian White 

rabbit ecological breeding farm (Fujian, China) in Fujian Province. All the rabbits were fed according 

to the same housing and feeding conditions. Only 1 fetus (each animal represents 1 repetition) was 

selected for each female rabbit, that is, there were 5 biological repeats in each stage. When sampling, 

muscle anesthesia was performed with Jingsongling (Shandong Zibo Veterinary Medicine Co., Ltd., 

Shandong, China) at 2 mg·kg–1 before caesarean section. After complete anesthesia, the arterial blood 

was exsanguinated for euthanasia (this method complies with the Chinese Society of Laboratory 
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Animals. Caesarean sections were performed on the pregnant FWR s at 20 days (E20), 26 days (E26) 

to obtain the corresponding fetuses. In addition, rabbits born naturally were obtained at 1 day (B1), 

and 30 day (B30) and 60 days (B60). This meant that we obtained 5 groups of skeletal muscles. The 

skeletal muscles of each group were collected from five randomly selected rabbits, and their mothers 

were different. Samples were obtained from all of these stages in 5 biological replicates for a total of 

25 samples. The longissimus dorsi muscles were collected at 5 stages respectively, and were 

immediately frozen in liquid nitrogen. Then longissimus dorsi muscles of rabbits after birth (1 , 30 

and 60 day) were fixed in 4% paraformaldehyde. 

2.2. Ethical and Statement 

The animal study protocol followed the Chinese Animal Welfare Guidelines, and was approved 

by the Animal Welfare Committee of Fujian Academy of Agricultural Sciences. 

2.3. Paraffin sections, staining, and analysis  

The fixed skeletal muscle blocks were embedded in paraffin using a conventional method and 

these blocks were continuously cut into 5-μm sections. Tunel & immunofluorescence double staining 

protocol was then used for the sections. Five stained sections were selected for each sample, and 

tissue structures of these samples were observed under Nikon Eclipse Ci-L（Japan） microscope with 

a 40× objective lens and a 10× eyepiece. Images were acquired with Image Pro® 6.0 (Image Pro®, 

Media Cybernetics Inc., USA). Five non-overlapping and non-missing fields of view were selected 

for each slice, and the acquired images were used to calculate the muscle fiber diameter. 

2.4. Total RNA Extraction 

Total RNA was extracted from the tissue using TRIzol® Reagent according the manufacturer’s 

instructions (Invitrogen) and genomic DNA was removed using DNase I (TaKara). Then RNA quality 

was determined by 2100 Bioanalyser (Agilent) and quantified using the ND-2000 (NanoDrop 

Technologies). Only high-quality RNA sample (OD260/280=1.8~2.2, OD260/230≥2.0, RIN≥6.5, 28S:18S≥1.0, 
>1μg) was used to construct sequencing library. 

2.5. RNA Sequencing (RNA-seq) 

RNA-seq transcriptome library was prepared following TruSeqTM RNA sample preparation Kit 

from Illumina (San Diego, CA) using 1μg of total RNA. Shortly, messenger RNA was isolated 

according to polyA selection method by oligo (dT) beads and then fragmented by fragmentation 

buffer firstly. Secondly double-stranded cDNA was synthesized using a SuperScript double-stranded 

cDNA synthesis kit (Invitrogen, CA) with random hexamer primers (Illumina). Then the synthesized 

cDNA was subjected to end-repair, phosphorylation and ‘A’ base addition according to Illumina’s 

library construction protocol. Libraries were size selected for cDNA target fragments of 300 bp on 2% 

Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 

PCR cycles. After quantified by TBS380, paired-end RNA-seq sequencing library was sequenced with 

the Illumina HiSeq xten/NovaSeq 6000 sequencer (2 × 150bp read length). 

2.6. Read Mapping  

The raw paired end reads were trimmed and quality controlled by SeqPrep 

(https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) with default 

parameters. Then clean reads were separately aligned to reference genome with orientation mode 

using HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml)[30] software. The mapped reads of 

each sample were assembled by StringTie 

(https://ccb.jhu.edu/software/stringtie/index.shtml?t=example) in a reference-based approach[30]. 

2.7. Differential expression analysis and Functional enrichment 
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To identify DEGs (differential expression genes) between two different samples, the expression 

level of each transcript was calculated according to the transcripts per million reads (TPM) method. 

RSEM (http://deweylab.biostat.wisc.edu/rsem/) [31] was used to quantify gene abundances.  

Essentially, differential expression analysis was performed using the 

DESeq2[31]/DEGseq[31]/EdgeR[31]with Q value ≤ 0.05, DEGs with fold change > 2 or < -2 and Q value 

<= 0.05(DESeq2 or EdgeR) /Q value <= 0.001(DEGseq) were considered to be significantly different 

expressed genes). In addition, functional-enrichment analysis including GO and KEGG were 

performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways 

at Bonferroni-corrected P-value ≤0.05 compared with the whole-transcriptome background. GO 

functional enrichment and KEGG pathway analysis were carried out by Goatools 

(https://github.com/tanghaibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home.do)[32]. 

2.8. Alternative Splice events Identification 

All the alternative splice events that occurred in our sample were identified by using recently 

releases program rMATS (http：//rnaseq-mats.sourceforge.net/index.html) [33]. Only the isoforms 

that were similar to the reference or comprised novel splice junctions were considered, and the 

splicing differences were detected as exon inclusion, exclusion, alternative 5′, 3′, and intron retention 
events. 

2.9. Trend analysis: Short time-series expression miner cluster (STEM) 

Short-time-series expressionminer (STEM) analysis was used to analyze the trend of 

differentially expressed genes. The data filtering criterion was that the expression difference ratio of 

five time nodes in the comparison group was more than 2 times and P<0.05 Functional enrichment 

analysis of GO and KEGG. 

2.10. Gene Expression Analysis by qPCR  

Using total RNA, 1 μg of total RNA was reverse transcribed to cDNA using the Prime Script RT 

kit (Takara, Hangzhou, China). qPCR was performed using SYBR Green PCR Master Mix (TaKaRa, 

HangZhou, China) on a StepOnePlus Real-Time PCR System. The 2−∆∆Ct method was used to calculate 

the relative expression levels of genes [23], using β-actin as a control. Three biological replicates were 

used to analyze all mRNA expression. The primers used in the qPCR were designed using the NCBI 

website (Table 1). 

Table 1. Primer sequences for quantitative real-time PCR. 

Gene Primer sequence(5’-3’) Product size (bp) 

GAPDH 
Forward: TTTGGCTACAGCAACAGGG 

Reverse: GGGTCTGGGATGGAAACTG 

 

225 

MYF5 
TCTCGCCTTCTGAGTATTTC 

GTGGTGGACTTCCTCTTGC 
217 

MYOM2 
CCCCACAATCCCTCTGAAA 

TTTGCCATCGTGAATCTGC 
250 

PGAM2 
ATGCAGAGCTGAGCGAGAAGG 

CGTCCAGGATAGTCCAGAGGG 
138 

MSTN 
CGCTACGACGGAAACAATC 

TCTGCCAAATACCAGTGCC 
278 

MYF6 
GGACCAGCAGGAGAAGATG 

TTAGCCGTTATCACGAGCC 
153 

2.11. Data statistical Analyses 

Data of muscle fiber diameters at different stages and qRT-PCR results of different genes were 

analyzed using one-way ANOVA in SPSS version 21.0. Duncan’s multiple comparisons were 
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performed for testing significant differences between mean values at different stages. Data values 

were presented as a mean ± SD and considered statistically significant with a P-value. Each rabbit 

served as an experimental unit. 

3. Results 

3.1. Fiber Characteristics of Rabbit Skeletal Muscle at Different Developmental Stages 

To better understand the changes in skeletal muscle characteristics after birth, we generated 

double fluorescencestained sections of the longissimus dorsi muscle at three growth stages. 

To better understand the changes of skeletal muscle characteristics during the development of 

rabbits after birth, HE stained sections and double fluorescence sections of Longismost dorsi muscle 

at three stages were made for muscle classification statistics (Table 2 and Figure. 1 ). After birth, there 

were two types of muscle fibers, mainly type Ⅱ, which accounted for 89.11% at birth, 98.47% at 30 

days of age, 95.74% at 60 days of age and slightly decreased. The average proportion of type I at birth 

was 10.89%, decreased to 1.53% at 30 days of age, and increased slightly to 4.26% at 60 days of age. 

The density of muscle fiber type I and Ⅱ decreased significantly with the increase of age, and the 

single area of muscle fiber increased significantly. 

Table 2. Changes of muscle fibers in longissimus dorsi muscle of Fujian white rabbits after birth. 

Muscle fiber type Item 1day 30day 60day P-Value 

I Density 382.4±56.58 35.43±4.07 26.91±4.20 ＜0.001 

 single area 0.20±0.02 0.49±0.04 0.98±0.09 ＜0.001 

 Percentage 10.89±2.78 1.53±0.20 4.26±0.43 0.002 

Ⅱ Density 3915.4±466.64 726.69±51.65 394.52±49.12 ＜0.001 

 single area 0.17±0.02 1.15±0.07 2.06±0.26 ＜0.001 

 Percentage 89.11±2.78 98.47±0.20 95.74±0.43 0.002 
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 B1 B30 B60 

Figure 1. Longissimus dorsi morphological changes over 3 developmental stages after birth of Fujian 

white rabbit. Paraffin sections representing the three stages (n=6) of rabbit skeletal muscle 

development (40×10 fold). Red represents the fast muscle fibers (muscle fiberⅡ); green represents the 

slow muscle fibers (muscle fiberⅠ). B1, B30 and B60 represent kids of 1, 30 and 60 days after birth, 

respectively. 

3.2. Sequencing Data and Read Mapping 

A total of 1,315,508,354 clean reads were obtained from the 25 libraries with an average of 

52,620,334 clean reads in each sample (the numbers of reads ranging from 57,143,694 to 43,117,346). 

The GC content and ≧Q30(%) were 57.60% to 54.61% and 95.55% to 94.44%, respectively. After 

quality control, the clean reads obtained were 84.77% to 87.32% compared with the reference genome 

of rabbits (http://asia.ensembl.org/Oryctolagus_cuniculus/Info/Index) (Table 2.).  

Table 2. RNA-seq data from longissimus muscle of Fujian white rabbit. 

Samples Clean Reads Clean Bases GC Content ≥Q20 (%) ≥Q30 (%) Total mapped 

E20_1 55,734,440 8,313,085,511 55.14 98.20  94.69 47975182(86.08%) 

E20_2 53,058,642 7,894,003,588 54.61 98.28  94.92 45923886(86.55%) 

E20_3 43,117,346 6,426,127,395 54.62 98.15  94.63 37240279(86.37%) 

E20_4 49,840,308 7,449,982,372 54.97 98.35  95.10 42732162(85.74%) 

E20_5 52,265,844 7,823,329,439 55.00 98.19  94.71 44882726(85.87%) 

E26_1 48,483,382 7,260,000,243 55.12 98.09  94.44 41473114(85.54%) 

E26_2 49,855,872 7,447,695,977 55.50 98.29  94.92 42778837(85.81%) 

E26_3 48,447,120 7,217,021,129 55.15 98.24  94.86 41455767(85.57%) 

E26_4 56,162,336 8,346,021,442 55.42 98.38  95.21 47606815(84.77%) 

E26_5 54,929,178 8,123,757,148 54.84 98.35  95.10 46656888(84.94%) 

D1_1 54864198 8148852399 55.61  98.31  95.01  46703174(85.13%) 

D1_2 54062194 8029221216 55.07  98.29  94.96  46364983(85.76%) 

D1_3 55538276 8259213293 55.30  98.22  94.75  47346876(85.25%) 

D1_4 56946594 8468764768 55.24  98.36  95.13  48479947(85.13%) 

D1_5 49047954 7293122433 55.19  98.33  95.05  41995340(85.62%) 

D30_1 54073416 8055531940 57.46  98.51  95.47  46916395(86.76%) 

D30_2 53447052 7969699261 56.94  98.42  95.26  46373149(86.76%) 

D30_3 51103710 7621392259 57.11  98.40  95.17  44486619(87.05%) 

D30_4 52197018 7770299353 57.60  98.50  95.43  45140436(86.48%) 

D30_5 52350632 7800651589 57.29  98.46  95.40  45351306(86.63%) 

D60_1 52093866 7741946849 57.29  98.40  95.21  45053306(86.48%) 

D60_2 51649388 7669668687 57.60  98.48  95.34  44888951(86.91%) 

D60_3 55026236 8165970844 57.57  98.43  95.30  47820207(86.9%) 

D60_4 54069658 8023215943 57.32  98.53  95.55  47212842(87.32%) 

D60_5 57143694 8506058012 57.39  98.42  95.24  49816626(87.18%) 

3.3. Differential Expression Genes (DEGs) 
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Statistical analysis of DEGs in longissimus dorsi of Fujian white rabbits at four stages were 

shown in Table 3 and Figure2-4. Differential gene expression analysis of four stages showed that 9737 

genes were significantly differentially expressed (Fold change ≥ 2 and FDR < 0.01 at P< 0.05, the same 
below), with 1372 up-regulated genes and 1012 down-regulated in E20 vs. E26, 706 up-regulated 

genes and 763 down-regulated in E26 vs. B1, 1808 up-regulated genes and 2425 down-regulated in 

B1 vs. B30, 55 up-regulated genes and 108 down-regulated in B30 vs. B60.  

 

Figure 2. Differential gene expression level analysis in longissimus dorsi of Fujian white rabbits. 

 

Figure 3. Principal component analysis (PCA) analysis of gene expression between five-stage samples 

in longissimus dorsi of Fujian white rabbits. 

The same color represents the same stage. E20 and E26 represent embryos of 20 and 26; B1, B30 

and B60 represent kids of 1, 30 and 60 days after birth, respectively. 

A  E20 VS E26                                    B  E26 VS B1 
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C  B1 VS B30                                     D  B30 VS B60 

 

Figure 4. Volcanic map of differential genes in longissimus dorsi of Fujian white rabbits. 

The volcano plot of DEGs in (A) E20 VS E26, (B) E26 VS B1, (C) B1 VS B30, (D) B30 VS B60. The 

X-axis represents the log2 fold change; the Y-axis represents the significance of differential expression 

P value on the –log10. Red dots: up-regulated DEGs; green dots: down-regulated DEGs; blue dots: 

non-DEGs. 

Table 3. Statistical results of differentially expressed genes. 

DEGs DEGnumber Up-Regulated Down-Regulated 

E20 VS E26 2384 1372 1012 

E26 VS B1 1469 706 763 

B1 VS B30 4233 1808 2425 

B30 VS B60 163 55 108 

E20 VS B1 4191 2118 2073 

E20 VS B30 6948 3146 3802 

E20 VS B60 7464 3359 4105 

E26 VS B30 5485 2443 3042 

E26 VS B60 6050 2712 3338 

B1 VS B60 5065 2192 2873 
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3.4. GO and KEGG Analysis  

To further elucidate the role of specific signaling pathways in muscle development, we enriched 

DeGs from four comparative stages for GO and KEGG analysis. In GO analysis, DeGs are annotated 

into three ontologies in the GO database: biological processes (BP), cellular components (CC), and 

molecular functions (MF). In E20 vs. E26, 2384 DEGs were annotated to 53 GO terms, covering 24 

biological processes (BP), 16 cellular components (CC), and 13 molecular functions (MF). The top 20 

items of evident enrichment included skeletal muscle contraction, embryonic forelimb 

morphogenesis, establishment of skin barrier, sarcomere organization, peptide cross linking, 

multicellular organismal water homeostasis etc. In E26 vs. B1, 1469 DEGs were assigned to 52 GO 

terms, including 23 BP, 16 CC, and 13 MF. The top 20 items of significant enrichment included the 

activity of kinetochore organization, regulation of chromosome separation, sister chromatid 

cohesion, mitotic cytokinesis and so on. In B1 vs. B30, 4233 DEGs were classified into 56 different GO 

terms, including 24 BP, 17 CC, and 15 MF. The GO terms of evident enrichment included cardiac 

muscle contraction, striated muscle contraction, regulation of calcium ion transmembrane transporter 

activity, secondary metabolic process, regulation of muscle contraction, regulation of muscle system 

process and so on. In B30 vs. B60, 163 DEGs were classified into 46 different GO terms, including 21 

BP, 14 CC, and 11 MF. The items of significant enrichment included striated muscle contraction, 

muscle contraction, muscle system process and cardiac muscle contraction (Figure 5). 

 

Figure 5. GO annotation diagram of differentially expressed genes in longissimus dorsi muscle of 

Fujian white rabbits. 

For KEGG analysis, in E20 vs. E26, 2384 DEGs were enriched in 331 pathways, of which 26 

pathways were significantly enriched, mainly in Hypertrophic cardiomyopathy (HCM), Cardiac 

muscle contraction, Arrhythmogenic right ventricular cardiomyopathy (ARVC), Basal cell 

carcinoma, Adrenergic signaling in cardiomyocytes and Cushing syndrome. In E26 vs. B1, 1469 DEGs 

were enriched in 310 pathways, of which 11 pathways were significantly enriched, mainly in the 

PPAR signaling pathway, Cell cycle, Fatty acid degradation, Nicotine addiction, Adipocytokine 

signaling pathway and Oocyte meiosis. In the stage B1vs. B30, 4233 DEGs were enriched in 342 

pathways, of which 30 pathways were significantly enriched, mainly in the Adrenergic signaling in 

cardiomyocytes, MAPK signaling pathway, cGMP-PKG signaling pathway, Hypertrophic 

cardiomyopathy (HCM), Glucagon signaling pathway and Oxytocin signaling pathway. In B30 vs. 

B60, 163 DEGs were enriched in 165 pathways, and there was no significant difference between the 

two stages. 
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Figure 6. KEGG bubble diagram of differential expression genes in longissimus dorsi of Fujian white 

rabbit.（A）KEGG bubble diagram of differential expression genes at E20vs E26 stage;(B)KEGG bubble 

diagram of differential expression genes at E26vs B1 stage; (B)KEGG bubble diagram of differential 

expression genes at B1vs B30 stage;(D)KEGG bubble diagram of differential expression genes at B30vs 

B60 stage. 

3.5. Short time series expression analysis of differentially expressed genes in longissimus dorsi muscle of 

Fujian white rabbits(STEM) 

Trend analysis was conducted on the screened significantly different genes. It can be seen from 

Figure 7 that there were 11 modules with significant differences, among which the differentially 

expressed genes in modules 0 and 25 were grouped into a group with downward trend. The 

differentially expressed genes in modules 30 and 49 were clustered into a group and showed an 

upward trend. Other modules with color change rules are inconsistent, and the difference between 

modules without filling color is not significant. 

The gene sets of module 0 and 25 were combined, and GO and KEGG enrichment analysis were 

performed. The GO results (FIG. 8(A)) showed that the differential expression genes were mainly in 

the regulation of smoothened signaling pathway and skeletal organs system development and other 

process rich collection; KEGG results showed that differential expression genes were mainly enriched 

in Hippo signaling pathway, ECM-receptor interaction, Wnt signaling pathway and other processes 

(Figure 8(B)). The gene sets of module 45 and 49 were merged and analyzed by GO and KEGG 

enrichment. The GO results showed (FIG. 8(C)) that the differential expression genes were mainly 

enriched to sarcomere organization, structural constituent of muscle, muscle cell development. 

KEGG results showed (Figure 8(D)) that the differential expression genes were mainly enriched in 

AMPK signaling pathway and other processes. 
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Figure 7. STEM analysis in longissimus dorsi of Fujian white rabbit. 

 

 

Figure 8. GO and KEGG bubble diagram of differential expression genes of significant enrichment 

modules in longissimus dorsi of Fujian white rabbits (A) GO bubble diagram of differential expression 

genes of module 0 and 25;(B) KEGG bubble diagram of differential expression genes of module 0 and 

25; (C) GO bubble diagram of differential expression genes of module 45 and 49; (D) KEGG bubble 

diagram of differential expression genes of module 45 and 49. 

3.6. Alternative splice(AS) in Rabbit Skeletal Muscle  

The complexity of gene expression and the diversity of eukaryotic transcriptome were revealed 

by analysis of AS. AS was analyzed in two consecutive groups at the 4 development stages of Fujian 

white rabbits. Five major different AS types were detected, including skipped exons (SE), retained 
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introns (RI), alternative 5´ splice s ites (A5SS), alternative 3´ splice sites (A3SS) and mutually exclusive 

exons (MXEs). Among all comparison groups, SE was the most abundant AS event, accounting for 

75.48-76.15% of the total (Table 4). The probability of other events from the lowest to highest was RI 

(0.60-0.67%), A5SS (2.31-2.32%), A3SS (3.80–3.90%), MXE (17.04-17.72%) (Table 4). In addition, the 

most difference of differential expression AS events (Diff. exp events) was SE(539-2178). Other Diff. 

exp events from the highest to lowest was RI (12-43), A5SS (54-234%), A3SS (55-331), MXE (76-513) 

(Table 4). Interestingly, among all comparison stages Diff. exp events was obviously the lowest from 

the B30 to B60 stage (Table 4). 

Table 4. AS classification and quantity statistics. 

Event 

type 

E20 VS E26 

AS events        

Diff.exp  

(Freq %)          events 

   E26 VS B1 

AS events     

(Freq %)       

 

Diff.exp 

events 

  B1 VS B30 

AS events     

(Freq %)       

 

Diff.exp 

events 

 B30 VS B60 

AS events     

(Freq %)       

 

Diff.exp 

events 

SE 448196(75.48) 1956 446716(75.56) 2111 426603(75.97) 2178 406312(76.15) 538 

MXE 105242(17.72) 476 104237(17.63) 494 96789(17.23) 513 90933(17.04) 76 

A3SS 22699(3.82) 169 22690(3.84) 204 21784(3.88) 331 20788(3.90) 55 

A5SS 13692(2.31) 175 13663(2.31) 216 13006(2.32) 234 12318(2.31) 54 

RI 3962(0.67) 34 3922(0.66) 41 3570(0.64) 43 3201(0.60) 12 

3.7. qPCR Analysis. 

Five differential genes were randomly selected for qPCR verification, and the expression levels 

of MYF5, MYOM2, PGAM2, MSTN and MYF6 genes in longissimus dorsi muscle were consistent 

with transcriptome sequencing results (Table 5). 

Table 5. Validation of the RNA-seq expression data by Real-time PCR for selected genes. 

Genes name  
RNA-Seq 

log2FC 
FC P-adjust 

Real-time PCR 

2^-ΔΔCт 

Real-time PCR 

log2FC 
P value 

MYF5 

B1/E26 

B30/B1 

 

-0.8496 

-1.0186 

 

0.5549 

0.4936 

 

<0.001 

<0.001 

 

0.0984 

0.2339 

 

-3.3452 

-2.0960 

 
 

<0.001 

<0.001 

 

MYOM2 

E26/E20 

B30/B1 

 

3.0640 

3.1143 

 

8.3629 

8.6596 

 

<0.001 

<0.001 

 

2.8770 

4.1355 

 
 

1.5246 

2.0481 
 

 

<0.001 

<0.001 

 

PGAM2 

E26/E20 

B1/E26 

B30/B1 

3.4253 

0.8806 

3.2771 

10.7428 

1.8491 

9.6941 

<0.001 

<0.001 

<0.001 

3.6424 

0.4234 

1.8775 

1.8649 

-1.2399 

0.9088 
 

<0.001 

<0.001 

<0.001 

MSTN B30/B1 -2.3496 0.1962 <0.001 0.0792 -3.6584 
 

<0.001 

MYF6 E26/E20 2.7848 6.8914 <0.001 1.7535 0.8102 
 

<0.001 

4. Discussion 

Rabbit meat which has high protein, low fat, low cholesterol is more and more favored by 

people. Therefore, it is particularly important to explore the regulatory mechanism of muscle growth 

and development in meat rabbits. Muscle growth and development is a complex biological process, 

which is influenced by genetic, environmental, nutritional and other factors. Most previous studies 

have looked at the role of genetic factors in muscle growth and development from a single gene, 

which has some limitations. Since muscle growth and development is regulated by a complex 

network of multiple genes, exploring the transcriptome regulation of Fujian white rabbits from 

embryonic stage to postnatal stage is important for the molecular breeding process of meat rabbits. 

In particular, comparative transcriptome analyses at different growth stages provide meaningful 
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insights into the question of how regulatory gene networks control biological processes [5, 8, 34, 35]. 

However, it has not been reported in different developmental stages of rabbit muscle tissue, 

including embryonic stage and infant stage. 

4.1. DEGs Analyzed at FOUR stages 

The differential expression of growth and development related genes is considered to be the 

main cause of genetic variation during animal growth, indicating that the regulatory mechanism of 

growth and development has changed [5, 36].In this study, there were the most DEGs in the stage B1 

vs. B30, and then in E20 vs. E26,which means muscle in rabbit may grow rapidly in the two stages . 

The stage B30 vs. B60 has least DEGs, which may indicate muscle growth is regulated by fewer genes, 

mainly muscle fiber enlargement and thickening. The differential genes were mainly enriched in 

muscle structure and growth and development related categories, which was consistent with the 

rapid development stage of B1 vs. B30, E20 vs. E26 and muscle fiber in the periods. Kuang et al.[21] 

found that 5 320 differential expression genes were obtained between 26 days and 18 days of the 

embryonic age in Qixing rabbit, were significantly enriched in cancer pathway, cytoskeleton 

regulatory pathway, pi3k-akt signaling pathway and RAP1 signaling pathway. In E20 vs. E26, 2384 

DEGs of Fujian white rabbit were enriched in 331 pathways, of which 26 pathways were significantly 

enriched, mainly in Hypertrophic cardiomyopathy (HCM), Cardiac muscle contraction, 

Arrhythmogenic right ventricular cardiomyopathy (ARVC), Basal cell carcinoma, Adrenergic 

signaling in cardiomyocytes and Cushing syndrome.  

From the point of view of livestock production, skeletal muscle is undoubtedly the most 

important tissue. Muscle growth and development include two processes, hypertrophy of muscle 

fibers. Fetal muscle fibers have been established after birth, there is no longer a net increase, muscle 

development simply because of muscle fiber volume increase. Thus, the fetal period is a critical 

period for skeletal muscle development[37].The average gestation period of rabbits is 30 days, and 

embryo development goes through three stages: embryonic stage (about 12 days), preembryonic 

stage (about 6 days) and fetal stage (about 12 days). Its growth rate is greatest in the fetal period, 

which accounts for about 90% of the weight of the whole embryonic period. The embryonic 

myogenesis process is regulated by a series of transcription factors, including Wnt, paired nuclear 

genes (Pax) 3 and Pax7, and Myogenic regulatory factors (MRFs).  

Muscles of livestock and poultry can be divided into three main groups: skeletal muscle, cardiac 

muscle, and smooth muscle. Skeletal muscle accounts for about 40% of the body weight of livestock 

and poultry, and is an important component of meat quality. The growth and development of skeletal 

muscle is affected by many factors. The difference of species, breed, nutritional status and exercise 

degree will lead to the difference of skeletal muscle growth and development. Many hormones are 

also involved in the regulation of skeletal muscle growth and development. The molecular regulation 

of skeletal myogenesis is a very complex process, including embryonic skeletal muscle genesis and 

adult skeletal muscle regeneration, which involves the regulation of many molecules, including Pax3/ 

Pax7[38, 39], myogenic regulatory factors (MRFs)[40, 41], Myostatin[42, 43]. 

Myogenic regulatory factors (MRFs) is considered an important gene involving in the molecular 

control during muscle process, which is also a crucial factor in maintain skeletal muscle cell 

differentiation and growth[44]. The MRFs include Myogenic differentiation 1 (MyoD1), Myogenic 

factor 5 (Myf5), MRF4 (also named Myf6) and myogenin (Myog) genes [45]. In the process of muscle 

differentiation, the Myf5 gene is the first expression gene in MRFs, which act as a decisive effect[46]. 

Myogenic factor 6 (MYF6) is the most abundantly expressed myogenic factor in adult muscle[47]. 

Moreover, MYF6 tends to be expressed more highly in muscle tissue of the lean selection line and is 

supposed to be one promising candidate gene for growth and meat quality related traits in adult 

pigs[48]. 

The M-band mainly myomesin proteins including their embryonic heart (EH) isoform, titin and 

obscurin is a well-recognized mechanical and signaling hub dealing with active forces during 

contraction. Myomesin-2 (MYOM2, also known as M-protein) is mainly expressed in the cardiac and 

fast skeletal muscles[49]. Phosphoglycerate mutase 2 (PGAM2) is a key enzyme during glycolysis 
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and gluconeogenesis, which plays an important role in regulating energy metabolism and controlling 

growth rate in livestock. PGAM2 encodes a glycolytic enzyme that catalyzes the conversion of 3-

phosphoglycerate into 2-phosphoglycerate. It is expressed mainly in skeletal and cardiac muscles, as 

well as in kidney[50]. This gene is located in a region of porcine chromosome 18 [51], where a 

quantitative trait locus (QTL) responsible for carcass quality, lean content, and muscle fiber diameter 

had been identified [52]. PGAM2 protein influenced the development of skeletal muscle and was 

associated with feed conversion , growth, and slaughter traits in pigs [53].In rabbits, PGAM2 is one 

of the candidate genes affecting body weight at 84 days and average day gain [54].Myostatin (MSTN) 

is a negative regulator of skeletal muscle growth and plays an important role in muscle 

development[55]. The expression of MSTN can be detected both pre and post-natally. MSTN-null 

mice showed a dramatic and widespread increase in skeletal muscle mass[56]. Other studies had 

showed that MSTN gene has effects on skeletal muscle development in cattles[57], goats[58], pigs[59], 

and rabbits[60, 61]. 

4.2. GO and KEGG Pathway 

Predicted differentially expressed genes Myosin heavy chain 13 (MYH13), Troponin I1 

(Troponin I1, slow skeletal type, TNNI1), ATPase sarcoplasmic/endoplasmic reticulum Ca2+ 

transporting 2, Atpase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2, ATP2A2), Myosin 

heavy chain 7 (MYH7), Leiomodin 2 (LMOD2), Titin-cap (TCAP), Troponin C (Troponin C, TNNC1) 

and Myosin light chain 2 (MYL2) may be related to muscle growth and meat quality. 

4.3. Prediction of AS 

Ubiquitous in most eukaryotic genomes, AS is a mechanism by which organisms enriche their 

protein pool and regulate physiological and developmental processes[62, 63]. Precursor mRNA of 

AS plays an important role in the regulation of gene expression in higher eukaryotes. Multiple 

mRNAs can be derived from a single pre mRNA to produce proteins with different functions, which 

indicates that AS is an important mechanism for regulating life [29]. Due to the lack of detailed full-

length cDNA data and high-quality genome annotation, there are few studies about AS in rabbits. In 

our study, SE was the most abundant AS event, accounting for 75.48–76.15% of the total, which 

indicated that the AS of rabbit skeletal muscle growth and development mainly existed in skipped 

exons. 

5. Conclusions 

In this study, transcriptome data at 5 developmental stages from fetus to kids was profiled by 

RNA-Seq technology, which will be helpful to further understand the molecular sequences and 

functions of genes related to skeletal muscle growth in Fujian White rabbits at different stages. There 

were differences in the expression of genes at different growth stages, including highly expressed 

genes, pathways and AS. These findings will provide valuable resources for the biological researches 

of skeletal muscle growth related genes in Fujian white rabbit and may also provide clues for 

understanding the molecular mechanisms in other rabbit and mammalian species. 
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