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Comparative transcriptome 
profiling of longissimus muscle 
tissues from Qianhua Mutton 
Merino and Small Tail Han sheep
Limin Sun, Man Bai, Lujie Xiang, Guishan Zhang, Wei Ma & Huaizhi Jiang

The Qianhua Mutton Merino (QHMM) is a new sheep (Ovis aries) variety with better meat performance 
compared with the traditional local variety Small Tail Han (STH) sheep. We aimed to evaluate the 
transcriptome regulators associated with muscle growth and development between the QHMM 
and STH. We used RNA-Seq to obtain the transcriptome profiles of the longissimus muscle from the 
QHMM and STH. The results showed that 960 genes were differentially expressed (405 were up-
regulated and 555 were down-regulated). Among these, 463 differently expressed genes (DEGs) were 
probably associated with muscle growth and development and were involved in biological processes 
such as skeletal muscle tissue development and muscle cell differentiation; molecular functions 
such as catalytic activity and oxidoreductase activity; cellular components such as mitochondrion 
and sarcoplasmic reticulum; and pathways such as metabolic pathways and citrate cycle. From the 
potential genes, a gene-act-network and co-expression-network closely related to muscle growth and 
development were identified and established. Finally, the expressions of nine genes were validated by 
real-time PCR. The results suggested that some DEGs, including MRFs, GXP1 and STAC3, play crucial 
roles in muscle growth and development processes. This genome-wide transcriptome analysis of QHMM 
and STH muscle is reported for the first time.

Sheep (Ovis aries) form a large part of the global animal husbandry industry. Sheep meat, with its characteristics 
of high protein, low fat and low cholesterol, is an important source of protein for humans. �e Qianhua Mutton 
Merino (tentative name; abbreviated as QHMM) is a new sheep variety bred for both meat and wool. It was 
bred through graded crossing and arti�cial selection of the SA (South Africa) Mutton Merino (male parent) and 
Chinese Northeast Fine-wool sheep (female parent) in recent years. �is new breed has genetic features of strong 
stress and roughage resistance, and better meat performance compared with the SA Mutton Merino and Northeast 
Fine-wool sheep. Gene regulation underlies all biological behaviour and phenotype; thus, investigating genetic 
information, which is controlled by gene regulatory factors, is one of the main challenges in molecular biology1.  
Transcription factors, a major family of gene regulatory proteins, play an essential role in the growth, develop-
ment and evolution of higher organisms2,3. �erefore, investigating the transcriptome pro�le of muscle tissues, 
especially with reference to transcription regulatory proteins, would provide useful information to improve the 
production and quality of sheep meat.

In a narrow sense, the transcriptome usually refers to the sum of all mRNAs, because among all types of RNA, 
mRNA is the direct template for protein synthesis4. �e growth and development of skeletal muscle is a complex 
process, which is promoted through transcriptome regulation involving regulatory networks and signalling path-
ways. To date, muscle regulatory factors (MRFs)5, growth hormone(GH)6, insulin-like growth factors (IGFs)7,8, 
and myostatin(MSTN)9,10 have been reported to be associated with muscle growth and development. To analyse 
the transcriptome of muscle tissue would identify more candidate genes, regulatory networks and signalling 
pathways at the transcriptional level.

RNA-sequencing (RNA-seq), a next-generation sequencing method with the advantages of cost-e�ectiveness 
and high-throughput, provides a genome-wide sequence readout of a transcriptome11,12. In this study, we ana-
lysed the transcriptome pro�le of muscle tissues of QHMM and STH sheep, which is a traditional local variety, 
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using RNA-Seq and bioinformatics analysis. �e growth rate and meat performance between two sheep breeds 
are signi�cantly di�erent. �e DEGs obtained from this study will aid future investigation of the mechanism of 
sheep muscle growth and development, and also provide a basis for mutton sheep breeding.

Results
Phenotypic difference analysis. As shown in Fig. 1a,b, compared with STH, the new breed QHMM had 
a good body shape, with the characteristics of no angle, wide and deep chest, straight back and well-developed 
hindquarters. �e analyses of the carcass and meat quality are shown in Table 1. Compared with STH sheep, the 
cooking percentage, carcass weight, and slaughter percentage were very signi�cantly higher (P <  0.01) in the 
QHMM sheep; live weight, net meat percentage and loin eye muscle area were signi�cantly higher (P <  0.05) in 
the QHMM sheep; the muscle shear force and water loss rate were very signi�cantly lower (P <  0.01); and the 
pH24 (pH of the tissue 24h post-mortem) was signi�cantly lower (P <  0.005) in the QHMM sheep. �ese data 
indicated that the meat performance was signi�cant di�erent between the QHMM and STH sheep.

Summary of RNA-seq data. In this study, the result of RNA quality are shown in Supplementary  
Fig. S1–S3 in Supplementary Information; we obtained a total of 18.75, 17.48, 16.49, 17.46, 14.79 and 17.41  
million raw reads for QHMM (A1, A2, A3) and STH (B1, B2, B3), respectively (Table 2). �e raw reads were 
�ltered and mapped to the Oar 3.1 version of the sheep genome sequence, and the unique mapped rate was 
0.853–0.877. �e analysis of the genes’ structures and their distribution on the chromosomes of mapped reads 
are shown in Fig. 2.

Differentially expressed genes. To investigate the di�erent muscle properties from a genetic perspective, 
the expression levels of the genes were quanti�ed by the reads per kilobase of transcript per million mapped reads 
(RPKM) method. �en, using the EBSeq algorithm (|log2

FoldChange| >  0.585 and FDR <  0.05; FDR, false discovery 
rate), 960 genes were considered as DEGs, including 405 that were up-regulated, such as CCND3, SOCS2 and 
HMOX1, and 555 that were down-regulated, such as SMAD3, NMNAT3, SDHC and MGST3 in the muscle tissues 
of STH vs. QHMM, respectively (Supplementary Table S1).

Figure 1. �e QHMM sheep and the STH sheep. (a) QHMM sheep; (b) STH sheep.

Traits De�nitions of traits
QHMM 
(n = 30)

STH  
(n = 30)

Live weight (Kg) Live weight before slaughter (fasting 24h) 55.33 ±  1.36* 45.15 ±  4.15

Carcass weight (Kg)
Body weight removing the head, tail, limbs, internal 
organs and other parts of the weight a�er slaughter

27.38 ±  0.84** 17.27 ±  0.84

Slaughter percentage (%) Carcass weight/Live weight ratio 50.08 ±  1.73** 38.33 ±  1.92

Net meat percentage (%) Net meat weight/ live weight ratio 39.40 ±  1.76* 31.35 ±  1.88

Loin eye muscle area (cm2) Area of longissimus dorsiat 12th/13th rib 18.85 ±  1.52* 15.39 ±  1.05

Tenderness (N) Shear force of longissimus dorsiat 32.08 ±  1.34 47.77 ±  1.52**

Water loss rate (%)
% of weight loss of longissimus dorsiat determinated 

by pressure method
6.23 ±  1.06 14.11 ±  0.93**

Cooking percentage (%)
longissimus dorsiat determinated by cooking / 

longissimus dorsiat weight ratio
62.38 ±  3.05** 45.03 ±  1.35

pH1 pH value in longissimus dorsiat 45 min post mortem 6.13 ±  0.09 6.23 ±  0.07

pH24 pH value in longissimus dorsiat 24 h post mortem 5.44 ±  0.14 5.72 ±  0.04*

Table 1. Carcass and meat quality traits in the QHMM and STH. **P <  0.01 and *P <  0.05.
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses 
of DEGs. �e 960 DEGs identi�ed in the longissimus dorsi of QHMM and STH sheep were annotated accord-
ing to three GO categories: biological process, molecular function, and cellular component. Signi�cance analysis 
revealed the signi�cant enrichment (P <  0.05) of 252 GO terms (including cellular lipid metabolic process, small 
molecule metabolic process, and fatty acid metabolic process), 81 GO terms (including wnt-activated receptor 
activity, oxidoreductase activity, and catalytic activity), and 43 GO terms (including mitochondrion, sarcoplas-
mic reticulum, and Z disc) for all DEGs in the categories of biological process, molecular function, and cellular 
component, respectively (Supplementary Table S2). GO terms signi�cantly enriched for up- and down-regulated 
DEGs are shown in Supplementary Tables S3 and S4. �e top 15 signi�cant GO terms among the three categories 
are shown in Fig. 3a–c. A�er GO annotation and signi�cance analysis of GO terms, to further understand the 
key GO terms and select DEGs that are probably associated with growth and development of muscle, 82 signi�-
cantly enriched GO terms (Supplementary Table S5) were selected to create a visual GO-Trees picture, based on 
the hierarchical and subordinate relationship of the GO terms, as shown in Fig. 4a. �e �gure indicates that the 
DEGs mainly in�uenced biological process such as metabolic process, regulation of growth, skeletal muscle tissue 
development and glycogen metabolic process. We selected ten GO terms (skeletal muscle tissue development, 
positive regulation of skeletal muscle �bre development, skeletal muscle �bre development, positive regulation of 
myoblast di�erentiation, positive regulation of muscle cell di�erentiation, muscle cell fate commitment, muscle 
cell di�erentiation, sarcomere organization, myo�bril assembly and myoblast di�erentiation) that are directly 
involved in the biological process of muscle growth and development, and 30 DEGs associated with these GO 
terms were obtained (Table 3).

�e pathway annotation of DEGs was performed using the KEGG database. �e results showed that 53 path-
ways were signi�cantly (P <  0.05) enriched among all DEGs (Supplementary Table S6), pathways signi�cantly 
enriched for up- and down-regulated DEGs are shown in Supplementary Table S6. �e top 15 signi�cant path-
ways are shown in Fig. 3d. Moreover, pathway analysis showed that these DEGs are mainly involved in carbo-
hydrate metabolism processes, including glycolysis/gluconeogenesis, TCA cycle and pyruvate metabolism; lipid 
metabolism processes, such as fatty acid elongation; amino acid metabolic processes containing arginine and 
proline metabolism, valine, leucine and isoleucine degradation, cysteine and methionine metabolism; cell growth 
and apoptosis; and signal transduction processes, such as the FoxO and Wnt signalling pathways. To further 
investigate the interactions of pathways and to obtain the key signi�cant pathways that play pivotal roles in muscle 
growth and development, a pathway-act-network13–15 was explored based on the direct or systemic interactions of 
23 selected signi�cantly enriched pathways (Supplementary Table S7) in KEGG database. As shown in Fig. 4b, the 
metabolic pathways; citrate cycle (TCA cycle); and alanine, aspartate and glutamate metabolism, were located in 
the centers of each pathway clusters and showed the most interactions with surrounding pathways. �is indicated 
that these pathways were probably the most vital pathways. Arginine, proline metabolism, glycolysis/gluconeo-
genesis, glyoxylate and dicarboxylate metabolism, as well as propanoate metabolism, in the pathway-act-network 
also played essential roles.

Gene-act-network and co-expression analysis. A�er GO analysis and pathway analysis, 463 DEGs 
(Supplementary Table S8) that probably regulated muscle growth and development were selected from 82 signif-
icantly enriched GO terms and 23 signi�cantly enriched pathways. To further explore the interactions between 
these DEGs, the gene-act-network14,15 was established based on the relationships between these DEGs in terms of 
expression, activation and indirect activation, phosphorylation and dephosphorylation, binding and compounds, 
inhibition and missing interactions according to KEGG database. As shown in Fig. 5, in the gene-act-network, 
not only were the processes of signal transduction visible, but also related genes involved in essential regulatory 
function were more easily discovered. �e genes MYH6, MYL2, MYL6B, MYLK3, ITGA7, GPX1 and PPP3CB, 
which were previously mentioned in Table 3, were involved in the gene-act-network. �e results identi�ed gene 
interactions. Alternatively, we built a co-expression-network based on the DEGs in muscle tissues of QHMM 
and STH to highlight the synergy of DEGs groups that are functionally related or co-regulated16. As shown in 
Fig. 6, 185 network nodes and 509 connections were found in the QHMM group, while 186 network nodes and 
535 connections were observed in the STH group. �e “k-core” factor was then applied to identify the key regu-
latory genes, which probably play pivotal roles in gene interactions and regulations. Nine DEGs with the highest 
k-core values were identi�ed in the QHMM group, while eleven DEGs with highest k-core values were identi-
�ed in the STH group (Supplementary Table S9). Moreover, DEGs including MYH6, MYL2, MYL6B, MYLK3, 

Statistics QHMM A1 QHMM A2 QHMM A3 STH B1 STH B2 STH B3

All reads 18,752,596 17,482,106 16,488,130 17,458,226 14,790,361 17,408,297

Un Mapped reads 1,415,576 1,531,813 1,302,393 1,334,282 1,156,221 1,371,310

Mapped reads 17,337,020 15,950,293 15,185,737 16,123,944 13,634,140 16,036,987

Mapped Rate 0.925 0.912 0.921 0.924 0.922 0.921

Unique Mapped reads 16,437,180 14,905,935 14,372,858 15,292,633 12,779,250 15,237,071

Unique Mapped Rate 0.877 0.853 0.872 0.876 0.864 0.875

Repeat Mapped reads 899,853 1,044,371 812,891 831,323 854,906 799,930

Junction All Mapped reads 7,829,834 6,856,974 6,700,137 6,846,232 5,638,984 7,226,780

Junction Unique Mapped reads 7,826,739 6,854,001 6,697,036 6,843,592 5,636,750 7,223,760

Table 2. Reads mapping summary.
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NEO1, OMYHCS and PPP3CB, previously mentioned in Table 3, were co-expressed with other genes in the 
co-expression-network of both the QHMM group and STH group. DEG GPX1, also listed in Table 3, was only in 
the co-expression-network of the STH group.

Validation of RNA-Seq data. Nine DEGs were selected randomly to validate the RNA-Seq data 
by qRT-PCR. �e data from the qRT-PCR analysis were calculated by the 2−∆∆Ct method17 and the detailed 
results are shown in Fig. 7. Compared with QHMM sheep, the DEGs CBS, CCND, HMOX1 and ZBTB16 were 
up-regulated, while MGST3, SCARB1, SMAD3, NMNAT3 and SDHC were down-regulated in the STH sheep, and 
CCND, HMOX1, ZBTB16, SCARB1 and NMNAT3 were signi�cantly di�erently expressed (P <  0.05), CBS and 
SDHC were very signi�cantly di�erently expressed (P <  0.01). �e expression levels of these genes determined by 
qRT-PCR were consistent with the RNA-Seq data, which validated the accuracy of the RNA-Seq data.

Discussion
Meat performance is an important economic trait in animal husbandry, and is also important reference index 
in sheep breeding. In the present study, we studied the phenotypic di�erence between QHMM and STH sheep. 
�e data showed that compared with the local, traditional sheep STH, QHMM, which is a new breeding variety 
for both mutton and wool, has a signi�cantly di�erent meat production performance and meat quality. Our 
results highlighted the phenotype di�erence and genetic di�erence between these two breeds. To investigate the 
potential genetic mechanism of the di�erence in muscle growth and development between the two sheep breeds, 
a genome-wide transcriptome analysis of the mRNA expressed in the muscle tissues of the two sheep breeds was 
performed. �e present study is the �rst genome-wide transcriptome analysis of QHMM for the genes related to 
muscle growth and development.

Muscle growth and development are o�en regulated by core genes and signal transduction pathways18,19. We 
therefore attempted to identify the key genes and signal pathways related to muscle growth and development 
in the present study. Recently, RNA-seq has emerged as a new technique to determine the expression level of 
the whole genome, and allows a fast and comprehensive determination of almost all transcripts of a species, 
thus expanding the frontiers of animal genetics20. Previous studies identi�ed 387 DEGs between Dorset and 
STH sheep21 that are involved in stress response, unfolded protein response, myoblast cell fate determination, 

Figure 2. Gene structure and distribution on the chromosome analysis of mapped reads in QHMM and 
STH sheep. (a) Gene structure of mapped reads; (b) Chromosome distribution of mapped reads.
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Figure 3. �e top 15 signi�cant GO terms and pathways of the DEGs (STH vs. QHMM; P < 0.05).  
(a) Signi�cant GO terms for all DEGs; (b) Signi�cant GO terms for up-regulated DEGs; (c) Signi�cant GO 
terms for down-regulated DEGs; (d) Signi�cant pathways.
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and the extracellular matrix, and 1300 DEGs between Dorper and STH sheep22 using the RPKM algorithm in 
muscle tissues by RNA-seq. Compared with previous studies, we identi�ed 960 DEGs from the muscle tissues of 
QHMM and STH sheep by RNA-seq, including 405 that were up-regulated and 555 that were down-regulated. 
We also found that these DEGs are associated with myoblast cell fate determination and the extracellular matrix, 
as observed previously21.

GO analysis of the DEGs was helpful for understanding the main function of these DEGs. We selected 82 sig-
ni�cantly enriched GO terms to create a GO-Trees picture, to identify the core genes in muscle growth and devel-
opment process. As a result, 10 GO terms that are directly involved in biological process of muscle growth and 
development and 30 DEGs associated with these ten GO terms were obtained. Among these DEGs, importantly, 
MYOG and MYOD were up-regulated in QHMM, while MYF6 was down-regulated. Previous studies showed 
that MYOG, MYOD and MYF6 are regulatory factors belonging to the muscle regulatory factors (MRFs) family, 
which has central functions in early muscle di�erentiation, and muscle growth and development23,24. MYOG and 
MYF6 are involved mainly in the fusion and di�erentiation of myoblast25,26. MYOD is a marker of skeletal muscle  
satellite cell proliferation27. Moreover, MYL2, MYL6B and MYLK3 belong to the myosin light chain (MYL) fam-
ily, and OMYHCS and MYH6 belong to myosin heavy chain (MHC) family, myosin being composed of MHC 
and MYL. Importantly, myosin is the main component of myo�brillar thick �laments and plays a vital role in 
muscle growth and contraction28. Additionally, previous research indicated that GXP1 was essential for muscle 
progenitor cell function and the integrity of muscle di�erentiation29. STAC3 was identi�ed as a nutrient regulated 
gene, which is highly expressed in skeletal muscle30. CSRP3 plays a fundamental role in skeletal muscle prolifer-
ation and di�erentiation31 and in the maintenance of normal muscle structure and function in terms of myo�bre 
size and sarcomere length32. BTG, which is expressed in the sarcomere, was identi�ed33. �ere have been few 
reports of other DEGs with functions related to muscle growth and development. Although these previous studies 
enhanced the accuracy of our prediction of key genes, deeper and further study of these 30 DEGs are required to 
identify their functions in muscle growth and development process. From the GO-Trees, we also found metabolic 
regulation subnetwork, including biotin metabolic process, lipid metabolic process and oxidation-reduction. A 
regulation of growth subnetwork, including negative regulation of cell growth, regulation of cell growth and neg-
ative regulation of growth, and muscle contraction subnetwork were also observed. In addition, a Wnt receptor 
signalling pathway subnetwork, as well as gluconeogenesis and glycogen metabolic process subnetworks, were 
identi�ed. �e DEGs belonging to these regulatory subnetworks probably also play important roles in regulation 
gene expression in the longissimus muscle tissue of QHMM and STH sheep. Research into their detailed roles 
will be carried out in the future.

Similar to the GO analysis, pathway analysis was performed to further investigate the DEGs from another 
perspective. We found that the DEGs were mainly associated with carbohydrate metabolism, lipid metabolism, 
amino acid metabolism, signal transduction, and cell growth and apoptosis. We selected 23 signi�cantly enriched 
pathways to establish a pathway-act-network. We found that the metabolic pathways, citrate cycle (TCA cycle) 
and alanine, aspartate and glutamate metabolism were the core pathways in the network. Skeletal muscle is the 
major metabolic tissue34; therefore, it was not surprising that metabolic pathways, which included 97 DEGs, 
comprised the most central pathway in the network in our study. Previously, it was showed that the TCA cycle 
is involved in skeletal muscle �bre transition35,36. In this study, seven DEGs from the TCA cycle were identi-
�ed. In addition, we also obtained other essential pathways, including the glycolysis/gluconeogenesis pathway, 
the FoxO signalling pathway, the Wnt signalling pathway and the fatty acid elongation pathway. Among these 
pathways, glycolysis is a vital pathway during the post-mortem period, during which period the glycolysis rate 

Figure 4. GO-trees and pathway-act-network analysis of DEGs. (a) GO-trees analysis of DEGs; (b) Pathway-
act-network analysis of DEGs. �e arrow between two nodes represents an interaction target between GO-terms 
or pathways.
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can be in�uenced by muscle �bre type37,38. In our study, eight DEGs associated with glycolysis/gluconeogenesis 
pathway were identi�ed. �e Wnt signalling pathway plays an essential role in muscle growth and regeneration39, 
and a total of nineteen DEGs were identi�ed in this research. Genetic studies have con�rmed the function of 
several Wnt regulatory factors in skeletal muscle growth40, and the classical Wnt signalling pathway can induce 
the proliferation of satellite cells in the process of skeletal muscle regeneration process41. �e FoxO signalling 
pathway plays a role in the regulation of skeletal muscle type di�erentiation42. We identi�ed a total of nineteen 
FoxO signalling-related DEGs, among these DEGs, the FoxO1 gene negatively regulates the II type muscle �bre 
by greatly increasing the expression level of the MyoD gene43,44. �e DEGs, which were identi�ed from the path-
ways mentioned above, are shown in Supplementary Table S10. �ese DEGs might be key genes; therefore, these 
pathways and DEGs should be investigated in detail for their association with the regulation of muscle growth 
and development.

After the GO and pathway analyses, we attempted to find the interactions between DEGs using 
gene-act-network and co-expression analysis. In the gene-act-network, we observed that MYH6, MYL2, MYL6B, 
MYLK3, ITGA7, GPX1 and PPP3CB (Table 3) were also in the network and these DEGs were up-regulated in 
QHMM. Moreover, we found that MYL2 and MYL6B were activated by MYLK3, and that MYH6 and MYL2 

Gene 
symbol Description

QHMM  
(normalized counts)

STH  
(normalized counts) Log2FoldChange FDR

Style  
(STH vs.QHMM)

Enriched 
biological 

process

BCL9L B-cell CLL/lymphoma 9-like protein 364.4 156.2 − 1.2 5.16E-03 down 7

BTG1 Protein BTG1 670.5 3228.5 2.3 9.08E-05 up 4,10

CASQ1 Calsequestrin 45168.0 17353.3 − 1.4 5.41E-04 down 1,8

CASQ2 Calsequestrin 620.4 248.1 − 1.3 1.90E-02 down 8

CDH15 Cadherin-15 122.5 263.7 1.1 1.66E-03 up 5

CITED2
Cbp/p300-interacting transactivator with Glu/

Asp-rich carboxy-terminal domain 2
155.9 289.7 0.9 2.54E-02 up 7

CSRP3
cDNA, FLJ93801, Homo sapiens cysteine and 
glycine-rich protein 3 (cardiac LIMprotein) 

(CSRP3), mRNA
4896.3 18425.4 2.0 4.61E-02 up 1,9

FHOD3 FH1/FH2 domain-containing protein 3 502.7 172.0 − 1.5 0 down 8,9

FOXP1
cDNA FLJ58267, highly similar to Forkhead box 

protein P1
233.3 382.1 0.7 2.45E-02 up 1,8

GPX1 Glutathione peroxidase 1529.1 761.9 − 1.0 1.22E-06 down 3

HEYL
cDNA FLJ52278, highly similar to Homo sapiens 

hairy/enhancer-of-split related with YRPW 
motif-like (HEYL), mRNA

310.0 186.4 − 0.7 7.27E-05 down 7

HLF Hepatic leukemia factor 76.3 31.7 − 1.3 1.02E-04 down 7

ITGA7
cDNA FLJ12486 �s, clone NT2RM2000566, 

highly similar to Integrin alpha-7
4307.8 1157.3 − 1.9 0 down 1

KIAA1161 KIAA1161 ortholog 661.6 214.7 − 1.6 1.19E-06 down 3

LMOD2
cDNA FLJ50049, highly similar to Mus musculus 

leiomodin 2 (cardiac) (Lmod2), mRNA
5623.4 12507.3 1.2 1.18E-08 up 9

MAFF Transcription factor MafF 73.1 239.3 1.7 1.89E-03 up 7

MYF6 Myogenic factor 6 1688.6 4474.1 1.4 0 up 1,2,4,6,7,8,10

MYH6 myosin, heavy chain 6, cardiac muscle, alpha 12787.7 4502.7 − 1.5 1.17E-10 down 8,9

MYL2 Myosin light chain 2 63933.5 23309.3 − 1.5 7.13E-12 down 9

MYL6B
myosin, light chain 6B, alkali, smooth muscle and 

non-muscle
12018.3 1654.6 − 2.9 3.77E-02 down 1

MYLK3 Myosin light chain kinase 3 265.8 94.1 − 1.5 6.03E-06 down 8,9

MYOD1 Myoblast determination protein 1 232.5 37.5 − 2.6 3.46E-06 down 1,2,3,4,6,7,8,10

MYOG Myogenin 501.8 148.6 − 1.8 2.41E-04 down 1,2,3,4,6,7,8,10

NEO1 Neogenin homolog 1 (Chicken), isoform CRA_a 390.1 178.1 − 1.1 2.90E-06 down 5

OMYHCS Myosin heavy chain slow 225230.0 88659.7 − 1.3 3.66E-14 down 8,9

PPP3CB Serine/threonine-protein phosphatase 1978.0 1122.0 − 0.8 3.85E-02 down 3

RXRG Retinoic acid receptor RXR-gamma 1104.1 273.7 − 2.0 2.89E-06 down 1

SETD3 SET domain containing 3, isoform CRA_a 1297.1 719.0 − 0.9 1.02E-04 down 5

STAC3 SH3 and cysteine rich domain 3, isoform CRA_a 5060.1 2569.4 − 1.0 4.65E-03 down 3

XIRP1 xin actin-binding repeat containing 1 7518.7 37631.7 2.3 1.11E-06 up 8

Table 3.  Di�erential mRNAs associated with muscle growth and development process by GO analysis. 
Enriched biological process: 1. skeletal muscle tissue development; 2. positive regulation of skeletal muscle  
�ber development; 3. skeletal muscle �ber development; 4. positive regulation of myoblast di�erentiation;  
5. positive regulation of muscle cell di�erentiation; 6. muscle cell fate commitment; 7. muscle cell di�erentiation; 
8. sarcomere organization; 9. myo�bril assemly; 10. myoblast di�erentiation.
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had a binding interaction. PRKACA and PAK1 were associated with MYLK3. ITGA7 was activated by SPP1 and 
COL11A2 and bound with ACTN2 and PIK3R2. GPX1was compounded by MGST3. PPP3CB activated PIK3R2, 
CDC26 and NFATC1. Based on these subnetworks, we are in a good position to investigate the signal transduc-
tion processes involving these DEGs and identify more key genes. Further research into the molecular regulation 
mechanism will be performed using the gene-act-network. Co-expression networks of DEGs are increasingly 
used to explore the system-level functionality of genes45. Based on the k-core value, we identi�ed several core 
regulatory genes through the gene co-expression-network analysis. Interestingly, we also identi�ed MYH6, 
MYL2, MYL6B, MYLK3, NEO1, OMYHCS, PPP3CB and GPX1, which are mentioned in Table 3 and are also in 
the co-expression-network. From the subnetworks, we identi�ed many co-expressed DEGs. For example, in the 
QHMM co-expression-network, MYH6 was positively co-expressed with ALDH2, CACNB1, LOC100037702 and 
LOC101121811; MYL6B was positively co-expressed with BDH1and INSR; and NEO1 was positively co-expressed 
with MYH7B, MYL2, PRKAG3, PTPLA and negatively co-expressed with LOC101107037 and LOC443301. �ere 
are many similar subnetworks in co-expression network. Cells, as ordered units, play important roles in the 
organization of organs, as well living organisms, through the interaction of many elements (DNA, RNA, protein 
and small molecules). In a cell, genes that are associated with the same trait tend to have correlated expression 
patterns, including positive correlation and negative correlation46. �erefore, the results of this study will allow us 
to predict the function of new genes and to explore candidate genes that might play a role in muscle growth and 
development process in sheep.

Finally, we validated the RNA-seq results using qRT-PCR to measure the expression of nine DEGs (CBS, 
CCND, HMOX1, ZBTB16, MGST3, SCARB1, SMAD3, NMNAT3 and SDHC), which showed that our �ndings 
were reliable. We also found that the DEG HMOX1 was very highly up-regulated in STH sheep in both qRT-PCR 
and RNA-seq analyses. Previously, HMOX1 was shown to be involved in the regulation of disease47–49 and car-
diorespiratory function50, but few reports have described its role in muscle growth and development. �e GO 
analysis of our present study identi�ed HMOX1 as a negative regulator of smooth muscle cell proliferation and 
cell proliferation. However, more in-depth study of HMOX1 is required to clarify its functions in muscle growth 
and development.

Figure 5. Gene-act-network analysis of DEGs. Red nodes represent the up-regulated mRNAs while green 
nodes represent the down-regulated mRNAs. (a: activation; b: binding/ association; c: compound; (e: expression; 
ind: indirect e�ect; inh: inhibition; m: missing interaction; pho: phosphorylation; u: ubiquitination).
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Conclusion
In summary, we established the transcriptome pro�les of the longissimus muscle from two sheep breeds (QHMM 
and STH, which have di�erent meat performance) using RNA-Seq. Subsequent bioinformatic analyses suggested 
that some DEGS, such as MRFs, GXP1 and STAC, and pathways such as metabolic pathways, the TCA cycle, and 
the glycolysis/gluconeogenesis pathway, are indispensable for the process of muscle growth and development. 
�is genome-wide transcriptome analysis of QHMM and STH muscle is reported for the �rst time, and suggests a 

Figure 6. Co-expression-network analysis of DEGs for QHMM and STH. (a) Co-expression-network 
analysis of DEGs for QHMM. (b) Co-expression-network analysis of DEGs for STH. �e solid lines represent 
the positive correlation while the dotted lines represent the negative correlation. �e same color node represent 
the same tendency of gene expression, the node size represents the co-expression ability of gene, the greater the 
node size, the greater the k-core value.
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role for transcriptome analysis in promoting muscle growth and meat performance in sheep. We also present the 
gene-act-network and co-expression network closely related to muscle growth and development. However, our 
study is limited by the fact that functional veri�cation is di�cult to perform in sheep because no sheep knockout 
phenotypes have been established thus far. We will attempt to establish such knockout phenotypes in a further 
study.

Materials and Methods
Ethics statement. All methods were carried out in accordance with relevant guidelines set by the Ministry of 
Agriculture of the People's Republic of China.  All experimental protocols were approved by the Jilin Laboratory 
Animal Specialized Committee.

Animal sample preparation. QHMM sheep and STH sheep were obtained from Jilin Qian’an Zhihua 
Sheep Breeding Co. Ltd (Qian’an, China). All the experimental sheep were raised under the same environment 
with natural light and free access to food and water. �irty adult individuals (females, aged 1 year) within each 
breed were randomly selected for this study; these animals were sacri�ced for carcass and meat quality analyses. 
�ree animals within each breed were selected to obtain the longissimus dorsi muscles samples, and all the sam-
ples were immediately snap-frozen in liquid nitrogen for total RNA extraction.

Carcass and meat quality analyses. �e animal’s live weight a�er fasting for 24 h was measured before 
slaughter. A�er slaughter, traits including the carcass weight, loin eye muscle area, slaughter percentage and net 
meat percentage were measured and calculated. �e longissimus muscle was removed to determine the meat 
quality. Muscle shear force was measured using a C-LM3B muscle shear force measuring instrument (Tenovo, 
China). �e water loss rate and cooking percentage were de�ned by pressure and cooking methods. Muscle pH 
was measured at 45 min and 24 h post mortem in the longissimus muscle (between the 12th and 13th rib) using 
a PB-10 portable pH-meter.

Construction of the mRNA library and sequencing. Total RNA was extracted from each muscle tis-
sue sample using the TRIzol Reagent (Life technologies, USA), according to the manufacturer’s instructions. 
�e concentration and quality of RNA were measured using NanoDrop 2000 (�ermo scienti�c, USA) and 
Agilent 2200 (Agilent, USA) instruments. The sequencing library of each RNA sample was prepared using 
an Ion Total RNA-seq Kit v2 (Life technologies, USA), according to the manufacturer’s instructions. Brie�y, 
poly(A)-containing mRNA was puri�ed using Dynabeads (Life technologies, USA) and fractionated into short 
fragments using RNase III and an Ion adaptor. �e RNA fragments were reverse-transcribed and ampli�ed to 
form double-stranded cDNA. Emulsion PCR was performed using the cDNA library as the template. RNA-Seq 
was conducted on an ABI Ion Proton instrument by NovelBio Bio-Pharm Technology Co. Ltd (Shanghai, China).

MRNA expression data analysis. �e raw RNA-seq reads were �ltered and the clean reads were mapped 
to the Oar 3.1version of the sheep genome sequence. Only the unique mapped reads were used for gene expres-
sion analysis. �e RPKM value was used to calculate gene expression, and the upper-quartile algorithm was used 
to correct the gene expression, which could produce accurate results for some genes in low abundance. To identify 
DEGs, the EBSeq algorithm was used and FDR was calculated to correct the P-value. If the |log2

FoldChange| was  
> 0.585 and FDR was <  0.05, then these genes were considered as di�erentially expressed.

GO and KEGG pathway analyses. GO analysis was used to analyse the main function of the DEGs 
according to their Gene Ontology (http://geneontology.org/), which is the key functional classi�cation at NCBI51 
(http://www.ncbi.nlm.nih.gov/). �e DEGs were annotated from the three main categories of biological process, 
molecular function and cellular component. Generally, Fisher’s exact test and the χ 2 test were used to classify the 
GO categories, the P-value was computed for the GO terms. �e signi�cant GO terms of DEGs were de�ned as 
having a P -value < 0.05.

Figure 7. Real time PCR validation of DEGs in QHMM and STH, (a) RT-PCR analysis of 9 DEGs, the values 
were calculated by the 2−∆∆Ct method, *P <  0.05, **P <  0.01. (b) RNA-seq data, the values were calculated and 
normalized by EBSeq algorithm, the fold changes were more than 1.5 and FDR <  0.05.
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Pathway analysis was used to identify the signi�cant pathway involving the DEGs by pathway annotations 
using KEGG52 (http://www.genome.jp/kegg/). Fisher’s exact test was used to �nd the signi�cant enrichment path-
way. �e signi�cantly enriched pathways for DEGs were de�ned as having a P -value < 0.05. To further reveal the 
interaction among the signi�cant enriched pathways based on the KEGG database (including the metabolism, 
membrane transport, signal transduction, and cell cycle pathways), a pathway-act-network was constructed using 
the Cytoscape so�ware to establish a graphical representation of the pathway53.

Gene-act-network and co-expression-network analysis. �e gene-act-network, which re�ected the 
relationship between DEGs, was built using Cytoscape so�ware53, according to the connections among the genes, 
proteins and com,pounds from the KEGG database54,55. �e co-expression-network was constructed according 
to the normalized signal intensity of DEGs that were selected from signi�cant GO terms and pathways. For each 
pair of genes, Pearson’s correlation coe�cient was calculated and signi�cant correlated pairs (FDR< 0.05) were 
chosen to establish the network56. Within the co-expression-network, to locate the key regulatory genes, k-cores 
were introduced to simplify the graph topology analysis. A k-core of a network is a subnetwork in which all nodes 
are connected to at least k other genes in the subnetwork57,58. �e greater the value of k-core, the stronger the 
co-expression of the DEGs59.

Validation of RNA-Seq data by qRT-PCR. To validate the reliability of the RNA-Seq data, qRT-PCR 
was conducted. Nine DEGs (CBS, CCND, HMOX1, ZBTB16, MGST3, SCARB1, SMAD3, NMNAT3, and SDHC) 
were randomly selected. First, total RNA was extracted from each muscle sample using the TRIzol Reagent (Life 
technologies, USA). CDNA was then synthesized using a ReverTra Ace qPCR RT Kit (FSQ-101, TOYOBO, Japan) 
from 1 µ g of the same total RNA samples; β -actin gene was used as reference house-keeping gene, SYBR Green 
Realtime PCR Master Mix (QPK-201, TOYOBO, Japan) was used to perform the qPCR reactions in a Bio-Rad 
CFX96 system, with a 20-µ L reaction system comprising 10 µ L of SYBR Green Realtime PCR Master Mix, 0.8 µ L  
of each of the forward and reverse primers (200 µ M), 2 µ L of cDNA and 6.4 µ L of distilled water. �e qRT-PCR 
program was 95 °C for 60 s; followed by 40 cycles of 95 °C for 15 s, 60 °C for 15 s, and 72 °C for 45 s; and ended with 
a �nal stage of melting curve analysis.

�e descriptions of genes, which were mentioned above, were shown in Supplementary Table S11.
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