
D
raft

�

�

�

�

�

�

����������	
��	��

�����
����	��	�������	��	���	��
��	

������	��	�����	
��	���	����	��������
�

�

�������	� �������


������������ �����������������


�������������	� �������

������� !���"� ���#�����#��	� �$����������

%�!������&����'����#���	� ���(�����#�)�*�����������������+�,�����(�%��������'���!������������"�
-���������
�"����
&(�.#���/��)�*�����������������+�,�����)�*���������,��,��0���������
�������#�%�������'�1�������2��!����!����������
.#��(�3�)�*�����������������+�,�����(�%��������'���!������������"�
-���������
�"����

&�(�4�����)�*�����������������+�,�����(�%��������'���!������������"�
-���������
�"����
*��(����)�*�����������������+�,�����(�%��������'���!������������"�
-���������
�"���)�*���������,��,��0����������������#�%�������'�
1�������2��!����!����������
5���(�3�����)�*�����������������+�,�����(�%��������'���!����������
��"�-���������
�"����
3��(�6��� �)�*�����������������+�,�����(�%��������'���!������������"�
-���������
�"���)�*�����������������+�,�����(�*���������,��,��
0����������������#�%�������'�1�������2��!����!����������
���(�2�����)�*�����������������+�,�����(�%��������'���!������������"�
-���������
�"����

&(�*���)�*�����������������+�,�����(�%��������'���!������������"�
-���������
�"����
7���(�4������)�*�����������������+�,�����(�%��������'���!����������
��"�-���������
�"���)�*���������,��,��0����������������#�%�������'�
1�������2��!����!����������

����#���,��"�!���������'���
����"������������������

�����8�	�
9:��

7��;��"	� ����9�(��9����<(��#�=��(�!������"�,����!����

��

�

�

https://mc06.manuscriptcentral.com/genome-pubs

Genome



D
raft

 

Sequencing and characterization of lncRNAs in the breast 

muscle of Gushi and Arbor Acres chicken 

Tuanhui Ren
1

*, Zhuanjian Li
1,2

*, Yu Zhou
1
, Xuelian Liu

1
, Ruili Han

1,2
, Yongcai Wang

1
, FengBinYan

1,2
, 

GuiRong Sun
1,2

, Hong Li
1,2

, Xiangtao Kang
1,2,* 

 

1
College of Animal Science and Veterinary Medicine, Henan Agricultural University, Zhengzhou, 

450002, China 

2
Henan Innovative Engineering Research Center of Poultry Germplasm Resource, Zhengzhou, 450002, 

China 

*These authors contributed equally to this work. 

*����������	�
���������	��
�������
�

Tel: +86=371 63558209  E=mail: xtkang2001@263.net 

Address: College of Animal Science and Veterinary Medicine, Henan Agricultural University, 

Zhengzhou, 450002, China 

The current e=mail addresses of all author are as follows: 

Tuanhui Ren, E=mail: 1490026834@qq.com; Zhuanjian Li, E=mail: lizhuanjian@163.com; Yu Zhou, 

E=mail: 1538476837@qq.com; Xuelian Liu, E=mail: 305419093@qq.com; Ruili Han, E=mail: 

rlhan@126.com; Yongcai Wang, E=mail: wyc0002@126.com; FengBinYan, E=mail: 

yanfb790811@sina.com; GuiRong Sun, E=mail: grsun2000@126.com; Hong Li, E=mail: 

lihong19871202@163.com; Xiangtao Kang, E=mail: xtkang2001@263.net 

�

�

�

Page 1 of 37

https://mc06.manuscriptcentral.com/genome-pubs

Genome



D
raft

�

���������

  Chicken muscle quality is one of the most important factors determining the economic value of 

poultry, and muscle development and growth are affected by genetics, environment, and nutrition. 

However, little is known about the molecular regulatory mechanisms of long non=coding RNAs 

(lncRNAs) in chicken skeletal muscle development. Our study aimed to better understand muscle 

development in chickens and thereby improve meat quality. In this study, Ribo=Zero RNA=Seq was 

used to investigate differences in the expression profiles of muscle development=related genes and 

associated pathways between Gushi (GS) and Arbor Acres (AA) chickens. We identified two muscle 

tissue=specific expression lncRNAs. In addition, the target genes of these lncRNAs were significantly 

enriched in certain biological processes and molecular functions, as demonstrated by Gene Ontology 

(GO) analysis, and these target genes participate in five signaling pathway, as revealed by an analysis 

of the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Taken together, these data 

suggest that different lncRNAs might be involved in regulating chicken muscle development and 

growth and provide new insight into the molecular mechanisms of lncRNAs. 

��������� lncRNA; RNA=Seq; chicken; muscle development 
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  In recent decades, poultry research has made significant progress in genetic improvement and 

feedstuff optimization. Due to its high protein, low calorie, and low cholesterol content, chicken meat 

has become a source of high=quality protein. Because broiler chickens have a short rearing period and 

high feed conversion rate compared with those of pig and cattle, chicken is the second most consumed 

meat product after pork in China. However, as living standards have increased, people are paying 

greater attention to the color, tenderness, and flavor of chicken. Therefore, chicken meat quality has 

been increasingly studied in animal husbandry science (Zhang et al. 2017b). 

  Geneticists have established new broiler varieties through breeding and modern biotechnology, 

including molecular breeding and transgenes, and the focus has been on the selection of growth=rate 

and meat=quality traits to improve production performance. However, biological properties are not only 

controlled at the DNA level but are also regulated by pre=transcriptional and post=transcriptional 

modifications at the mRNA level; regulation by mRNA is more comprehensive and precise. In recent 

years, the study of miRNAs has gradually advanced with great achievements, but the precise functional 

mechanism of long non=coding RNAs (lncRNAs) remains unknown. Thus, more in=depth study of 

lncRNAs is needed. Compared with other coding transcripts, there are many types and quantities of 

lncRNAs with different modes of action. lncRNAs are generally less conserved than coding genes and 

exhibit apparent low=level tissue=specific expression that creates many problems in the study of their 

biological function. lncRNAs are transcripts greater than 200 nt in length with decreased coding 

potential and are widespread in all types of biological organisms (Hung and Chang 2010). lncRNAs 

participate in the multilevel regulation of transcriptional, post=transcriptional, and epigenetic 

modifications (Lee 2012; Mattick 2009). lncRNAs play important roles in many biological processes, 
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such as cell differentiation and proliferation, growth and development, organogenesis, immune 

response, and tumorigenesis (Cesana et al. 2011; Guttman et al. 2009; Kretz et al. 2013; Necsulea et al. 

2014; Schmitt and Chang 2013). The discovery of lncRNAs has improved our understanding of 

non=coding RNAs and revealed a new pathway for the regulation of gene expression in animals; 

lncRNAs more effectively complement target mRNA, rapidly regulate expression at the RNA level, 

and add a level of complexity to the comprehensive network of cellular gene expression regulation. 

Some functions of lncRNAs in muscle development and adipogenesis have been confirmed (Cabianca 

et al. 2012; Sun et al. 2013a). Compared with native Chinese chickens, the broiler chicken is a 

commercial variety that has been bred for a long time; this chicken grows rapidly and has a high feed 

conversion rate, which leads to poor meat quality and flavor (Narı̇Nç et al. 2015; Wang et al. 2006). 

Arbor Acres (AA) broilers have greater breast weight and myofiber diameter and lower myofiber 

density than Chinese native chickens (Chen et al. 2007). Therefore, determining the molecular 

mechanisms of myogenesis and differentiation in broiler breeding is important. lncRNA identification 

and functional annotation have provided new insights into the molecular mechanisms underlying 

chicken muscle development.  

  The regulation of gene expression by small ncRNAs is an active research area in the field of life 

science. miRNAs are a class of small ncRNAs that often negatively regulate gene expression, and some 

play essential roles in chicken skeletal muscle, e.g., miR=125b, miR=221, and miR=206, miRNA=133a, 

and miR=1a (Andreote et al. 2014; Wang et al. 2012). The function of lncRNAs is generally less 

conserved than that of miRNAs, and lncRNAs act via different mechanisms to play important roles 

during muscle differentiation. lncRNA H19 acts as a molecular sponge for the major let=7 family of 

miRNAs, establishing a role for the H19/let=7 axis in myogenic differentiation. H19 depletion causes 
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precocious muscle differentiation, a phenotype that is recapitulated by let=7 overexpression (Kallen et 

al. 2013). In addition, H19 has a trans=regulatory function in promoting skeletal muscle differentiation 

and regeneration that is mediated by embedded microRNAs (Dey et al. 2014). linc=MD1 RNA is also 

expressed in human muscle cells, where it modulates miR=133 and miR=135 targets and plays a 

relevant role in affecting the timing of myoblast differentiation (Cesana et al. 2011). A muscle=specific 

lncRNA, lncMyoD, is a key downstream target of MyoD and an important regulator of myoblast cell 

cycle exit and myogenesis (Gong et al. 2015). lncRNA gga=lnc=0181 is highly expressed in chicken 

skeletal muscle, which suggests an important role in muscle development (Li et al. 2012). In a recent 

study, Linc=Yy1 was demonstrated to be an important regulator of mouse skeletal myoblast 

differentiation by interaction with the Yy1 transcription factor (Zhou et al. 2015). This study 

emphasized muscle development and the identification of lncRNAs involved in muscle development 

and growth. 

  The central dogma of molecular biology is that genetic information travels from DNA to RNA to 

proteins (Kashi et al. 2016). However, this central dogma has faced severe challenges in response to the 

results of high=throughput transcriptome analyses. High=throughput sequencing, also called RNA 

sequencing (RNA=Seq), describes gene expression at the global level. In general, the use of oligo (dT) 

primers for the total RNA enrichment of mRNA transcripts containing a poly(A) tail, i.e., 

non=ribosomal RNA, ignores mRNA transcripts without a poly(A) tail and partially degraded mRNA. 

An increasing number of studies have revealed that poly(A)= transcripts play important roles 

independent of translation. RNA sequencing to remove ribosomal RNA (Ribo=Zero RNA=Seq) can be 

used to simultaneously capture RNA species with poly(A)= and poly(A)+ tails. 

  In the present study, breast muscle tissues from 6=week=old Gushi (GS) chickens, which represent a 
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slow=growing native Chinese breed, and Arbor Acres (AA) chickens, which are fast=growing broilers, 

were studied using Ribo=Zero RNA=Seq. We analyzed protein=coding genes, measured their total 

expression, functionally annotated the differences in gene expression between breeds, and studied 

alternative splicing and genetic variation at the transcriptional level. We then analyzed lncRNAs by 

describing the systematic global characteristics of lncRNAs in chicken breast muscle tissue, searched 

for differentially expressed lncRNAs and analyzed the tissue expression profiles. The results identified 

two muscle tissue=specific expression lncRNAs (TCONS_00064133 and TCONS_00069348). The 

target genes of the differentially expressed lncRNAs were significantly enriched in certain biological 

processes and molecular functions of Gene Ontology (GO) terms and were found to participate in five 

signaling pathways through an analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database. Taken together, these data suggest that different lncRNAs might be involved in regulating 

chicken muscle development and growth and provide new insights into the molecular mechanisms of 

lncRNAs. 

�����	����������������

��������

  All animal experiments were performed in accordance with the Regulation for the Chinese National 

Research Council (1994) and were approved by the Henan Agricultural University Institutional Animal 

Care and Use Committee (Permit Number 11=0085) (Han et al. 2011). AA and GS chickens were 

obtained from the Henan Innovative Engineering Research Center of Poultry Germplasm Resource 

(Zhengzhou, China). The chickens were raised in stair=step cages under identical recommended 

environments, with feed and drinking water provided ad libitum. Six individuals were selected from 

each of the set of AA and GS chickens at three developmental states (1 day, 6 weeks, and 16 weeks), 
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and their heart, liver, lung, kidney, leg muscle, breast muscle, abdominal fat, sebum cutaneum, and 

hypothalamus tissues were collected, rinsed with diethyl pyrocarbonate (DEPC) water, immediately 

frozen in liquid nitrogen, and stored at =80 °C until further analysis. During sample collection, breast 

muscle samples from 6=week=old AA and GS chickens were snap frozen in liquid nitrogen and sent to 

Shanghai Biotechnology Corporation (Bohao, Shanghai, China) for sequencing.  

	
�����������������������������������������������

  Total RNA from AA and GS breast muscle was extracted using the RNeasy Micro kit (QIAGEN, 

Valencia, CA, USA) and treated with DNase according to the manufacturer’s instructions to deplete 

any contaminating genomic DNA. The RNA quality was measured using a NanoDrop ND=1000 

spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and an Agilent Bioanalyzer 2100 

(Agilent Technologies, Santa Clara, CA, USA). RNA samples with an integrity number greater than 7.0 

and an optical density 260/280 nm ranging from 1.8 to 2.0 were selected for follow=up experiments. 

  Ribo=Zero RNA=Seq libraries were prepared using an Illumina TruSeq RNA Sample Prep Kit 

(Illumina, Inc., San Diego, CA, USA) according to the manufacturer’s instructions, and three RNA 

samples were pooled to obtain an “averaged” transcriptome for each breed. During library construction, 

the Ribo=Zero rRNA Removal Kit (Epicenter, Madison, WI, USA) was used to remove rRNA; the 

remaining RNA was then purified and fragmented, the first=strand and second=strand cDNA were 

synthesized, the end of the double strand was repaired, and an A=tailed link connector was added to the 

3’ end. The concentration and size of the two libraries were confirmed using a Qubit 2.0 Fluorometer 

(Invitrogen, Carlsbad, CA, USA) and an Agilent 2100 Bioanalyzer. The libraries were then analyzed 

using one lane of 2 × 100 nucleotide paired=end Illumina HiSeq 2500 with a TruSeq SBS v3=HS Kit 

(Illumina, Inc., USA). The quality of RNA=Seq reads was assessed using FastQC (Babraham 
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Bioinformatics, UK, Version 0.10.1) (Green et al. 2017). 

���������������������������������������������������

  Reads that passed quality control were aligned to the ������������� reference genome (gal5) from 

NCBI using TopHat (Version 2.0.9); the ������� ������ reference genome download link is 

ftp://ftp.ensemble.org/pub/release=87/fasta/gallus_gallus/Dna/Gullus_gallus_gallus=5.0.dna.toplevel.fa.

gz. According to the alignment results from TopHat, the transcriptome data for each library were 

assembled separately using Cufflinks (Version 2.1.1) (Trapnell et al. 2012). The transcript abundances 

are shown in fragments per kilobase of exon per million mapped reads (FPKM) and measured using 

Cufflinks. A Cuffcompare program in the Cufflinks package was used to map the assembled transcripts 

to the reference annotation to acquire a unique set of novel genes. All Ribo=Zero RNA=Seq datasets 

were submitted to the NCBI Sequence Read Archive (SRA) database, and the files can be found under 

GenBank accession number SRP111503.  

���	
�����������������������������

  To identify a novel reliable lncRNA database, we extracted three classes of transcripts called “i”, 

“u”, and “x” and filtered them using the following highly stringent criteria. 1) Size selection of the 

fragment: transcripts longer than 200 nt and exon ≥ 2 were kept. 2) Read coverage threshold: 

transcripts with ≤ 3 reads were removed from the database. 3) Open reading frame (ORF) filter: 

transcripts with a predicted ORF longer than 300 nt were removed. 4) Known protein domain filter: 

transcripts were aligned to the Pfam database to remove transcripts with significant homology or 

known protein domains (Finn et al. 2014). 5) Protein=coding=ability prediction: protein=coding 

transcripts were predicted using the Coding=Non=Coding Index (CNCI) and Coding Potential 

Calculator (CPC) (Kong et al. 2007; Sun et al. 2013b). 6) Eliminate housekeeping lncRNAs: snRNAs, 
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tRNAs, and snoRNAs, among others, were removed. 7) Known lncRNAs: The candidate lncRNAs 

were compared with the lncRNA database, and known lncRNAs were removed (Li et al. 2016).�

���	
��������������������������������������

  There are known lncRNAs in the NONCODE v4 database genome, and novel lncRNAs have 

emerged. We next quantified and analyzed the differences between lncRNAs using Cufflinks (Version 

2.1.1). Known genes were named beginning with ENS and NON, and novel genes were named 

beginning with TCONS. A Perl script was used to find lncRNAs in chromosomes corresponding to 

genes; intronic lncRNAs, sense lncRNAs, and antisense lncRNAs were located near corresponding 

genes, and intergenic lncRNAs were located between two genes. Differentially expressed lncRNAs 

identified from an analysis of RNA=Seq data between two analyzed samples were identified according 

to the FPKM value using DEGseq packages (Wang et al. 2010). Fold change (FC) and Fisher’s exact 

test were used to screen for differentially expressed genes; transcripts with a false discovery rate (FDR) 

≤ 0.05 and FC ≥ 2 were considered significant. 

�������������������� 	�!�	"�� 	#� �

  The expression levels of randomly selected lncRNAs were validated by qRT=PCR. Total RNA 

samples from the heart, liver, lung, kidney, breast muscle, leg muscle, abdominal fat, sebum cutaneum, 

and hypothalamus tissues of GS chickens were extracted using RNAiso Plus (TaKaRa, Dalian, China) 

using three biological replicates for each developmental stage, and the quality was assessed using 

electrophoresis and NanoDrop 1000 spectrophotometry (Thermo Scientific, USA). All cDNAs were 

synthesized using an RNA reverse transcription kit (TaKaRa, Dalian, China) according to the 

manufacturer’s instructions. The relative expression levels of the lncRNAs were quantified using the 

SYBR® Premix Ex Taq™ II kit (Takara, Dalian, China) with a Bio=Rad CFX96 Real=Time PCR 
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instrument. The 25=WL PCR reaction mixture included 12.5 WL of SYBR Premix Ex Taq II (TaKaRa, 

Dalian, China), 1.25 WL (10 pM/WL) of specific forward primer, 1.25 WL (10 pM/WL) of reverse primer, 

2.0 µL (10 ng/µL) of diluted cDNA, and 8 WL of RNase=free water. The amplification conditions 

included initial denaturation at 95 °C for 3 min, 40 cycles of denaturation at 95 °C for 30 s, annealing 

at 60 °C for 30 s, and 72 °C for 30 s, and a final 10=min extension at 72 °C. All reactions were run in 

triplicate. ���$% was used as a housekeeping gene, and the relative expression of genes in different 

tissues was analyzed using the 2
−ZZCt

 method (Livak and Schmittgen 2001). Each column represents the 

means ± SE from three biological replicates, and each measurement was repeated three times. The 

lncRNA primer details are presented in Table S1. The qRT=PCR results were statistically analyzed 

using SPSS software (Version 21.0; Statistical Product and Service Solutions, IBM Corporation, 

Armonk, NY, USA). �=values < 0.05 were considered statistically significant.  

�����������������������������	
��������

  lncRNAs function by acting on protein=coding genes via the cis=regulatory elements and 

trans=regulatory factory. The closest coding genes 10 kb upstream and downstream of lncRNAs were 

selected as cis=regulatory targets (Quinlan and Hall 2010). In the present study, lncRNA targets were 

predicted based on the prediction of cis function. The next step was to assess the functional enrichment 

of target genes using the DAVID database (Huang et al. 2009). 

�����&�����������'����(������������������������������������������

  GO (http://www.geneontology.org) enrichment and KEGG (http://www.kegg.jp) pathway analyses 

of differentially expressed genes were performed using DAVID software (Huang et al. 2009). In GO 

significant enrichment analyses, all differentially expressed lncRNAs from RNA=Seq of GS and AA 

were used to map each term of the GO database. The number of genes for each term was counted, and 
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a hypergeometric test was then applied to identify the GO terms that were significantly enriched in 

differentially expressed genes. In the KEGG annotation of differentially expressed genes, the KEGG 

pathway acted as a unit; each identified group was compared with differentially expressed genes 

mapped to the KEGG database, and the pathway graph was observed. P=values of GO terms and 

pathways were corrected using Bonferroni correction, and functional terms with corrected P=values ≤ 

0.05 were considered significantly enriched. 

�������

	
���������������� �

  The isolated RNA quality of GS and AA chicken breast muscle tissues was measured using a 

NanoDrop ND=1000 spectrophotometer and an Agilent Bioanalyzer 2100. Agarose gel electrophoresis 

showed clear and repeating 18s and 28s bands; better=quality RNA was used for sequencing (Fig 1). 

The RNA sample baseline was relatively flat according to the Bioanalyzer results; the 18s and 28s 

genes possessed higher kurtosis and better integrity, and large amounts could be used for library 

construction and sequencing (Table 1 and Fig S1). 

)�����������������������������������

  Quality control of RNA=Seq reads was performed using FastQC. In the quality assessment of 

sequencing data, all base quality scoring Q=values were >30; the error rate E=value (the relationship 

between the Q=value and sequencing error E=value is expressed as Q==10 log10E) was 0.1% when the 

Q=value was equal to 30, and the sequencing data distributed to a green area that represents 

high-quality scores in the Q-value boxplot (Fig S2). These sequencing data met the criteria 

necessary to conduct subsequent analysis. 
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  A total of 70,151,126 and 113,719,518 raw reads were produced from the AA and GS libraries, 

respectively. After removing contaminant reads with fastx (version 0.0.13) software, we obtained 

70,137,370 (AA) and 113,689,278 (GS) clean reads that were used for the subsequent analyses (Bolger 

et al. 2014). The percentages of clean reads among raw reads were 94.5% and 95.3% in AA and GS 

libraries, respectively. Among the clean reads, 64,426,854 sequences from the AA libraries and 

102,625,185 sequences from the GS libraries mapped perfectly to the chicken genome sequence. The 

mapping ratio of GS chickens was inferior to that of AA broilers.  

*�����������������+����������������������������	
��������������)��������������������

  To identify unknown chicken lncRNAs, we used highly stringent filtering criteria to remove 

transcripts with positive protein=coding potential and known lncRNAs. In total, 4,815 lncRNAs were 

obtained from the two breast muscle tissues samples (Table S2). According to the genomic position of 

the lncRNAs, these 4,815 lncRNAs were divided into 1,030 sense lncRNAs, 2,614 lincRNAs (large 

intergenic ncRNAs), 525 anti=sense lncRNAs, and 646 bidirectional lncRNAs. Subsequently, we 

analyzed the characteristics of these lncRNAs, including sequence length, coding capacity, transcript 

abundance, and exon number. A total of 703 novel lncRNAs and 4,112 known lncRNAs were analyzed. 

The coding potential of the 703 novel lncRNAs was determined using CPC, CNCI, and Pfam software 

(Fig 2a). Subsequently, we analyzed the transcript length of lncRNAs and mRNAs in Ribo=Zero 

RNA=Seq data (Fig 2b). The FPKM method was used to measure expression, as shown in Fig 2c. 

Moreover, novel lncRNAs showed fewer exons per transcript compared with average mRNA (Fig 2d). 

Reports indicate that lncRNAs are shorter and have significantly reduced expression compared with the 

mRNA of protein=coding genes (Cabili et al. 2011; Gloss and Dinger 2016; Guttman et al. 2010), as we 

observed for chicken lncRNAs. 
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$��������������������������	
��������������)��+��,���������������

  In total, 4,815 candidate lncRNAs were obtained from the two samples. As shown in Table S1, a 

total of 4,592 and 4,751 lncRNAs were found in AA and GS breast muscle tissue, respectively; 64 

lncRNAs existed only in AA chickens, and 223 lncRNAs existed only in GS chickens. In this study, 

RNA=Seq data from the two breeds were useful for detecting differentially expressed lncRNAs. Thus, 

to identify lncRNAs associated with muscle development or meat quality, we analyzed significantly 

differentially expressed lncRNAs (FC ≥ 2 and FDR < 0.05) between GS and AA tissues and identified 

147 differentially expressed lncRNAs, including 132 up=regulated genes and 15 down=regulated genes 

(Table S3 and Fig S3).  

-���������������������������	
�������	"�� 	� �

  To validate tissue=specific lncRNAs identified from the RNA=Seq sequencing data, we conducted 

qRT=PCR. Fifteen differentially expressed lncRNAs, including 10 up=regulated (TCONS_00005187, 

TCONS_00064133, TCONS_00086249, TCONS_00081971, TCONS_00069348, TCONS_00082375, 

TCONS_00000618, TCONS_00016748, TCONS_00094682, TCONS_00073392) and five 

down=regulated (TCONS_00023521, TCONS_000298 27, TCONS_00103822, TCONS_00058184, 

TCONS_00096145) lncRNAs (Table S3), were randomly selected. The expression patterns of the 

selected lncRNAs were roughly consistent with the RNA=Seq results (Fig 3 and Fig S4). The 

up=regulated differentially expressed genes TCONS_00064133 and TCONS_00069348 exhibited 

apparent tissue specificity. TCONS_00064133 was relatively highly abundant in leg muscle and breast 

tissue; expressed the lowest in the sebum cutaneum, lung, kidney, and hypothalamus tissue; and not 

expressed in the heart, liver, or abdominal fat tissue. The expression of TCONS_00069348 in leg 

muscle and pectoralis was similar to that of TCONS_00064133, and this lncRNA was not expressed in 
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the lung and sebum cutaneum tissue (Fig 3). TCONS_00086249 was relatively highly expressed in the 

sebum cutaneum, leg muscle, and breast tissue, showed the lowest expression in the lung, and was not 

expressed in other tissues (Fig S4).  

��������������������������������������	
�������������

  Recent studies have suggested that lncRNAs can serve as cis=regulators and affect the closest coding 

genes 10 kb upstream and downstream (Ørom et al. 2010). To investigate the relationship between 

lncRNAs and their neighboring coding genes and to further explore the function of lncRNAs in chicken 

muscle tissue, we predicted the candidate target genes of lncRNAs by predicting the cis function 

between lncRNAs and mRNAs. In total, 2,280 target genes were predicted by candidate lncRNA 

cis=regulation (Table S4). 

  GO enrichment revealed the functions of genes in stage=specific modules, and KEGG analysis 

revealed signaling pathways and metabolic networks vital for breast muscle development (Zhang et al. 

2017a). In the current study, the GO terms for the target lncRNA genes were related primarily to 

biological processes and molecular functions (Fig 4). The biological processes included response to 

endoplasmic reticulum stress, protein glycosylation, glycosylation, glycoprotein metabolic process, 

glycoprotein biosynthetic process, and carbohydrate metabolic process. The molecular functions 

included transferase activity, transferring hexosyl groups, transferase activity, transferring glycosyl 

groups, transferase activity, and cofactor binding. A KEGG pathway analysis revealed that the enriched 

pathways included the MAPK signaling pathway, insulin signaling pathway, calcium signaling pathway, 

arginine biosynthesis pathway, and alanine, aspartate, and glutamate metabolism pathway (Fig 5). 

�	����	���

  Chicken muscle is an important source of animal protein for human health, and meat quality affects 
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the economic value of poultry. The processes regulating the muscle growth of chickens are affected by 

multiple factors, including genetics, nutrition, and environment (Ouyang et al. 2015). Domestic 

chickens have high carcass yields; the breast muscle contributes up to approximately 30% of the 

chicken’s total carcass weight, and the total muscle weight constitutes approximately 40% (Schreurs 

2000). To date, researchers have used RNA=Seq to identify a large number of lncRNAs (Billerey et al. 

2014; Washietl et al. 2014; Weikard et al. 2013). In chickens, hundreds of lncRNAs have been 

identified using RNA=Seq (Billerey et al. 2014; Koufariotis et al. 2015). A total of 281 new intergenic 

lncRNAs have been identified in chicken skeletal muscle by RNA=Seq (Li et al. 2012). However, 

previous studies have focused on poly(A)+ lncRNAs and ignored ncRNA poly(A)= transcripts, which 

are a crucial component. poly(A)= lncRNAs play a vital role in myogenesis (Djebali et al. 2012; White 

et al. 2014). In the current study, we investigated the integral expression of chicken lncRNAs in 

42=day=old GS and AA chickens using the Ribo=Zero RNA=Seq method. Although this study indicated 

that several lncRNAs act as single exon transcripts, because there are few effective ways to 

discriminate them from the thousands of assembled artifacts, many single exonic transcripts were often 

discarded (Sun et al. 2014). To gather trustworthy data, we focused on lncRNAs that included no fewer 

than two exons. Compared with polyA=Seq, Ribo=Zero RNA=Seq revealed coequal coverage 

uniformity and rRNA removal efficiency but exhibited superiority to polyA=Seq in that it 

simultaneously captured poly(A)+ and poly(A)= transcripts; this method will doubtlessly become the 

best sequencing method for transcriptome investigations. 

  A total of 147 differentially expressed lncRNAs were obtained by pairwise comparisons (6=week=old 

GS vs. AA) of samples collected from breast muscle tissue. Interestingly, vestigial like family member 

2 (Vgll2) is the common target gene of TCONS_00064133 and TCONS_00069348 by cis function, and 
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Vgll2 expression is associated with all sites of skeletal myogenesis. RNA=Seq revealed that Vgll2 is 

specifically expressed in the limb tissue of mouse. According to an analysis of Vgll2 

protein=protein interactions and co=expression, Vgll2 interacts with a cluster of Wnt proteins, 

Mef2 (myocyte enhancer factor=2) family proteins, Notch1, Notch2, and Tead (TEA domain) 

family proteins and is associated with proteins such as Myod1, MyOG, Pitx3 (paired like 

homeodomain 3), Tbx15 (T=box 15), and Myf5. These results indicated a possible functional 

connection of Vgll2 with mouse skeletal muscle development (Sun et al. 2017). Similar to MyoD, 

Vgll2 is positively regulated by the myogenic regulatory factors associated with skeletal differentiation 

and is negatively regulated by Notch signaling. This result demonstrates that Vgll2 is related to skeletal 

muscle differentiation in myogenesis downstream of MyoD activation (Bonnet et al. 2010). Based on 

the qRT=PCR results, we speculate that TCONS_00064133 and TCONS_00069348 likely play similar 

roles in chicken muscle. Therefore, further study is needed to determine the possible roles of these two 

genes. 

  A GO analysis showed that target genes are significantly enriched in certain molecular functions and 

biological processes. Intriguingly, a few target genes, such as PTPN1, PYGL, GOT2, and ERBB4, 

were found to be enriched in KEGG pathways. Ubiquitin=specific peptidase 25 (USP25), tropomodulin 

4 (TMOD4), and glutathione S=transferase kappa 1 (GSTK1) participate in myogenesis and muscle 

differentiation, as revealed by a GO term analysis. Three muscle=specific cytoskeletal and sarcomeric 

proteins specifically interact with USP25m; this enzyme plays an important role in the regulation of 

muscular differentiation and function (Bosch=Comas et al. 2006). The expression of TMOD4 is 

activated during adipogenesis but inhibited during myogenesis (Zhao et al. 2013). The level of GSTK1 

expression has been linked to obesity, and a mutation in the hGSTK1 promoter area has been 
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associated with insulin secretion and fat deposition (Fei et al. 2009; Shield et al. 2010).  

  The vast majority of research suggests that lncRNAs can regulate the expression of neighboring 

protein=coding genes (Ren et al. 2016; Wang et al. 2016). To investigate lncRNA function, we predicted 

the potential targets of lncRNAs by a cis method and conducted GO and pathway analyses. After 

performing a KEGG pathway analysis, we found a significantly enriched MAPK signal pathway that 

not only participates in cell growth, differentiation, and feed conversion but also has a positive effect 

on meat tenderness (Taye et al. 2017). As one of the major intracellular signaling pathways influencing 

myogenesis, MAPK signaling is associated with postmortem meat quality (Ponsuksili et al. 2009). 

MAP2K3 is related to porcine loin muscle area and fat traits, implying roles in muscle differentiation 

and growth (Wu et al. 2010). The MAPK pathway in skeletal muscle has been investigated; p38 MAPK 

activity is necessary for myogenic cell differentiation and plays an essential role in energy expenditure 

and glucose metabolism (Niu et al. 2003; Puigserver et al. 2001; Zetser et al. 1999). p38 MAPK is a 

major kinase in the MAPK family; adiponectin inhibits chicken preadipocyte differentiation via the 

activation of p38 MAPK, and the muscle=specific activation of the p38 MAPK pathway in transgenic 

mice is sufficient to enhance PGC=1α (a promoter of slow fiber formation in skeletal muscle) 

expression and promote mitochondrial biogenesis (Akimoto et al. 2005; Yan et al. 2013). 

  MAPK pathway genes, including PPM1B, NFATC1, and FGF13, are highly expressed target genes 

of lncRNAs. NFATc1 represses the slow MyHC2 promoter activity in both fast and fast/slow primary 

muscle fibers. Research does not support the role of NFAT as a direct regulator of primary muscle fiber 

type differences. Instead, the results reflect intrinsic differences in the modes of regulation of the slow 

MyHC2 gene in primary muscle fiber types (Theobald and DiMario 2011). Numerous studies have also 

indicated that the expression of intracellular FGF13 protein is higher in leg muscle, skeletal muscle, 
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and single muscle fibers in mice (Chakkalakal et al. 2012; Gecz et al. 1999). On the first day of 

myogenic differentiation, FGF13 knockdown caused the mRNA and protein levels of MyOG and 

MyHC to significantly increase in C2C12 myoblasts. In contrast, FGF13 overexpression reduced 

MyOG and MyHC expression. These data showed that FGF13 inhibits C2C12 cell proliferation and 

differentiation by down=regulating Spry1 and indicated that FGF13 plays a negative regulatory role in 

skeletal muscle development (Lu et al. 2015). Therefore, the expression of these genes might be 

extremely relevant to muscle development in chicken. 

  Two target genes, protein tyrosine phosphatase non=receptor type 1 (PTPN1) and glycogen 

phosphorylase L (PYGL), participate in insulin signaling. Interestingly, PTPN1, the gene coding for 

PTP=1β, is located in a genomic region that has been identified in numerous linkage studies as a QTL 

for obesity and diabetes (Ghosh et al. 1999; Lee et al. 1999; Soro et al. 2002). PTP=1β affects plasma 

lipid levels and might result in obesity and hypertension in Japanese and Chinese populations. Given 

similar associations with insulin resistance and diabetes found in other populations, this gene might 

play a vital role in the development of the characteristic metabolic changes observed in patients with 

metabolic syndrome (Olivier et al. 2004). In addition, the mRNA expression of PTPN1 and the 

activation of PTPN1 and NF=kB in muscle were significantly decreased in animals fed a DHA=enriched 

(DE) diet (� < 0.05), which suggests that feeding a DE diet increases feeding=induced muscle protein 

synthesis in growing pigs and that muscle IGF=1 expression and insulin activity are involved (Wei et al. 

2013). 

  Ryanodine receptor 1=like (RyR1), peptidylprolyl isomerase F (PPIF), and erb=b2 receptor tyrosine 

kinase 4 (ERBB4) are all involved in the calcium signaling pathway. RyR1 inhibition increases slow 

MyHC2 promoter activity in innervated pectoralis major (PM) muscle fibers, enhances the 
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transcriptional activity of nuclear factor of activated T cells and myocyte enhancer factor 2, and 

enhances their interactions with their respective binding sites on the slow MyHC2 promoter; these 

results reveal that RyR1 activity in innervated fast PM muscle fibers contributes to cell type=specific 

repression (Jordan et al. 2004). ERBB4 is a receptor for neuregulins that belongs to a family of closely 

related proteins implicated as regulators of neural and muscle development and the differentiation and 

oncogenic transformation of mammary epithelia (Carraway and Burden 1995; Plowman et al. 1993). In 

addition, ERBB4 functions as a neuregulin receptor in the heart; however, differences in the hindbrain 

phenotype of these mutants are consistent with the activity of a new ERBB4 ligand in the central 

nervous system (Gassmann et al. 1995).�

  Intriguingly, glutaminase (GLS) and glutamic=oxaloacetic transaminase 2 (GOT2) simultaneously 

participate in the arginine biosynthesis pathway and alanine, aspartate, and glutamate metabolism. 

Glutamine is synthesized mainly in skeletal muscle, lungs, and adipose tissue. The catabolism of 

glutamine is activated by either of two isoforms of the mitochondrial GLS (Curthoys and Watford 

1995). Glutaminase converts glutamine to glutamate, which is further catabolized through the 

tricarboxylic acid cycle for the production of ATP or serves as a substrate for glutathione synthesis. A 

previous study revealed a pathway through which the Myc suppression of miR=23a/b, which targets 

GLS, enhances glutamine catabolism through elevated mitochondrial glutaminase expression in human 

cancers (Gao et al. 2009). A previous study using an omission and addition test found that glutamic 

acid (Glu) significantly affects umami and saltiness perception (Fujimoto et al. 1996). Taken together, 

these two pathways might be associated with the flavor of chicken meat. 

  Compared with the few pathways and target genes that we investigated in our research, previous 

research has shown that myogenesis is regulated by a few transcription factors, including Pax3, Pax7 
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and Gli, and four myogenic regulatory factors, MyoD, Myf=5, myogenin, and MRF=4 (Relaix et al. 

2005). The activation of Wnt signaling stabilizes β=catenin, which regulates the expression of Pax3 and 

Gli (Borycki et al. 2000; Capdevila et al. 1998). Pax3 is necessary for skeletal myogenesis and acts 

upstream of MyoD during skeletal muscle development; Gli factors could induce the expression of 

Myf=5, which is a direct target of Wnt/β=catenin (Borello et al. 2006; Gustafsson et al. 2002; Ridgeway 

and Skerjanc 2001). The Wnt signaling pathway could enhance myogenesis and inhibit adipogenesis in 

cultured mesenchymal stem cells (Du et al. 2011; Shang et al. 2007). Livestock carcasses are composed 

of muscle, fat, connective tissue, and bone; muscle fibers form lean meat, whereas fat cells and 

fibroblasts are embedded in connective tissue (Du et al. 2010). Thus, skeletal muscle development 

might be associated with myogenesis, adipogenesis, and fibrogenesis. 

������	���

  In summary, in the present study, Ribo=Zero RNA=Seq technology and bioinformatics tools were 

used to analyze the primary differentially expressed genes and pathways between GS and AA chicken 

breast muscle. The annotation of the predicted targets indicate that differentially expressed lncRNAs 

might be associated with myogenesis and myogenic differentiation in chickens, and this information 

will help expand our understanding of the molecular repertoire of muscle development= and 

growth=related genes in GS and AA chickens. Furthermore, we identified two muscle tissue=specific 

lncRNAs: TCONS_00064133 and TCONS_00069348. Further investigation is required to better 

understand the molecular mechanisms of lncRNAs in muscle development and growth in GS chickens. 
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Table 1.Table 1.Table 1.Table 1. Total RNA detection information from breast muscle of GS and AA chicken. 

 

Note: RIN > 7.0 and 28S/18S > 0.7 total RNA quality conformance; G1, G2, G3 represent GS 

chicken three biology repetition, A1, A2, A3 represent AA chicken three biology repetition. 

 

Sample Con.(Wg/WL) Vol.(WL) Amount.(Wg) A260/A280 
2100 Result 

Result 
RIN 28s/18s 

G1 0.383 100 38.3 1.87 8 1.4 qualified 

G2 0.396 100 39.61 1.89 7.9 1.2 qualified 

G3 0.349 100 34.93 1.89 7.6 1 qualified 

A1 0.209 100 20.91 1.92 8.2 1.3 qualified 

A2 0.204 100 20.41 1.91 8.2 1.3 qualified 

A3 0.581 100 58.11 1.91 8.2 1.3 qualified 
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FigFigFigFig    1.1.1.1.    Detection by electrophoresis of the total RNA isolated from the breast muscle Detection by electrophoresis of the total RNA isolated from the breast muscle Detection by electrophoresis of the total RNA isolated from the breast muscle Detection by electrophoresis of the total RNA isolated from the breast muscle 

of Gof Gof Gof GSSSS    and AA chickensand AA chickensand AA chickensand AA chickens....    

    

FigFigFigFig�"#�$������������
����	�����������������%��# (a) Novel lncRNAs screened by CPC, CNCI, 

and Pfam software. (b) Distribution of transcript lengths of lncRNAs (red) and mRNA (blue). (c) 

Distribution of exon numbers of lncRNAs (red) and mRNAs (blue). (d) Comparison of the 

expression levels of known (red) and novel (green) lncRNAs, plotted as fragments per kilobase of 

exon per million fragments mapped (FPKM). The dashed line represents the respective mean for 

different gene categories. 

 

FigFigFigFig�&#�$	'�����������	�������	������'������������%�����������������������������(�)*+��#� �

Gene expression levels were examined in different tissues by qRT=PCR; the data represent mean ± 

SE (n= 3). The GAPDH was used as the control. *P < 0.05, **P < 0.01. 

 

FigFigFigFig�,#�-.�/-����.�����
�0����	�������������	������	������������%�����
���
����# 

The circle represents the biological process, the triangle represents the cellular 

component, and the square represents the molecular function. The size of the circle, 

triangle, and square indicates the number of genes enriched for related GO terms, 

and a larger icon indicates more genes enriched for a specific term. Color indicates 

significance, and a deeper red color indicates a smaller P-value. 
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FigFigFigFig    5. Scatter plot of the top 30 KEGG enrichments. 5. Scatter plot of the top 30 KEGG enrichments. 5. Scatter plot of the top 30 KEGG enrichments. 5. Scatter plot of the top 30 KEGG enrichments.     

The abscissa represents the richness factor, and the ordinate represents the 

enriched pathway terms. The size of the dot indicates the number of genes enriched 

for the pathway, and a larger dot indicates more genes enriched for a specific pathway. 

Color indicates significance, and a deeper red color indicates a smaller P-value. 
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Supplementary FilesSupplementary FilesSupplementary FilesSupplementary Files    

gen-2017-0114.R2Suppla: Fig S1Fig S1Fig S1Fig S1.... Agilent 2100 analysis of total RNA isolated from 

breast muscle of GS and AA chickens. 

 

gen-2017-0114.R2Supplb: Fig S2. Quality analyses of sequenced reads. Fig S2. Quality analyses of sequenced reads. Fig S2. Quality analyses of sequenced reads. Fig S2. Quality analyses of sequenced reads. G and A 

represent Gushi and Arbor Acres chickens, respectively. In Q-value boxplot, the blue 

line indicates the mean quality value, the green area is the high quality number, 

the orange area is the eligible quality number, and the red area is the low quality 

number. 

 

gen-2017-0114.R2Supplc: Fig S3. Correlation analysis of significantly Fig S3. Correlation analysis of significantly Fig S3. Correlation analysis of significantly Fig S3. Correlation analysis of significantly 

differentially edifferentially edifferentially edifferentially expressed lncRNAs in GS and AA chickens.xpressed lncRNAs in GS and AA chickens.xpressed lncRNAs in GS and AA chickens.xpressed lncRNAs in GS and AA chickens. G and A represent Gushi 

and Arbor Acres chickens, respectively. Blue dots represent down-regulated lncRNAs, 

red dots represent up-regulated lncNRAs, and gray dots represent the not-significant 

lncRNAs. 

 

gen-2017-0114.R2Suppld: Fig S4. Nine screened differentially expressed lncRNAs Fig S4. Nine screened differentially expressed lncRNAs Fig S4. Nine screened differentially expressed lncRNAs Fig S4. Nine screened differentially expressed lncRNAs 

were randomly selected by qRTwere randomly selected by qRTwere randomly selected by qRTwere randomly selected by qRT----PCR. PCR. PCR. PCR. Gene expression levels were examined in different 

tissues by qRT-PCR; the data represent mean ± SE (n= 3). The GAPDH was used as the 

control. *P < 0.05, **P < 0.01. 

 

gen-2017-0114.R2Supple:Table S1. Table S1. Table S1. Table S1. Specific primers used for lncRNA qRT-PCR 
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validation. 

 

gen-2017-0114.R2Supplf:Table S2.Table S2.Table S2.Table S2. lncRNA quantitative expression.  

Note: IDs beginning with TCONS are novel lncRNAs; IDs beginning with NON and ENS 

are known lncRNAs. 

 

gen-2017-0114.R2Supplg: Table S3.Table S3.Table S3.Table S3. Analysis of lncRNA differential expression. 

Note: IDs beginning with TCONS are novel lncRNAs; IDs beginning with NON and ENS 

are known lncRNAs.  

 

gen-2017-0114.R2Supplh:Table S4. Table S4. Table S4. Table S4. Prediction of lncRNA target genes by cis function.    

Note: IDs beginning with TCONS are novel lncRNAs; IDs beginning with ENS and NON 

are known lncRNAs. 
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