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ABSTRACT Fat deposition is a vital factor affecting
the economics of poultry production. Numerous studies
on fat deposition have been done. However, the molecu-
lar regulatory mechanism is still unclear. In the present
study, the whole-transcriptome RNA sequencing in
abdominal fat, back skin, and liver both high- and low-
abdominal fat groups was used to uncover the competi-
tive endogenous RNA (ceRNA) regulation network
related to chicken fat deposition. The results showed
that differentially expressed (DE) genes in abdominal
fat, back skin, liver were 1207(784 mRNAs, 330
lncRNAs, 41 circRNAs, 52 miRNAs), 860 (607 mRNAs,
166 lncRNAs, 26 circRNAs, 61 miRNAs), and 923 (501
mRNAs, 262 lncRNAs, 15 circRNAs, 145 miRNAs),
respectively. The ceRNA regulatory network analysis
indicated that the fatty acid metabolic process,
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monocarboxylic acid metabolic process, carboxylic acid
metabolic process, glycerolipid metabolism, fatty acid
metabolism, and peroxisome proliferator-activated
receptor (PPAR) signaling pathway took part in
chicken fat deposition. Meanwhile, we scan the impor-
tant genes, FADS2, HSD17B12, ELOVL5, AKR1E2,
DGKQ, GPAM, PLIN2, which were regulated by gga-
miR-460b-5p, gga-miR-199-5p, gga-miR-7470-3p, gga-
miR-6595-5p, gga-miR-101-2-5p. While these miRNAs
were competitive combined by lncRNAs including
MSTRG.18043, MSTRG.7738, MSTRG.21310,
MSTRG.19577, and circRNAs including novel_circ_
PTPN2, novel_circ_CTNNA1, novel_circ_PTPRD.
This finding provides new insights into the regulatory
mechanism of mRNA, miRNA, lncRNA, and circRNA
in chicken fat deposition.
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INTRODUCTION

Chicken is one of the most important meat sources in
the world, accounting for 32.63% of the total meat con-
sumption (Tan et al., 2020). Modern commercial broilers
have undergone extensive genetic selection to achieve
rapid growth. Meanwhile, that also results in excessive
deposition of subcutaneous and abdominal fat (Zuidhof
et al., 2014). Excessive fat accumulation reduces meat
production as well as feed efficiency, which causes a
waste of resources and economic losses (Mir et al., 2017).
In chicken, 70% fat is synthesized in the liver, then
transported as the lipoproteins through the blood to the
target tissues and stored as triglycerides. Five percent
fat occurs in the adipose tissue mainly including in
abdominal fat and subcutaneous, and 25% is acquired
through diet (Wang et al., 2017). Fat accumulation is
caused by excessive nutrient level and the genetic base
of animals. Even though dietary inclusion of nutrients,
such as proteins and fats can reduce the body fat stor-
age, the genetic factors may be the most effective in
reducing the fat accumulation in chickens (Crespo and
Esteve-Garcia, 2002; Lotfi et al., 2011).
An increasing number of studies have shown that

some non-coding RNAs such as long noncoding RNAs
(lncRNAs), microRNAs (miRNAs), and circular
RNAs (circRNAs), which play essential regulatory
roles by forming a complex and precise post-transcrip-
tional regulatory network(Ma et al., 2018; Wang et al.,
2020b). Currently, most studies on non-coding RNAs
related to fat deposition in chicken have been limited to
the identification and expression profiling of miRNAs as
well as exploring the functions of individual miRNAs
(Wang et al., 2012; Ye et al., 2014; Fu et al., 2018). Sev-
eral previous studies constructed the ceRNA regulation
network for fat deposition traits in chicken. For
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example, one study found that circLCLAT1, circFND-
C3AL, circCLEC19A, and circARMH1 can influence
adipogenesis by regulating miRNAs via PPAR and fatty
acid metabolism-related pathways (Zhang et al., 2020).
Another study identified 3,881 lncRNAs and screened
235 differentially expressed (DE) lncRNAs, by con-
structing the ceRNA network identified 12 candidate
lncRNA-miRNA-mRNA interactions in the chicken pre-
adipocytes differentiation (Chen et al., 2019a). Zhai et
al. (2021) identified the DElncRNAs and constructed
the lncRNA-miRNA-mRNA interaction regulatory net-
work related to the development of abdominal fat. How-
ever, ceRNA regulatory network among mRNA-
miRNA-lncRNA-circRNA in chicken fat deposition is
unclear.

Whole-transcriptome sequencing technologies which
can capture a high-resolution picture of the transcrip-
tomic landscape, have been widely utilized in the past
decade to reveal the genetic origins of phenotypic traits
(Shen et al., 2016; Xu et al., 2016). Guangxi Partridge
chicken is a famous breed in Guangxi province, also
included in Animal Genetic Resources in China: Poultry.
It is well-known for the unique taste of its meat, but with
excessive fat deposition (Wang et al., 2020a). In order to
reveal the ceRNA regulatory network among mRNA-
miRNA-lncRNA-circRNA in chicken fat deposition, the
whole-transcriptome sequencing was employed and the
interaction among mRNA-miRNA-lncRNA-circRNA
was analyzed in abdominal fat, back skin, and liver of
Guangxi Partridge chicken.
MATERIALS AND METHODS

Animals and Tissue Samples

One hundred fifty indigenous female Guangxi Par-
tridge chickens were selected and bred according to the
standard breeding program in the experimental farm of
Guangxi University. At 120 days old, the chickens were
slaughtered and ranked according to the abdominal fat
rate. Three chickens were picked from the top 2-tail as
the high- and low-abdominal fat group. The abdominal
fat (H-AF1, H-AF2, H-AF3, L-AF1, L-AF2, L-AF3),
back skin (H-BS1, H-BS2, H-BS3, L-BS1, L-BS2, L-
BS3), and liver (H-Liver1, H-Liver2, H-Liver3, L-Liver1,
L-Liver2, L-Liver3) were collected. These tissues were
quickly frozen in liquid nitrogen and stored at �80° Cel-
sius.
RNA Isolation, Library Construction, and
Sequencing

Total RNA was extracted using the TRIzol Reagent
(Invitrogen Life Technologies, Carlsbad, CA) according
to the manufacturer’s instructions and send to the
Novogene Bioinformatics Institute (Novogene, Beijing,
China) for library construction and sequencing. RNA
purity and concentration were measured using the
Nanophotometer R spectrophotometer (IMPLEN,
Westlake Village, CA) and Qubit R RNA Assay Kit in
Qubit R 2.0 Fluorometer (Life Technologies, Carlsbad,
CA), RNA integrity was assessed using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA). For mRNA, lncRNA,
and circRNA sequencing, 5 mg RNA from Liver, Back
skin, and abdominal fat was used to prepare rRNA-
depleted RNA by NEBNext R UltraTM Directional
RNA Library Prep Kit for Illumina R (NEB, Ipswich,
MA) following manufacturer’s recommendations. There
were three biological replicates per treatment, and a
total of 18 libraries were prepared, the library prepara-
tions were sequenced on an Illumina Hiseq 4000 platform
and 150 bp paired-end reads were generated. For small
RNA sequencing, a total amount of 3 mg total RNA per
sample was used as input material for the small RNA
library. Following the manufacturer’s recommendations,
use the Illumina NEBNext Multiplex Small RNA
Library Prep Set (NEB) to create a sequencing library
and add the index code to the attribute sequence of each
sample. Library preparation was sequenced on the Illu-
mina Hiseq 2500/2000 platform to generate single-ended
reads of 50 bp.
Read Mapping and Transcriptome Assembly

The paired-end raw reads were trimmed, and the
quality was controlled by Trimmomatic (v0.39) (Bolger
et al., 2014) and FastQC (v0.11.9) with default parame-
ters. Then, clean reads were aligned to the chicken
genome (downloaded from ensemble http://ftp.
ensembl.org/pub/release-104/fasta/gallus_gallus/dna/
Gallus_gallus.GRCg6a.dna.toplevel.fa.gz) using
HISAT2 (v2.2.1) (Kim et al., 2015) software. Using sam-
tools (v1.1.0) (Danecek et al., 2021) to convert the files
from SAM file to BAM format. StringTie (v2.1.7) (Per-
tea et al., 2015) was used to assemble the transcripts
and merge the transcripts among different samples in a
reference-based approach (http://ftp.ensembl.org/pub/
release-104/gtf/gal lus_gal lus/Gallus_gal lus.
GRCg6a.104.gtf.gz).
Differentially Expressed mRNA and Gene
Functional Enrichment Analysis

Gene expression counts were obtained from BAM files
using HTseq-count (Anders et al., 2015). To identify
DEmRNAs between the liver, back skin, and abdominal
fat, R package DEseq2 (version 3.14.0) (Love et al.,
2014) was utilized for differential expression analysis
with an absolute value of log2 fold change (log2FC) > 1
and P-value < 0.05. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) signaling
pathway enrichment analysis and gene set enrichment
analysis (GSEA) of DEmRNAs were carried out using
the clusterProfiler (v3.14.3) (Wu et al., 2021).
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Identification of lncRNAs and Prediction of
Target Genes

To identify the novel lncRNAs, the GFFcompare pro-
gram (v0.11.2) was used to annotate the assembled tran-
scripts by comparing them with the chicken reference
annotation. To reduce the false�positive rate, the fol-
lowing steps were performed to identify lncRNAs. 1)
The transcript length shorter than 200 bp and only one
exon reads were discarded. 2) Transcripts with read
count coverage of less than five were deleted. 3) The
remaining transcripts were identified as five kinds of
lncRNAs according to class_code = ‘i’,‘j’,‘u’,‘x’,‘o’ (Lin
and Mao, 2020). 4) We identified the lncRNAs overlap-
ping among the four coding potential analysis tools
including CPC2 (score > 0.5; Kang et al., 2017), CNCI
(score > 0; Han et al., 2016), CPAT (score > 0.36; Wang
et al., 2013), LGC (score > 0; Wang et al., 2019), and
established them as the candidate novel lncRNA analy-
sis data set. The transcripts were also used to blast the
lncRNA sequences in the protein families (Pfam) data-
base (http://pfam.xfam.org/). The Pfam database was
used to search for protein domains in the Pfam HMM
library to screen out transcripts with known protein
domains. The lncRNAs genomic sequences were trans-
lated into protein sequences by the EMBOSS package
(http://emboss.open-bio.org/). The genome sequence
aligned to the Pfam database is removed, and other
lncRNAs are used as the final novel lncRNA data set.
The transcripts mapped to the Ensembl chicken refer-
ence annotation which gene_biotype = “lncRNA” were
identified as known lncRNAs. HTseq-count was used to
calculate lncRNA expression counts. DElncRNAs were
extracted with |log2FC| > 1 and P-value < 0.05 by
DEseq2. The potential cis- and trans-target mRNAs of
DElncRNAs were predicted according to the gene
expression and the position on the chromosome (Fu et
al., 2019). The cis-targets gene was searched within a
10-kb window upstream or downstream of the lncRNA
using bedtools (v2.30.0) (Quinlan and Hall, 2010).
LncRNA transregulation analysis is based on the corre-
lation coefficient between lncRNA and mRNA, and the
value > 0.9 is considered to be trans-action.
Identification and Analysis of circRNAs

CIRI2 (version 2.0.6) and find_circ (version 1.2) were
used to detect circular RNA in this study. First, the
clean data were compared with the reference genome
using BWA (Houtgast et al., 2018). Then, CIRI scans
SAM files and detects junction reads with paired chias-
tic clipping (PCC) signals, paired end mapping (PEM)
and GT-AG splicing signals as described by (Gao et al.,
2018). Find_circ obtains junction reads via bowtie2
(Langmead and Salzberg, 2012) and samtools. The over-
lapped outputs from CIRI and find_circ were used for
further analysis. We performed the spliced reads per bil-
lion mapping method to normalize circRNA expression.
DEcircRNAs were extracted with |log2FC| > 1 and P-
value < 0.05 by DEGseq2.
Identification and Analysis of miRNAs

The raw data in the fastq format is first processed
using customized Perl and Python scripts. In this step,
clean data were obtained by removing reads containing
ploy N, with 5’ adapter contaminants, without 3’
adapter or the insert tag, containing ploy A or T or G or
C and low-quality reads from raw data. miRNA lengths
were determined by custom Perl scripts. Then, clean
reads with a range of length from 15 to 30 bp were
selected to do all the downstream analysis. The small
RNA clean reads were mapped to the reference sequence
by BWA to analyze their expression and distribution on
the reference. Sequences that were successfully aligned
in the previous step were extracted and realigned against
the miRbase (https://www.mirbase.org/ftp.shtml) and
Rfam (v14.6) database using Blast (Zhao and Chu,
2014). The results aligned to the mature miRNA coordi-
nates from miRBase were transformed to read counts
using custom Perl scripting. DEseq2 was used to per-
form differential expression analysis, and DEmiRNAs
were extracted with |log2FC| > 1 and P-value < 0.05.
TargetScan (Agarwal et al., 2015), and miRDB (Chen
and Wang, 2020) were used for miRNA target�gene
prediction. To understand the miRNA target function,
GO and KEGG enrichment analysis were performed on
the predicted target-gene candidates.
Construction and Analysis of ceRNAs
Regulatory Network

To discover the interactions of DEmRNAs, DElncR-
NAs, DEcircRNAs, and DEmiRNAs, we constructed a
circRNA/lncRNA-miRNA-mRNA regulatory network
based on the ceRNA hypothesis. Miranda and Targets-
can were used to predict miRNA-lncRNA, miRNA-
mRNA, and miRNA-circRNA pairs, and the correlation
of these pairs was evaluated using the Spearman correla-
tion coefficient (SCC) according to the expression. The
interaction network was displayed using Cytoscape soft-
ware (version 3.8.2) (Shannon et al., 2003).
QRT-PCR Validation of DEmRNAs,
DElncRNAs, and DEmiRNAs

QRT-PCR was performed to validate the expression
levels of DEmRNAs, DElncRNAs, and DEmiRNAs, 4
mRNAs, 2 lncRNAs, and 3 miRNAs were randomly
selected of significantly different expression genes in
abdominal fat, back skin, and liver. The QRT-PCR was
conducted with RNA samples prepared for RNA-seq
using 3 biological replicates. The primers were designed
by Oligo7.0 software. RNA was reverse-transcribed into
cDNA using RT Reagent Kit and Mir-X miRNA First-
Strand Synthesis Kit (Takara, Dalian, China). The
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volume of the reaction mixture was 20 mL, with 2 mL of
cDNA, 0.6 mL for each primer, 10 mL of SYBR
(TaKaRa), and 6.8 mL of sterile water. The following
QPCR reaction was performed as follows: 95°C for 30 s;
95°C for 5 s, 60°C for 30 s for 39 cycles; finally, melting
curve collection at 65 to 95°C. b-actin was used as the
endogenous control of lncRNA and mRNA, and U6 was
used as the internal reference for miRNA. The relative
gene expression was calculated by the 2�DDCt method.
RESULTS

The Difference in Abdominal Fat Rate
Between the High- and Low-Fat Groups

Microsoft Excel 2021 (Microsoft Corporation, Red-
mond, WA) was used for difference analysis
(Student t test) of abdominal fat rate between the high-
and low-fat groups. The results suggested that the
abdominal fat rate in the high-fat group was signifi-
cantly larger than those in the low-fat group (P < 0.01;
Table 1).
Global Responses of mRNA to Fat
Deposition

From RNAseq data, we identified 23,910 genes in the
liver, back skin, and abdominal fat based on the chicken
reference genome. After removing genes with low expres-
sion (FPKM < 1), 16,855, 16,863, and 15,852, genes in
abdominal fat, back skin, and liver were considered for
the downstream analysis. The log2FC and P-value of
mRNA in are presented as volcano plot pictures in (Fig-
ures 1A−1C). The ranged of log2FC is from �7.65 to
9.75 in the liver, from �7.51 to 10.81 in back skin, and
from �7.42 to 7.01 in abdominal fat. In all these genes,
784 (326 upregulated, 458 downregulated), 607 (411
upregulated, 196 downregulated), and 501 (249 upregu-
lated, 252 downregulated) DEmRNAs were identified in
abdominal fat, back skin, and liver, respectively (Table
S1). Moreover, 6 DEmRNAs (SLC51B, IGFBP2,
MSMO1, ENSGALG00000047326, ENS-
GALG00000042723, ENSGALG00000007080) were
common identified in 3 tissues (Figure 1D). A heatmap
showed the expression profiles of DEmRNAs in high-
and low-fat groups (Figure 1E).

To explore the functions of the DEmRNAs, the GO
and KEGG analysis were performed. There are 11, 34,
and 19 pathways that were significant enrichment in
abdominal fat, back skin, and liver, respectively. DEmR-
NAs in abdominal were mainly significant enrichment to
Table 1. Abdominal fat rate in high- and low-fat groups.

Traits
High-fat group

(n = 3)
Low-fat group

(n = 3)

Abdominal fat rate (%) 10.03 § 1.53A 4.21 § 0.62B

ABThe different superscript uppercase letters represent a significant dif-
ference between the high-fat group and the low-fat group at the P = 0.01
level.
the folate biosynthesis (gga00790), fructose and man-
nose metabolism (gga00051), galactose metabolism
(gga00052), glutathione metabolism (gga00480), and
ECM-receptor interaction (gga04512). In back skin,
DEmRNAs were most particularly enriched in peroxi-
some (gga04146), carbon metabolism (gga01200), glyox-
ylate and dicarboxylate metabolism (gga00630), fatty
acid metabolism (gga01212), fatty acid degradation
(gga00071), and PPAR signaling pathway (gga03320).
As for DEmRNAs in liver, they were significantly
enriched in fatty acid metabolism (gga01212), fatty acid
biosynthesis (gga00061), PPAR signaling pathway
(gga03320), glycerolipid metabolism (gga00561), and
fatty acid elongation (gga00062) (Figure 1F). The
detailed information of the enrichment analysis was
shown in supplementary materials (Table S2). We fur-
ther ranked the gene sets by log2FC and applied GSEA
to identify functional gene sets. Similar to the KEGG
enrichment analysis, GSEA found some genes partici-
pate in the PPAR signaling pathway, fatty acid biosyn-
thesis, fatty acid metabolism, and oxidative
phosphorylation, including SCD, MMP1, ELOVL2,
ACSBG2, ACACA, and ACSL5 (Figure 1G-1I; Table
S3).
Global Responses of lncRNA to Fat
Deposition

To identify the lncRNAs, we mapped RNA-seq data
to the chicken reference genome where known lncRNA
reads were removed. Other reads were analyzed by
CNCI, CPC, CPAT, LGC, and PfamScan. Taking the
intersection of the five tools, 5,272 lncRNAs were identi-
fied and included in the subsequent analysis
(Figure 2A). Moreover, we found that novel and known
lncRNAs were shorter than protein-coding transcripts
(Figure 2C). lncRNA classification showed that 36% of
intronic lncRNA, 32% of intergenic lncRNA, 20% of
antisense lncRNA, and 12% of nested lncRNA
(Figure 2B). The mean length of the novel and known
lncRNAs was 825.4 bp and 745.6 bp, respectively, while
protein-coding mRNA has an average length of
3,330 bp. At a cutoff with an absolute value of log2FC >
1 and P-value < 0.05, 330 (89 known, 241 novels), 166
(53 known, 113 novels), and 262 (86 known, 176 novels)
DElncRNAs were identified in abdominal fat, back skin,
liver, respectively (Table S4). Venn diagram of DElncR-
NAs among the three comparison groups was shown in
Figure 2D. The heatmap of these DElncRNAs is pre-
sented in Figure 2E. Similar to DEmRNAs, the DElncR-
NAs of the high- and low-fat groups were clustered
separately, while their 3 repeats were clustered together.
To explore the potential functions of these DElncRNAs,
their cis- and transtargeted mRNAs were predicted with
bioinformatics methods. KEGG analysis was performed
on the targets of DElncRNAs. The results showed that
significantly enriched pathways were the fat acid degra-
dation, tyrosine metabolism, fat acid metabolism
(Figure 2F).



Figure 1. DEmRNAs identify and analysis between high- and low-fat groups. A, B, C represented the volcano plot of mRNAs in abdominal fat,
back skin, and liver. (D) Venn diagram shows the number of DEmRNAs identified in abdominal fat, back skin, and liver. (E) Heatmap of all DEmR-
NAs expression in each sample. (F) KEGG enrichment analysis compare of DEmRNAs in the abdominal fat, back skin, and liver. GSEA enrichment
analysis in the abdominal fat (G), back skin (H), and liver (I). Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Global Responses of circRNA to Fat
Deposition

In order to improve the reliability of circRNA predic-
tion, CIRI2 and find_circ were used to detect candidate
circRNA. The intersection of these 2 tools total revealed
7,957 circRNAs in the abdominal fat, back skin, and liver,
78, 12, and 10% of them belong to the exon type, inter-
genic region type, and intron type, respectively
(Figure 3C). The sequence length distribution of circR-
NAs is shown in Figure 3A, andmost of them were shorter
than 10,000 bp, and the longer the sequences, the fewer
circRNAs’ numbers, and the longest circRNA sequence
identified achieved 199kb. We identified maximum



Figure 2. lncRNAs identification and bioinformation analysis. (A) The lncRNA numbers detected by CPAT, CPC, LGC, PfamaScan, and
CNCI software. (B) Identify the type of novel lncRNA. (C) Comparison of the transcription length of lncRNA and mRNA. (D) The DElncRNAs
numbers in the abdominal fat, back skin, and liver. (E) DElncRNAs expression heatmap in each sample. (F) KEGG enrichment analysis of DElncR-
NAs in the abdominal fat, back skin, and liver. Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.

6 XIAO ET AL.
circRNAs on chromosome 1(chr1), followed by chr2, chr3,
and chr4. The number of circRNA on the chromosome Z
is significantly greater than that on the chromosome W
(Figure 3B). After differential expression analysis, 15 (7
upregulated, 8 downregulated), 26 (15 upregulated, 11
downregulated), and 41 (25 upregulated, 16 downregu-
lated) DEcircRNAs were identified in liver, back skin, and
abdominal fat, respectively (Table S5). Two DEcircRNAs



Figure 3. circRNAs identification and bioinformation analysis. (A−C) The characteristic of circRNAs in Sequence length, chromosome posi-
tion, and type distribution. (D) DEcircRNAs numbers in the abdominal fat, back skin, and liver. (E) Heatmap of all DEcircRNAs.
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were common between liver and abdominal fat, 2 DEc-
ircRNAs were common between back skin and abdominal
fat. The heatmap showed the expression profiles of DEc-
ircRNAs in each sample (Figure 3D).
Global Responses of miRNA to Fat
Deposition

The lengths of most miRNA clean reads were 21 to
23 bp (Figure 4A) which conforms to the characteristics
of miRNA and demonstrated the reliability of our data
sets. Small RNA sequences classification showed that
59% of clean reads were unmatched, 25% was mapped
to other non-coding RNA (rRNA, tRNA, snoRNA,
etc.), and 16% was mapped to miRNA (Figure 4B).
From 16% of clean reads, we finally identified 258 known
miRNAs. After differential expression analysis, 52 (12
upregulated, 40 downregulated), 61 (15 upregulated, 46
downregulated), and 145 (44 upregulated, 101 downre-
gulated) DEmiRNAs were identified in abdominal fat,
back skin, and liver, respectively. By performing the



Figure 4. miRNAs identification and bioinformation analysis. (A) Length distribution of small RNA reads. (B) Percentage of different types of
small RNAs. (C) Venn diagram showing the number of DEmiRNAs in the abdominal fat, back skin, and liver. (D) Heat map of DEmiRNAs. (E)
KEGG enrichment of DEmiRNAs target genes in the abdominal fat, back skin, and liver. Abbreviation: KEGG, Kyoto Encyclopedia of Genes and
Genomes.

8 XIAO ET AL.
intersection, we found that six miRNAs (gga-miR-6601-
3p, gga-miR-7470-3p, gga-miR-1595-5p, gga-miR-
12229-5p, and gga-miR-1721 gga-miR-375) are common
in abdominal fat, back skin, and liver (Figure 4C). The
expression profiles of DEmiRNAs in each sample are
shown in (Figure 4D; Table S6). GO enrichment analysis
of the target genes of DEmiRNAs showed that most of
them were enriched in the alternative mRNA splicing,
via spliceosome, regulation of alternative mRNA splic-
ing, via spliceosome, transmembrane receptor protein
tyrosine kinase signaling pathway, neuron differentia-
tion, and neuron development. KEGG enrichment
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analysis showed that the significantly enriched KEGG
signaling pathways of the targets of known DEmiRNAs
were MAPK signaling pathway, FoxO signaling path-
way, adherens junction, regulation of actin cytoskeleton,
mTOR signaling pathway, insulin signaling pathway,
and glycerophospholipid metabolism (Figure 4E).
Construction and Analysis of ceRNAs
Regulatory Network

Based on the regulation relationship of DEmiRNA-
DEmRNA, DEmiRNA-DElncRNA, and DEmiRNA-
DEcircRNA, the lncRNA, mRNA, and circRNA which
were significantly differentially expressed and regulated
by the same miRNA were screened. In total, 2,663
lncRNA-miRNA-mRNA interactions, and 663 circRNA-
miRNA-mRNA interactions were finally obtained in the
liver, including 262 lncRNAs, 496 mRNAs, 15 circRNA,
and 31 miRNAs. In the back skin, 418 lncRNA-miRNA-
mRNA interactions, and 213 circRNA-miRNA-mRNA
interactions were finally obtained, including 166
lncRNAs, 479 DEmRNAs, 26 circRNA, and 15 miRNAs.
In the abdominal fat, 1,315 lncRNA-miRNA-mRNA
interactions, and 461 circRNA-miRNA-mRNA interac-
tions were finally obtained, including 19 miRNAs, 330
lncRNA, 634 mRNAs, and 41circRNA. The circRNA-
miRNA-mRNA and lncRNA-miRNA-mRNA network
were shown in (Figures 5−7). Based on the mRNAs
involved in the DElncRNA/circRNA-DEmiRNA-
DEmRNA regulatory network, GO and KEGG enrich-
ment analysis were performed, and the results were
shown in (Figure 8). The results showed that those genes
related to miRNA, lncRNA, and circRNA were signifi-
cantly enriched in fatty acid metabolic process, mono-
carboxylic acid metabolic process, carboxylic acid
metabolic process, glycerolipid metabolism, fatty acid
Figure 5. CeRNA network constructed by DEmRNAs, DElncRNAs, DE
lncRNA ceRNA network) (B) (mRNA-miRNA-circRNA ceRNA network),
lated (blue) level.
metabolism, and glycerophospholipid metabolism. To
further identify the candidate ceRNA transcript-interac-
tion relationship, we finally extracted 21 genes that were
significantly enriched in GO and KEGG enrichment
analysis. These genes were considered potential genes
targets of fat deposition. These 21 genes include
AKR1E2, CBR4, LPCAT2, FADS2, DGKQ,
HSD17B12, GPAM, SELENOI, FADS1, LPIN1,
ACSBG2, ELOVL5, PNPLA3, ACACA, ELOVL6,
AGPAT2, AGPAT3, MOGAT1, ETNPPL, CA2, CA4.
To further explore the candidate ceRNA subnetwork
participate in fat deposition. Six miRNAs are shared by
the liver, back skin, and abdominal fat, 21 genes
included in the above significantly enriched pathway,
and another candidate DEcircRNAs, DElncRNAs be
extracted to the construction of the ceRNA regulatory
network. At last, we established a ceRNA network
model that included 4 miRNAs, 8 lncRNAs, 3 circRNAs,
and 6 mRNAs. 22 interaction relationships were con-
tained in the network (Figure 9).
QRT-PCR Validation of DEmRNAs,
DElncRNAs, and DEmiRNAs

Ten transcripts were selected randomly from DEmR-
NAs, DElncRNAs, and DEmiRNAs for QRT-PCR vali-
dation (Figure 10). The results showed that some genes,
including SOST, PTN, SLC8A3, STOML3, ENS-
GALT00000083470, gga-miR-212-5p, and gga-miR-
10b-3p were highly expressed in high-fat group, while
APOV1, ELOVL2, LOC1, MSTRG.25791.4, gga-miR-
6672-3p, and gga-miR-3533 were highly expressed in
low-fat group. Comparison of QRT-PCR and RNA-Seq
data showed that 22 genes have consistent expression
trends (over 80%), while five genes have different expres-
sion patterns.
circRNAs, and DEmiRNAs in the abdominal fat. (A) (mRNA-miRNA-
the shades of the colors indicate the upregulated (red) and downregu-



Figure 6. CeRNA network constructed by DEmRNAs, DElncRNAs, DEcircRNAs, and DEmiRNAs in the back skin. (A) (mRNA-miRNA-
lncRNA ceRNA network) (B) (mRNA-miRNA-circRNA ceRNA network), the shades of the colors indicate the upregulated (red) and downregu-
lated (blue) level.
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DISCUSSION

The ceRNA hypothesis was first reported a few years
ago, and ever since, it has been widely accepted and uti-
lized for understanding various genetic mechanisms
(Salmena et al., 2011). However, its application has
been limited with respect to studies on indigenous chick-
ens. In this study, we acquired high-throughput RNA-
seq databases of the mRNAs, miRNAs, circRNAs, and
lncRNAs of Guangxi Partridge chickens and compared
their expressions between high- and low-fat groups. Sub-
sequently, we screened the DE mRNAs, DEcircRNAs,
DElncRNAs, and DEmiRNAs in abdominal fat, back
skin, and liver tissues. Finally, based on the differential
expression analysis, we predicted the circRNA-miRNA-
mRNA and lncRNA-miRNA-mRNA networks that
might be involved in the regulation of fat deposition.

Chicken liver is the main organ for adipogenesis, and
it provides lipids to all the tissues (Nematbakhsh et al.,
2021). In this study, the comparison between the high-
Figure 7. CeRNA network constructed by DEmRNAs, DElncRNAs, DE
ceRNA network) (B) (mRNA-miRNA-circRNA ceRNA network), the shade
level.
and low-fat groups revealed 501 DEmRNAs, 262
DElncRNAs, 15 DEcircRNAs, and 145 DEmiRNAs in
the liver. The GO and KEGG enrichment analysis of the
DEmRNAs indicated that these genes were mainly
involved in the PPAR signaling pathway, glycerolipid
metabolism, fatty acid metabolism, biosynthesis of
unsaturated fatty acids, insulin signaling pathway, and
fatty acid elongation. The GSEA indicated that the dif-
ference gene sets significant enrichment in fatty acid bio-
synthesis, fatty acid metabolism, fentose and
glucuronate interconversions, and PPAR signaling path-
way. Some of these DEGs have been reported in the reg-
ulation of adipose deposition including ACACA,
ELOVL6, SCD, FASN, FADS2, GPAM, and SREBPs.
According to reports, ACACA, ELOVL6, SCD, and
FASN, can encode the key enzymes that catalyze impor-
tant reactions in the lipid metabolism of chicken. Specifi-
cally, acetyl-CoA carboxylase alpha (ACACA) and
fatty acid synthase (FASN) are 2 important genes that
encode major enzymes involved in the de novo fatty acid
circRNAs, and DEmiRNAs in the Liver. (A) (mRNA-miRNA-lncRNA
s of the colors indicate the upregulated (red) and downregulated (blue)



Figure 8. Functional enrichment analysis of mRNAs involved in the ceRNA network. (A) GO enrichment analysis, (B) KEGG enrichment anal-
ysis. Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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synthesis (Hicks et al., 2010; Laliotis et al., 2010). Simi-
larly, Pirany et al. have reported that the ACACA
expression is significant for fat deposition and leanness
within the same strain of chicken (Pirany et al., 2020).
Incidentally, FASN is also involved in the de novo
Figure 9. The candidate ceRNA coregulation network relates to fat de
nodes represent co-differentially expressed mRNAs, miRNAs, lncRNAs, and
coregulation between lncRNAs and mRNAs, and between miRNAs and othe
synthesis of fatty acids during adipogenesis, specifically
in the production of long-chain fatty acids in presence of
malonyl-CoA (Wang et al., 2015b). Furthermore, the
ELOVL fatty acid elongase (ELOVL) gene family can
determine the overall fatty acid elongation, tissue
position. The yellow circle, red arrow, blue octagon, and orange square
circRNAs, respectively. The dotted line and the solid line indicate the
r transcripts, respectively.



Figure 10. QRT-PCR analysis of mRNAs, lncRNA, and miRNA in abdominal fat (A), back skin (B), and liver (C).

12 XIAO ET AL.
distribution, and regulation, and it is a vital regulator of
cellular lipid composition (Ma et al., 2017). ELOVL6
participates in the de novo lipogenesis in chicken liver,
while ELOVL7 stimulates lipid accumulation in differ-
entiated adipocytes (Loh et al., 2019) (Liu et al., 2019).
Moreover, the studies reported increased ELOVL7
expression in chicken breast muscles with higher TG lev-
els (Liu et al., 2019). The fatty acid desaturase 2
(FADS2) gene encode an enzyme that has a rate-limit-
ing effect on long-chain polyunsaturated fatty acid syn-
thesis (Yang et al., 2018). Additionally, glycerol-3-
phosphate acyltransferase (GPAM) plays an important
role in regulating cellular TG and phospholipid levels.
Reportedly, transcription factors play important roles in
controlling lipogenesis and lipolysis (D’Andre et al.,
2013). Particularly, the sterol regulatory-element bind-
ing proteins (SREBPs) and PPARs are important in
this regard since their expressions are critical for lipid
biosynthesis. In our study, the sterol regulatory-element
binding transcription factor 2 (SREBF2) was signifi-
cantly differentially expressed (log2FC = 2.3, P-
value = 0.005) in the liver. The results of DEmRNAs
obtained in back skin and abdominal fat were similar in
the liver. Enrichment analysis of miRNA-, lncRNA-,
and circRNA-related target genes revealed that many
DE transcripts participate in reactions associated with
fat metabolism, such as tyrosine metabolism, fatty acid
degradation, fatty acid metabolism, MAPK signaling
pathway, and mTOR signaling pathway.
Based on the DEmRNAs, DElncRNAs, DEcircRNAs,

and DEmiRNAs, we constructed the circRNA-miRNA-
mRNA and lncRNA-miRNA-mRNA regulated net-
works for the liver, back skin, and abdominal fat tissues.
To explore the potential functions of the ceRNA net-
works, we performed functional enrichment analysis for
all DEmRNAs involved in these networks. Interestingly,
the GO and KEGG analysis suggested that these genes
participate extensively in signaling pathways associated
with fat deposition, such as metabolism of monocarbox-
ylic acids, fatty acids, carboxylic acids, and glyceroli-
pids, fatty acid biosynthesis, fatty acid elongation, and
PPAR signaling pathway. From the constructed
ceRNA network, we identified several miRNAs, includ-
ing gga-miR-92-3p, gga-miR-30d, gga-miR-30a-5p, gga-
miR-17-5p, gga-miR-103-3p, gga-miR-101-3p, and gga-
miR-101-2-5p, which have been previously reported to



Figure 11. The proposed model in response to fat deposition in chicken. miRNAs act as the key regulators that directly target important signal-
ing pathways related to fat deposition. Some lncRNAs and circRNAs can act as miRNA sponges and competitively bind the miRNAs, which may
indirectly affect mRNA expression.
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play a role in fat deposition. Among them, gga-miR-92-
3p and gga-miR-17-5p are involved in regulating the
accumulation of abdominal fat in Beijing You chickens
(Huang et al., 2015), while gga-miR-30d and gga-miR-
30a-5p play important roles in regulating adipogenesis
in the abdominal adipose tissues of Chinese Gushi chick-
ens (Chen et al., 2019b). Reportedly, gga-miR-30d also
regulates the accumulation of abdominal fat (Li et al.,
2016). There is study have also identified gga-miR-103-
3p as a regulator of fat deposition in the abdominal and
muscle (Fu et al., 2018). Moreover, gga-miR-101-3p is
significantly differentially expressed in abdominal prea-
dipocytes and differentiated adipocytes, which indi-
cated its possible regulatory effect on adipogenesis
(Wang et al., 2015a). Interestingly, previous research
has shown gga-miR-196-5p might regulate different
types of skeletal muscle fibers through PPAR, insulin,
and adipocytokine signaling pathways (Liu et al.,
2020). We identified gga-miR-196-5p is significant dif-
ferential expression in high- and low-fat groups. This
may suggest gga-miR-5p might be involved in intramus-
cular fat deposition. Alternatively, gga-miR-460b-5p
can affect lipid and protein synthesis (Ge et al., 2021),
thereby making it a potential candidate miRNA with
respect to the regulation of fat deposition. Finally, the 6
notable DEmiRNAs shared by the liver, back skin, and
abdominal fat were used as the core to establish a
ceRNA network model that includes 4 miRNAs, 8
lncRNAs, 3 circRNAs, 6 mRNAs, and 22 interaction
relationships (Figure 11). This ceRNA network can as a
candidate regulation network in chicken fat deposition.
Our results will be a useful reference to accelerate the
understanding of the molecular mechanism for fat depo-
sition in chicken.
CONCLUSIONS

The current study reveals FADS2, HSD17B12,
ELOVL5, AKR1E2, DGKQ, GPAM, and PLIN2 are
important candidate genes of fat deposition in Guangxi
Partridge chicken. While these genes are regulated by
gga-miR-460b-5p, gga-miR-199-5p, gga-miR-7470-3p,
gga-miR-6595-5p, gga-miR-101-2-5p, which were
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competitive combined by lncRNAs including
MSTRG.18043, MSTRG.7738, MSTRG.21310,
MSTRG.19577, and circRNAs including novel_circ_
PTPN2, novel_circ_CTNNA1, novel_circ_PTPRD.
This finding provides new insights into the ceRNA regula-
tory network of circRNA/lncRNA-miRNA-mRNA in
chicken fat deposition.
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