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Differential regulation of mRNAs 
and lncRNAs related to lipid 
metabolism in Duolang and Small 
Tail Han sheep
Liu Tianyi, Feng Hui, Yousuf Salsabeel, Xie Lingli & Miao Xiangyang*

The function of long non-coding RNA (lncRNA) can be achieved through the regulation of target 
genes, and the deposition of fat is regulated by lncRNA. Fat has an important effect on meat quality. 
However, there are relatively few studies on lncRNAs in the subcutaneous adipose tissue of Duolang 
sheep and Small Tail Han sheep. In this study, RNA-Seq technology and bioinformatics methods 
were used to identify and analyze the lncRNA and mRNA in the subcutaneous adipose tissue of 
the two breeds of sheep. The results showed that 107 lnRNAs and 1329 mRNAs were differentially 
expressed. The differentially expressed genes and lncRNA target genes were significantly enriched 
in the biosynthesis of unsaturated fatty acids signaling pathway, fatty acid metabolism, adipocyte 
differentiation and other processes related to fat deposition. Among them, LOC105616076, 
LOC114118103, LOC105607837, LOC101116622, and LOC105603235 target FADS1, SCD, ELOVL6, 
HSD17B12 and HACD2, respectively. They play a key regulatory role in the biosynthesis of 
unsaturated fatty acids. This study lays a foundation for the study of the molecular mechanism of 
lncRNA on fat development, and has reference value for studying the differences in fat deposition 
between Duolang sheep and Small Tail Han sheep.

Sheep can provide us with important resources such as skin, wool and milk, and mutton is an important part 
of the dietary structure of our  residents1,2. Different sheep breeds have different fat deposits. This has important 
effects in the process of sheep breeding, including the effects on meat quality, reproductive performance, fattening 
efficiency and environmental adaptability. In addition, adipose tissue can also secrete a variety of cytokines to 
regulate the body’s metabolic  balance3. Through the study of adipose tissue, we can effectively solve the problem 
of long-term pursuit of high lean meat percentages resulting in lower meat quality. In addition, this can provide 
a treatment basis for obesity-induced  obesity4,  hyperlipidemia5, fatty  liver6 and other metabolic diseases, and 
cardiovascular system  diseases7. Transcription factors that can regulate fat deposition include C/EBPs, IGF2, 
PPARγ, ADD1, etc.8,9. In recent years, high-throughput sequencing technology has continued to develop, and 
more and more genes and regulatory factors affecting fat deposition have been discovered. Therefore, it is possible 
to understand the regulation mechanism of adipose tissue more accurately and comprehensively.

LncRNA is a kind of non-coding RNA with a length greater than 200 nt that exists in various species and was 
once considered "transcription noise"10.With the wide application of high-throughput technology, many lncRNAs 
involved in regulating fat deposition have been found in fat tissues of livestock and poultry. Jiang et al.11 obtained 
789 known lncRNAs and 2927 new lncRNAs in the subcutaneous fat tissue of Qinchuan cattle at different stages. 
Wang et al.12 found that lnc-OAD can regulate 3T3-L1 adipocyte differentiation, and regulate fat formation by 
affecting mitotic clone expansion and regulating WNT/β-catenin signaling pathway. The above studies indicate 
that many new lncRNAs have been predicted. Those lncRNAs may be involved in the differentiation process of 
animal fat cells. Huang et al. performed RNA-Seq analysis on the subcutaneous fat tissue of Laiwu pigs and Large 
White pigs. They identified 54 differentially expressed lncRNAs, whose target genes were significantly enriched 
in the PPAR signaling  pathway13. Ma et al.14 analyzed the expression profiles of lncRNA and mRNA of different 
tail types of sheep fat. They found that the differentially expressed lncRNA target genes were enriched in fatty 
acid metabolism and fatty acid elongation related pathways to promote fat deposition. It shows that lncRNA plays 
an important regulatory role in fat deposition and fatty acid metabolism in livestock and poultry. Han et al.15 
analyzed the lncRNA and mRNA expression profiles of intramuscular fat in Aohan fine-wool sheep at different 
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stages, and found the candidate lncRNAs regulate fat deposition by target genes. Cheng et al.16 compared dif-
ferences between preadipocytes and mature adipocytes by whole—transcriptome sequencing and constructed 
systematically regulatory networks according to the relationship predicted among the differentially expressed 
RNAs. They found that the lncRNAs play important roles in the regulatory networks and influence adipocyte 
differentiation. These studies indicate that lncRNAs might determine fat deposition and regulate adipogenic dif-
ferentation. However, there are few studies on the expression profile and function of lncRNA in the subcutaneous 
adipose tissue of Duolang sheep and Small Tail Han sheep with differences in fat deposition.

Duolang  Sheep17 is a sheep breed with excellent meat-fat quality in Xinjiang, China. It has the characteristics 
of high meat yield and strong fecundity. Its meat is tender and juicy, with uniform fat deposition and no taint. 
Small Tail Han  Sheep18–20 is a dominant sheep breed in northern China, with high fecundity, early sexual maturity, 
stable genetic performance, and strong adaptability.Although the Small Tail Han sheep has many advantages, the 
meat body size is not obvious and the carcass meat production rate is  low21. In addition, the tail of the Duolang 
sheep is large and the tail of Small Tail Han sheep is short and round. The two samples belonged to fat-tailed 
sheep. These two kinds of sheep provide good research objects for adipogenic differentiation and fat deposition. 
In this study, RNA-Seq technology and bioinformatics methods were used to sequence the transcriptome of 
lncRNA and mRNA in the subcutaneous adipose tissue of Duolang sheep and Small Tail Han sheep. In addi-
tion, we conducted a comprehensive analysis of them to have a deeper understanding of the role of lncRNA 
in fat deposition and lipid metabolism. These can lay the foundation for revealing the fat development of two 
breeds of sheep.

Materials and methods
Experimental animals and sample preparation. In this study, three healthy female Duolang sheep 
and three healthy female Small Tail Han sheep were fed a diet formulated to meet current nutritional require-
ments. All were 2 years old. All animals can drink and eat freely under natural light. The weights of the species 
were similar (50 kg), and all were healthy and in good physical condition. We collected subcutaneous adipose 
tissue samples located at the backfat. To ease the pain,we stunned them with electricity and then slaughtered. 
The subcutaneous adipose tissue was sampled into a 5 ml tube within 30 min after slaughter and immediately 
frozen in liquid nitrogen. Then transferred to refrigerator at -80° for long-term preservation and further total 
RNA extraction.

Isolation of total RNA and quality control. Total RNAs were extracted from the same amount of sub-
cutaneous adipose tissue using  TRIzol22 (Invitrogen Life Technologies, Carlsbad, USA) according to the manu-
facturer’s instructions. In addition, genomic DNA was removed using rDNAIRnase-free (TaKara). RNA quality 
was verified using 2100 Bioanalyzer (AgilentTechnologies, Santa Clara, CA, USA) and NanoDrop 2000 (Thermo 
Scientific, USA). Qualified RNA was used for sequencing library construction, and their OD260/280 ≥ 1.8, 
OD260/230 ≥ 1.0, RIN ≥ 8, the brightness of the 28S was significantly higher than the 18S, and the RNA concen-
trations of all samples were 200 ng/μL.

cDNA library construction and RNA sequencing. The qualified total RNAs were used for library 
construction. RNA-seq transcriptome strand library was prepared following TruSeq stranded total RNA Kit 
from Illumina (San Diego, CA) using total RNA. The steps included removal of ribosomal (rRNA) and enrich-
ment of mRNA. Then SuperScript double-stranded cDNA synthesis kit (Invitrogen, CA) was used and first-
stranded cDNA was synthesized with random hexamer primers. We removed the RNA template and synthesized 
a replacement strand, incorporating dUTP in place of dTTP to generate ds cDNA. This was followed by the 
addition of the end repair mix to blunt the sticky end, followed by the addition of an A base at the 3’end to form 
a Y-linker. The products after the adaptor were purified and sorted. The sorted products were used for PCR 
amplification and purification to obtain the final library. High throughput sequencing was conducted using the 
Illumina NovaSeq 6000 sequencing platform.

Reference genome mapping and transcriptome assembly. Clean data were obtained using fastp 
software (V0.19.5) filtering out the raw data containing joints, low-quality reads, N rate (N represents uncertain 
base information), higher sequences and too short  sequences23, the remaining sequences were used for further 
analysis. Comparing clean reads with the reference genome GCF_002742125.1 using  Hisat224 (V2.1.0). Ana-
lyzed valid data mapped reads. Then, we spliced mapped reads using  StringTie25 software (V1.3.3b). Comparing 
with the original genome annotation information, we found unannotated transcription regions and discovered 
new transcripts and new genes of the species.

Identification of potential lncRNA candidates. LncRNA is a non-coding RNA with a length of more 
than 200 nucleotides. Based on these features, we selected the transcripts with class symbols "x", "i", "j", "u", "o". 
On this basis, the lncRNAs with length ≥ 200 nt, number of exon ≥ 2 and ORF ≤ 300 bp were selected as candi-
dates for preliminary screening. The absence of protein-coding ability was a key condition for judging lncRNAs. 
We used  CPC26,  CNCI27 and  Pfam28 to eliminate transcripts with coding ability. Therefore, we obtained the 
newly predicted lncRNA in the fat sample, and identified known lncRNAs from NCBI and Ensembl databases.

Screening of differentially expressed genes and lncRNAs. The expression level of lncRNAs and 
mRNAs were corrected by the transcripts per million reads (TPM) method, and the gene length and sequencing 
depth were uniformized. Therefore, that the expression levels in different samples were consistent. The expres-
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sion levels between genes can be more intuitively. For experiments with biological replicates, use the DESeq2 
based on negative binomial distribution to perform statistical analysis on raw counts, and obtain differential 
expression based on p value < 0.05, |log2FoldChange|> 1.

GO and KEGG enrichment analyse of differentially expressed genes. Gene Ontology Consor-
tium (GO) can be used for functional enrichment analysis of differentially expressed genes, divided into cellular 
component (CC), molecular function (MF) and biological process (BP)29,30. Kyoto Encyclopedia of Genes and 
Genomes (KEGG)31 can link genomic and functional information. Classification of functions was  exercised32. 
We displayed the genes in the gene set on the KEGG pathway diagram, and display the KEGG annotation path-
way diagram they participate in. The multiple test correction method Benjamini and Hochberg (BH) was used 
to correct the pvalue, resulting in padjust. When the padjust < 0.05, it was significantly enriched.

Protein–protein interaction (PPI) network analysis for differentially expressed genes. Accord-
ing to the STRING database (http:// strin gdb. org/), the PPI network analysis of differentially expressed genes 
was carried out. The relationship between the differentially expressed genes in the subcutaneous adipose tis-
sue of Duolang sheep and Small Tail Han sheep was further studied. The visually analyze was conducted using 
Cytoscape  software33 with the obtained differential gene encoding protein interaction network data files, thereby 
obtaining key genes.

Prediction and functional analysis of the target genes of differentially expressed lncR-
NAs. LncRNA is a non-coding RNA whose function is mainly to regulate target genes. According to the dif-
ferent mode of action of lncRNA, it is divided into homeopathic regulation (cis-regulate) and trans-regulation 
(trans-regulate). Homeopathic regulation and trans regulation of distant protein-coding genes were mentioned 
in Wang et al.34. The co-expression relationship between lncRNA and mRNA was realized by Pearson correla-
tion coefficient (PCC) calculation. The setting standard was |PCC|> 0.8 and p value < 0.05 to screened the co-
expressed lncRNA-mRNA. When screening target genes, genes within 100 kb of lncRNA were considered as 
target genes for  cis35. Genes with |PCC|> 0.9 and a significant pvalue less than 0.05 in the co-expression analysis 
were used as target genes for the trans-regulate of differential lncRNAs. The potential role of lncRNA was studied 
through GO annotation and KEGG pathway enrichment analysis of target genes.

Real-time fluorescence-based quantitative PCR (qRT-PCR) verification. QRT-PCR was used 
to verify the reliability of the sequencing results. Seven differentially expressed mRNAs and six differentially 
expressed lncRNAs were randomly selected. These genes come from PPI, lncRNA-mRNA network and fat 
metabolism related pathways. Three biological replicates were employed for each gene. 0.5 μg RNA was taken 
to synthesize cDNA template through GeneAmp PCR System 9700 (APPlied Biosystems, USA). The qRT-PCR 
analysis was conducted using LightCycler 480IIReal-time PCR Instrument (Roche, Swiss). The reaction system 
consisted of 1 μL cDNA, 5 μL of 2 × PerfectStart Green qPCR SuperMix, 0.2 μL of 10 μM forward primer, 0.2 μL 
of 10 μM reverse primer, and 3.6 μL of nuclease-free H2O. Reaction conditions were as follows: 94 °C for 30 s, 
94 °C for 5 s, 60 °C for 30 s, 45 cycles. After the cycle, the melting curve was used to detect the specificity of the 
product: the temperature was slowly increased from 60 to 97 °C. The relative expression levels of genes between 
samples were calculated using 2−ΔΔCt  method36. Data obtained were analyzed using GraphPad Prism (V8.0.1). 
The student t-test (p < 0.05) was used for mean comparisons. All results were presented in bar charts with the 
means and their standard deviation (± SD). Primers used for the qRT-PCR are listed in supplementary table 6.

Statistical analysis. All the data were presented as means ± SD. When comparisons were made, a Student’s 
t-test was performed and p value < 0.05 was considered as statistically significant.

Ethics statement. All the procedures involving animals were approved by the animal care and use com-
mittee at the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (NO. IAS2019-82), where 
the study was conducted. All the experiments were performed in accordance with the relevant guidelines and 
regulations set by the Ministry of Agriculture of the People’s Republic of China. This study was carried out in 
compliance with the ARRIVE guidelines.

Result
Total RNA sequencing mapping. To comprehensively understand the transcriptomes of subcutaneous 
fat tissue in Duolang sheep and Small Tail Han sheep, total RNAs were isolated and sequenced through Illumina 
sequencing platform. Approximately 124 Gb raw data were obtained for each sample. Specifically, 136,631,686, 
141,871,442, and 144,353,224 raw reads were obtained for Duolang sheep (D-PF-1, 2, and 3, respectively); 
137,953,526, 129,535,766, 132,333,836 raw reads were obtained for Small Tail Han sheep (X-PF-1, 2, and 3, 
respectively) (Table 1). The raw reads were filtered to obtain clean reads, which were mapped to the Ovis aries 
GCF_002742125.1 of the sheep genome sequence, with the mapping ratio ranging from 94.69 to 96.46%. The 
transcripts were assembled using String Tie (V1.3.3b) with default parameter. The results of the RNA-Seq reads 
mapped on the reference are shown in Table 1.

Identification and characterization of lncRNAs in subcutaneous adipose tissue of 
sheep. According to the positional relationship between lncRNAs and protein coding genes, they are clas-
sified into five  categories37,38. A total of 4464 lncRNAs candidates in the six libraries were identified, includ-

http://stringdb.org/
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ing 2094 lincRNAs, 1290 anti-sense lncRNAs, 534 sense lncRNAs, 491 bidirectional lncRNAs and 55 intronic 
lncRNAs (Fig. 1A). Most lncRNAs have 2 to 4 exons, while mRNAs have 6 or more exons than lncRNAs. Most 
lncRNAs have 19 exons (Fig. 1B). In Fig. 1C, the comparison shows that the lengths of lncRNA and mRNA have 
the same increasing and decreasing trend. However, the ratio of longer lncRNA is lower than that of mRNA. It 
is predicted that the open reading frame length of lncRNA is generally shorter than that of mRNA, as shown in 
Fig. 1D.

Expression level of genes and differential expression analysis. According to the transcript expres-
sion level measurement index TPM value, a violin plot was constructed, and the transcript expression levels in 
the two samples were analyzed separately (Fig. 1E). A total of 4464 lncRNAs and 40,278 mRNAs, including the 
newly predicted protein coding genes were found. The concentration of mRNA expression was greater than that 
of lncRNA, indicating that the expression level of lncRNA was lower. Among them, there were 107 lncRNAs 
(Supplementary Table 1), and 1329 mRNAs were differentially expressed in the subcutaneous adipose tissue of 
Duolang sheep and Small Tail Han sheep (Supplementary Table 2).

GO analysis of differentially expressed genes. In order to understand the function of differentially 
expressed genes and gene products, GO annotation was used to analyze the biological process (BP), molecu-
lar function (MF) and cell composition (CC) of differentially expressed genes. Among the 1329 differentially 
expressed genes in the subcutaneous adipose tissue of Duolang sheep and Small Tail Han sheep, there are 1135 
genes annotated with GO term (Supplementary Table 2). In Fig. 2, the regulation of multicellular organismal 
process and the positive regulation of multicellular organismal process are the two most important enrichment 
processes in biological processes, followed by fatty acid derivative metabolic process, regulation of fat cell dif-
ferentiation and significantly enrichment of fatty-acyl-CoA in metabolic process. In molecular functions, it is 
mainly enriched in items such as cargo receptor activity and carbohydrate binding. In cell components, it is 
mainly enriched in items such as membrane part and intrinsic component of membrane. Through GO enrich-
ment analysis, it is found that the differentially expressed genes mainly regulate the signal transduction and lipid 
metabolism processes of the adipocytes of Duolang sheep and Small Tail Han sheep.

KEGG enrichment analysis of differentially expressed genes. The results of KEGG enrichment 
analysis showed that a total of 943 out of 1329 differentially expressed genes were annotated with KEGG. They 
were annotated into 306 signaling pathways, of which 20 pathways were significantly enriched (Supplementary 
Table 2). In Fig. 3, pathway enrichment results show that differentially expressed genes are enriched in a large 
number of pathways related to lipid metabolism, including biosynthesis of unsaturated fatty acids, arachidonic 
acid metabolism, glycerolipid metabolism, etc. In addition, differentially expressed genes are also significantly 
enriched in cell signal transduction pathways such as PI3K-Akt and TGF-beta signaling pathway to regulate 
proliferation, differentiation and apoptosis. In addition, the differentially expressed genes were also significantly 
enriched in insulin resistance related diseases caused by abnormal lipid metabolism. The above results indicate 
that the differentially expressed genes in the subcutaneous adipose tissue of Duolang sheep and Small Tail Han 
sheep are involved in multiple pathways related to lipid metabolism. Among them, genes enriched in biosynthe-
sis of unsaturated fatty acids and arachidonic acid metabolism may be beneficial to Duolang sheep. It plays an 
important role in regulating the metabolism of subcutaneous fat in Small Tail Han sheep.

PPI network for differentially expressed genes. Fat deposition is the result of fat cell differentiation 
and lipid metabolism. In this study, a PPI network of differentially expressed genes related to adipocyte differen-
tiation and lipid metabolism was constructed through PPI network analysis and gene differential expression. In 
addition, genes that regulate Duolang sheep fat deposition and Small Tail Han sheep were determined (Supple-
mentary Table 3). In the PPI network, combine-score ≥ 0.6 and degree ≥ 10 were used as thresholds to screen key 
nodes. Among them, SCD, DHCR24, PTGS2, TGFB1, FADS1 and other encoded proteins were at the key node 
positions (Fig. 4), which may be involved in subcutaneous fat metabolism. This has an important regulatory role 
in adipogenic differentiation.

Target genes of lncRNAs and functional analysis. The differentially expressed lncRNAs in the subcu-
taneous adipose tissue of Duolang sheep and Small Tail Han sheep were used to predict the target genes of cis and 
trans. The results showed that 18 differentially expressed lncRNAs were predicted to target 28 genes in line with 

Table 1.  Summary of raw reads after quality control and mapping to the reference genome.

Sample Raw Reads Clean Reads Clean ratio (%) Q30 (%) GC content (%) Total mapped Unique mappedc

D-PF-1 136,631,686 135,393,598 99.09 95.22 52.05 130,223,053 (96.18%) 99,220,652 (73.28%)

D-PF-2 141,871,442 140,587,412 99.09 95.01 52.78 133,116,845 (94.69%) 106,911,296 (76.05%)

D-PF-3 144,353,224 142,895,188 98.99 95.23 52.09 137,830,324 (96.46%) 103,526,375 (72.45%)

X-PF-1 137,953,526 136,746,686 99.13 95.38 52.25 131,380,772 (96.08%) 101,534,519 (74.25%)

X-PF-2 129,535,766 128,433,640 99.15 95.2 52.45 123,830,160 (96.42%) 95,751,126 (74.55%)

X-PF-3 132,333,836 130,999,204 98.99 95.17 52.23 125,839,893 (96.06%) 97,392,935 (74.35%)
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Figure 1.  LncRNA characterization and gene expression. (A) Summary of lncRNA types. (B) Number 
distribution of lncRNA and mRNA exons. (C) LncRNA and mRNA length distribution. (D) LncRNA and 
mRNA ORF length. (E) Expression levels of lncRNA and mRNA.
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cis action, of which 10 were differentially expressed target genes (Table 2). The prediction results of trans target 
genes showed that 56 of the 107 differentially expressed lncRNAs are co-expressed with differential mRNAs 
(Supplementary Table 4). Combining GO and KEGG analysis to screen out the genes related to adipocyte differ-
entiation, lipid metabolism and related diseases, and screen with |PCC|≥ 0.9 as the threshold to construct a co-
expression network for the trans-target genes of differential lncRNAs..We found that lncRNA may correspond 
to multiple mRNAs, and one mRNA may correspond to multiple lncRNAs, and the relationship between the 
two is not necessarily one-to-one. In Fig. 5, LOC101116622, LOC105603235, LOC114110986, LOC114114983, 
LOC114118103, LOC114108859, LOC114113946, LOC105614707, LOC105616344 are key lncRNAs.

The function of the lncRNA can be inferred from the function of mRNA. The GO annotation and KEGG 
pathway enrichment of the target gene showed that it is significantly enriched in biological processes, including 
regulation of fat cell differentiation, lipid metabolism, fatty acid metabolism, and arachidonic acid metabolism, 
lipid metabolism pathway such as biosynthesis of unsaturated fatty acids. This indicates that the differentially 
expressed lncRNAs may regulate adipose tissue by participating in the above-mentioned signal pathways and 
biological processes. The target genes were selected to construct a lncRNA-mRNA network in biosynthesis of 
unsaturated fatty acids (Fig. 6) (Supplementary Table 5), and to explore the lncRNA-mRNA regulation mode.

qRT-PCR verification. QRT-PCR is considered as the golden standard for quantitative analysis of genes. 
RNA-Seq data is significantly correlated with qRT-PCR results. Therefore, 13 differentially expressed genes 
were randomly selected to verify the RNA-Seq results. In Fig. 7, LOC101113583, LOC105614707, PPP2R5A, 
LOC114108859, PCK1, FADS1, LOC114117814 and PTGS2 were up-regulated in subcutaneous adipose tissue 
of Duolang sheep. COL1A1, LOC105605445, AKT3, LOC114116830 and LOC114112974 were up-regulated in 
subcutaneous adipose tissue of Duolang sheep. These results were consistent with the sequencing results, indi-
cating the reliability of sequencing results.

Discussion
Fat deposition is regulated by many transcription factors, key genes and signaling pathways. This study applied 
RNA-Seq technology to analyze gene expression and reveal its biological characteristics. Duolang sheep and 
Small Tail Han sheep are high-quality local sheep breeds in China. In order to explore their differences in fat 
deposition, we use RNA-Seq technology to sequence the subcutaneous fat tissue. Then, we screened out the 
differentially expressed genes, and performed GO annotation and KEGG enrichment analysis on the 1329 dif-
ferentially expressed genes. Finally, we screened out the target genes for fat deposit effects through analysis. 
In addition, the 107 differentially expressed lncRNAs and differentially expressed mRNAs were screened for 
co-expression analysis. Genes related to adipocyte differentiation, lipid metabolism and related diseases were 
screened out as the target genes of lncRNAs to reveal the function of lncRNAs. These genes will guide the breed-
ing of high-quality livestock and poultry, improve meat quality, and provide potential targets for the treatment 
of fat metabolism-related diseases.

Figure 2.  GO analysis of differentially expressed genes. The figure is composed of three parts: biological 
processes, molecular functions, and cellular components.
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Figure 3.  KEGG pathway analysis of differentially expressed genes. Y-axis label represents pathway, and 
X-axis label represents rich factor (rich factor = amount of differentially expressed genes enriched in the 
pathway/amount of all genes in background gene set). The size and color of the bubble represent the number of 
differentially expressed genes enriched in the pathway and significance of enrichment, respectively.

Figure 4.  PPI network of differentially expressed genes related to lipid metabolism. Node represents protein, 
edge represents interaction between proteins. The size of the node is proportional to the degree of the node 
(the degree of the node is defined as the number of proteins interacting with this node). Red represents the 
up-regulation of Duolang sheep, and green represents the down-regulation.
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The fat composition of the diet plays an important role in maintaining human health and preventing lipid-
related diseases. Fatty acids are an important part of lipids, especially unsaturated fatty acids are considered 
to have important nutritional  value39,40. In this study, unsaturated fatty acids biosynthesis was significantly 
enriched with 8 differentially expressed genes, including TECR, ACOT7, LOC114109406, FADS1, SCD, ELOVL6, 
HSD17B12, HACD2. These genes were regulated by 29 lncRNAs. TECR is a gene related to fatty acid synthesis, 
which would decrease the transcript level in NaF  solution41. ACOT7 is an enzyme that catalyze the hydrolysis of 
acyl-CoAs to free fatty acids and  CoA42. However, there were no report on TECR, ACOT7 and LOC114109406 
gene regulating fat deposition in sheep. FADS1 and SCD are the key node position of PPI network. FADS1 is a 
member of the fatty acid dehydrogenase gene family and is related to all  lipids43. It can encode Delta-5 (D5D) 
desaturase, which is the rate-limiting enzyme for the conversion of polyunsaturated fatty acids. This is considered 
as the main determinant of the level of polyunsaturated fatty  acids44. That the expression of FADS1 in the lower 
adipose tissue of the cowhide is up-regulated under cold stimulation conditions. This promotes the production 
of polyunsaturated fatty acids in the lower adipose of the  cowhide45. It was also confirmed in pigs and  cattle46,47. 
In addition, FADS1 is also associated with metabolic diseases (obesity, metabolic syndrome) and cardiovascular 
diseases (arterial hypertension, coronary heart disease)48,49, In this study, FADS1 was up-regulated in Duolang 
sheep, which was consistent with previous study showing that FADS1 was highly expressed in subcutaneous 
adipose tissue of other species. Meanwhile, LOC105616076 might target FADS1 and involve in unsaturated fatty 
acids biosynthesis, thus regulating lipid metabolism.

Stearoyl-CoA desaturase (SCD) is an endoplasmic reticulum binding enzyme, belonging to the dehydrogenase 
family. It is the key enzyme that catalyzes the formation of unsaturated fatty acids from saturated fatty acids, 
especially palmitoleic acid and oleic acid. The high expression of SCD can promote the fat production, and the 
expression product can participate in the differentiation of pre-adipocytes and cell metabolism. There are many 

Table 2.  Prediction of differentially expressed lncRNA target genes.

lncRNA id LncRNA regulation Target gene id mRNA regulation

MSTRG.15701.2 Down Gene-TMC6 Up

MSTRG.19616.1 Down Gene-MMP2 Down

MSTRG.28964.2 Up Gene-LOC101111733 Up

MSTRG.28964.3 Up Gene-LOC101111733 Up

rna-XR_001024168.2 Up Gene-FLYWCH2 Up

rna-XR_001436365.2 Down Gene-ARMC12 Down

rna-XR_001436365.2 Down Gene-FKBP5 Down

rna-XR_003585604.1 Up Gene-SLC25A1 Up

rna-XR_003589506.1 Up Gene-TMEM59L Down

rna-XR_003589506.1 Up Gene-CRLF1 Down

rna-XR_003590087.1 Up Gene-DPYD Up

Figure 5.  Target relationship between lncRNA and mRNA. The circle in the node represents mRNA, and 
the triangle represents lncRNA, edge represents interaction between lncRNA and mRNA. In addition, red 
represents up-regulation of Duolang sheep, green represents down-regulation.
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subtypes of SCD, among which SCD1 is a downstream gene regulated by SREBP1. When the sterol regulatory 
element on the SCD1 promoter is combined with the SREBP1c transcription factor, transcription is upregulated 
and lipid synthesis  increases50. The backfat thickness of Duolang was higher than that of Small Tail Han sheep. 
In this study, SCD is up-regulated in the subcutaneous fat tissue of Duolang sheep, which is consistent with 
previous studies in  sheep51,  cattle52 and  pig53. These results suggest that SCD promotes subcutaneous fat deposi-
tion in Duolang sheep and the mechanisms of SCD regulating fat deposition in cattle and pig might be same. In 
addition, LOC114118103 might participate in the biosynthesis of unsaturated fatty acids pathway by regulating 
SCD, and regulate the deposition of subcutaneous adipose tissue in Duolang sheep and Small Tail Han sheep.

Long-chain fatty acid elongase 6 (ELOVL6) is one of the important regulatory factors that regulate fatty 
acid synthesis. It is the rate-limiting enzyme for the elongation of long-chain fatty acids. It mainly regulates cell 
metabolism, proliferation or apoptosis by affecting the composition of fatty acids and metabolites. The ELOVL6 
polymorphism is significantly related to subcutaneous fat deposition in  chickens54. The expression of the ELOVL6 
requires activation of the retinoid X receptor  RXR55. Its product stearic acid regulates mitochondrial function 
through transferrin receptor 1 (TFR1)56. Lin et al.57 analyzed indicated that SCD and ELOVL6 expressions were 
positively correlated with the concentrations of polyunsaturated fatty acids in yak subcutaneous fat. However, 

Figure 6.  lncRNA biosynthesis of unsaturated fatty acids network. Inverted triangles, circles and hexagons 
represent lncRNAs, genes and pathways, respectively. Red represents up-regulation, and green represents down-
regulation. The edge represents the interaction strength.

Figure 7.  qRT-PCR verification of differentially expressed genes. The differential expression of genes in 
subcutaneous adipose tissue between Duolang and Small Tail Han sheep was verified qRT-PCR. D-PF 
represents the subcutaneous adipose tissue of Duolang sheep. X-PF represents the subcutaneous adipose tissue 
of Small Tail Han sheep. *P value < 0.05; **P value < 0.01; ***P value < 0.001.
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there is no report on ELOVL6 gene regulating fat deposition in sheep. In this study, ELOVL6 was used as the 
target gene of LOC105607837 to regulate fat deposition. HSD17B12 is a multifunctional isoenzyme, which plays 
an important role in the elongation of long-chain fatty acids. Increased gene transcription of HSD17B12 may lead 
to increased lipid synthesis. This can reduce 3-ketoacyl-CoA in the prolongation of VLCFA biosynthesis. It can 
be catalytically reduced to 3-hydroxyacyl-CoA58,59. In this paper, LOC101116622 regulated lipid metabolism by 
targeting HSD17B12. HACD2 is the main 3-hydroxyacyl-CoA dehydratase. It produces HACD2-deficient cells 
in the mammalian system, resulting in the reduction of ≥ C18 saturated and monounsaturated  FAs60. This proves 
that HACD2 contributes to fat deposition. In this paper, LOC105603235 regulated the metabolism of fatty acids 
by targeting the HACD2, resulting in thicker backfat in Duolang sheep.

The above studies, have shown that through the identification and analysis of genes in the subcutaneous 
adipose tissue of Duolang sheep and Small Tail Han sheep, a number of candidate genes involved in the bio-
synthesis of unsaturated fatty acids have been screened, including TECR, ACOT7, LOC114109406, FADS1, 
SCD, ELOVL6, HSD17B12 and HACD2. These genes may have reference value for studying the difference in fat 
deposition between Duolang sheep and Small Tail Han sheep.

Conclusions
In this study, RNA-Seq technology and bioinformatics methods were applied to explore the mechanism of fat 
deposition in sheep. We identified the differentially expressed lncRNAs and genes of subcutaneous adipose tissue 
between Duolang and Small Tail Han sheep. On this basis, 107 lncRNAs and 1329 mRNAs were differentially 
expressed. Combined with GO and KEGG analysis of differentially expressed genes, lncRNA participates in the 
biosynthesis of unsaturated fatty acids pathway through targeted mRNA. By this way, they regulated subcuta-
neous fat deposition in Duolang and Small Tail Han sheep. LOC105616076, LOC114118103, LOC105607837, 
LOC101116622 and LOC105603235, which might target FADS1, SCD, ELOVL6, HSD17B12 and HACD2, 
respectively, play key regulatory roles. Previous studies on lncRNAs have mostly appeared in model animals 
such as mice, or in pigs that are genetically similar to humans, and there is relatively few researches on lncRNAs 
in sheep. This study can provide useful information for understanding molecular mechanism of fat deposition 
in sheep. In addition, this study can help breed sheep with high meat quality as well as prevent and treat disease 
associated with fat metabolism.

Data availability
The RNA-Seq data were submitted to SRA database under accession number (SRR15371345, SRR15371346, 
SRR15371347, SRR15371348, SRR15371349, SRR15371350, SRR15371351, SRR15371352, SRR15371353, 
SRR15371354, SRR15371355, SRR15371356). RNA-Seq data have been deposition in the NCBI Sequence Read 
Archive (SRA) database with accession number PRJNA752760.

Received: 26 October 2021; Accepted: 22 June 2022

References
 1. Wei, C. et al. Genome-wide analysis reveals population structure and selection in Chinese indigenous sheep breeds. BMC Genomics 

16, 194. https:// doi. org/ 10. 1186/ s12864- 015- 1384-9 (2015).
 2. Miao, X. Y., Luo, Q. M., Qin, X. Y., Guo, Y. T. & Zhao, H. J. Genome-wide mRNA-seq profiling reveals predominant down-regulation 

of lipid metabolic processes in adipose tissues of Small Tail Han than Dorset sheep. Biochem Biophys Res Commun 467, 413–420. 
https:// doi. org/ 10. 1016/j. bbrc. 2015. 09. 129 (2015).

 3. Luís, H. C., Gabriella, S. H. & Kelly, G. M. The impact of the adipose organ plasticity on inflammation and cancer progression. 
Cells https:// doi. org/ 10. 3390/ cells 80706 62 (2019).

 4. Felicia, G. et al. What role do fat cells play in pancreatic tissue?. Mol Metab 25, 1–10. https:// doi. org/ 10. 1016/j. molmet. 2019. 05. 
001 (2019).

 5. Xia, Z. H. et al. The underlying mechanisms of curcumin inhibition of hyperglycemia and hyperlipidemia in rats fed a high-fat 
diet combined with STZ treatment. Molecules https:// doi. org/ 10. 3390/ molec ules2 50202 71 (2020).

 6. Hijrawati, A. W. et al. Development of nonalcoholic fatty liver disease model by high-fat diet in rats. J Basic Clin Physiol Pharmacol 
https:// doi. org/ 10. 1515/ jbcpp- 2019- 0258 (2019).

 7. Chrysi, K., Stavros, L. & Alexander, K. Obesity and cardiovascular disease: revisiting an old relationship. Metabolism 92, 98–107. 
https:// doi. org/ 10. 1016/j. metab ol. 2018. 10. 011 (2019).

 8. Edyta, A. P. et al. The MC4R genetic variants are associated with lower visceral fat accumulation and higher postprandial relative 
increase in carbohydrate utilization in humans. Eur J Nutr 58, 2929–2941. https:// doi. org/ 10. 1007/ s00394- 019- 01955-0 (2019).

 9. Queiroz, E. M. et al. IGF2, LEPR, POMC, PPARG, and PPARGC1 gene variants are associated with obesity-related risk phenotypes 
in Brazilian children and adolescents. Braz J Med Biol Res 48, 595–602. https:// doi. org/ 10. 1590/ 1414- 431x2 01541 55 (2015).

 10. Sonali, J., Vikram, K., Juhi, S. & Vidisha, T. Technological developments in lncRNA biology. Adv Exp Med Biol 1008, 283–323. 
https:// doi. org/ 10. 1007/ 978- 981- 10- 5203-3_ 10 (2017).

 11. Jiang, R. et al. Transcriptome profiling of lncRNA related to fat tissues of Qinchuan cattle. Gene 742, 144587. https:// doi. org/ 10. 
1016/j. gene. 2020. 144587 (2020).

 12. Wang, Z. G. et al. Long non-coding RNA lnc-OAD is required for adipocyte differentiation in 3T3-L1 preadipocytes. Biochem 
Biophys Res Commun 511, 753–758. https:// doi. org/ 10. 1016/j. bbrc. 2019. 02. 133 (2019).

 13. Huang, W. L., Zhang, X. X., Li, A., Xie, L. L. & Miao, X. Y. Differential regulation of mRNAs and lncRNAs related to lipid metabo-
lism in two pig breeds. Oncotarget 8, 87539–87553. https:// doi. org/ 10. 18632/ oncot arget. 20978 (2017).

 14. Ma, L. et al. Comparative transcriptome profiling of mRNA and lncRNA related to tail adipose tissues of sheep. Front Genet 9, 
365. https:// doi. org/ 10. 3389/ fgene. 2018. 00365 (2018).

 15. Han, F. et al. Identification and co-expression analysis of long noncoding RNAs and mRNAs involved in the deposition of intra-
muscular fat in Aohan fine-wool sheep. BMC Genomic 22, 98. https:// doi. org/ 10. 1186/ s12864- 021- 07385-9 (2021).

 16. Xiao, C. et al. Whole-transcriptome analysis of preadipocyte and adipocyte and construction of regulatory networks to investigate 
lipid metabolism in sheep. Front Genet 12, 662143. https:// doi. org/ 10. 3389/ fgene. 2021. 662143 (2021).

https://doi.org/10.1186/s12864-015-1384-9
https://doi.org/10.1016/j.bbrc.2015.09.129
https://doi.org/10.3390/cells8070662
https://doi.org/10.1016/j.molmet.2019.05.001
https://doi.org/10.1016/j.molmet.2019.05.001
https://doi.org/10.3390/molecules25020271
https://doi.org/10.1515/jbcpp-2019-0258
https://doi.org/10.1016/j.metabol.2018.10.011
https://doi.org/10.1007/s00394-019-01955-0
https://doi.org/10.1590/1414-431x20154155
https://doi.org/10.1007/978-981-10-5203-3_10
https://doi.org/10.1016/j.gene.2020.144587
https://doi.org/10.1016/j.gene.2020.144587
https://doi.org/10.1016/j.bbrc.2019.02.133
https://doi.org/10.18632/oncotarget.20978
https://doi.org/10.3389/fgene.2018.00365
https://doi.org/10.1186/s12864-021-07385-9
https://doi.org/10.3389/fgene.2021.662143


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11157  | https://doi.org/10.1038/s41598-022-15318-z

www.nature.com/scientificreports/

 17. Li, R. Y. et al. The relationship between MHC-DRB1 gene second exon polymorphism and hydatidosis resistance of Chinese Merino 
(Sinkiang Junken type), Kazakh and Duolang sheep. Parasite 18, 163–169. https:// doi. org/ 10. 1051/ paras ite/ 20111 82163 (2011).

 18. Bai M, Sun LM, Jia C, Li JR, Han Y, Liu H. et al. Integrated Analysis of miRNA and mRNA Expression Profiles Reveals Functional 
miRNA-Targets in Development Testes of Small Tail Han Sheep. G3 (Bethesda) 9, 523–533, doi:https:// doi. org/ 10. 1534/ g3. 118. 
200947 (2019).

 19. Miao, X. Y., Luo, Q. M., Zhao, H. J. & Qin, X. Y. Ovarian proteomic study reveals the possible molecular mechanism for hyper-
prolificacy of Small Tail Han sheep. Sci Rep 6, 27606. https:// doi. org/ 10. 1038/ srep2 7606 (2016).

 20. Miao, X. Y., Luo, Q. M. & Qin, X. Y. Genome-wide transcriptome analysis of mRNAs and microRNAs in Dorset and Small Tail Han 
sheep to explore the regulation of fecundity. Mol Cell Endocrinol 402, 32–42. https:// doi. org/ 10. 1016/j. mce. 2014. 12. 023 (2015).

 21. Xu, H. W. Research on phenotypic determination of fat deposition traits and screening of associated genes in three kinds of tail 
fat sheep. Gansu Agric. Univ. https:// doi. org/ 10. 27025/d. cnki. ggsnu. 2019. 000017 (2019).

 22. Miao, X. Y., Luo, Q. M., Zhao, H. J. & Qin, X. Y. Ovarian transcriptomic study reveals the differential regulation of miRNAs and 
lncRNAs related to fecundity in different sheep. Sci Rep 6, 35299. https:// doi. org/ 10. 1038/ srep3 5299 (2016).

 23. Chen, S. F., Zhou, Y. Q., Chen, Y. R. & Gu, J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. 
https:// doi. org/ 10. 1093/ bioin forma tics/ bty560 (2018).

 24. Daehwan, K., Joseph, M. P., Chanhee, P., Christopher, B. & Steven, L. S. Graph-based genome alignment and genotyping with 
HISAT2 and HISAT-genotype. Nat Biotechnol 37, 907–915. https:// doi. org/ 10. 1038/ s41587- 019- 0201-4 (2019).

 25. Mihaela, P. et al. StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat Biotechnol 33, 290–295. 
https:// doi. org/ 10. 1038/ nbt. 3122 (2015).

 26. Kong, L. et al. CPC: assess the protein-coding potential of transcripts using sequence features and support vector machine. Nucleic 
Acids Res 35, W345–W349. https:// doi. org/ 10. 1093/ nar/ gkm391 (2007).

 27. Luo, H. T. et al. Identification and function annotation of long intervening noncoding RNAs. Brief Bioinform 18, 789–797. https:// 
doi. org/ 10. 1093/ bib/ bbw046 (2017).

 28. Zhou, J. L. et al. Proteogenomic analysis of pitaya reveals cold stress-related molecular signature. PeerJ 8, e8540. https:// doi. org/ 
10. 7717/ peerj. 8540 (2020).

 29. Miao, X. Y. & Luo, Q. M. Genome-wide transcriptome analysis between small-tail Han sheep and the Surabaya fur sheep using 
high-throughput RNA sequencing. Reproduction 145, 587–596. https:// doi. org/ 10. 1530/ rep- 12- 0507 (2013).

 30. Ashburner, M. et al. Gene ontology: tool for the unification of biology: the gene ontology consortium. Nat Genet 25, 25–29. https:// 
doi. org/ 10. 1038/ 75556 (2000).

 31. Kanehisa, M., Goto, S., Kawashima, S., Okuno, Y. & Hattori, M. The KEGG resource for deciphering the genome. Nucleic Acids 
Res. 32, D277–D280. https:// doi. org/ 10. 1093/ nar/ gkh063 (2004).

 32. Li, A., Huang, W. L., Zhang, X. X., Xie, L. L. & Miao, X. Y. Identification and characterization of CircRNAs of two pig breeds as a 
new biomarker in metabolism-related diseases. Cell Physiol Biochem 47, 2458–2470. https:// doi. org/ 10. 1159/ 00049 1619 (2018).

 33. Doncheva, N. T., Morris, J. H., Gorodkin, J. & Jensen, L. J. Cytoscape StringApp: network analysis and visualization of proteomics 
data. J Proteome Res 18, 623–632. https:// doi. org/ 10. 1021/ acs. jprot eome. 8b007 02 (2019).

 34. Wang, Q. et al. Evolution of cis- and trans-regulatory divergence in the chicken genome between two contrasting breeds analyzed 
using three tissue types at one-day-old. BMC Genomics 20, 933. https:// doi. org/ 10. 1186/ s12864- 019- 6342-5 (2019).

 35. Xu, Z. K., Zhou, X. P., Li, H., Chen, Q. X. & Chen, G. Identification of the key genes and long non-coding RNAs in ankylosing 
spondylitis using RNA sequencing. Int J Mol Med 43, 1179–1192. https:// doi. org/ 10. 3892/ ijmm. 2018. 4038 (2019).

 36. Miao, X. Y., Luo, Q. M., Zhao, H. J. & Qin, X. Y. Genome-wide analysis of miRNAs in the ovaries of Jining Grey and Laiwu Black 
goats to explore the regulation of fecundity. Sci Rep 6, 37983. https:// doi. org/ 10. 1038/ srep3 7983 (2016).

 37. Laurent, G. S., Wahlestedt, C. & Kapranov, P. The Landscape of long noncoding RNA classification. Trends Genet 31, 239–251. 
https:// doi. org/ 10. 1016/j. tig. 2015. 03. 007 (2015).

 38. Ma, L., Bajic, V. B. & Zhang, Z. On the classification of long non-coding RNAs. RNA Biol 10, 925–933. https:// doi. org/ 10. 4161/ 
rna. 24604 (2013).

 39. Lee, H. & Park, W. J. Unsaturated fatty acids, desaturases, and human health. J Med Food 17, 189–197. https:// doi. org/ 10. 1089/ 
jmf. 2013. 2917 (2014).

 40. Lands, B. Highly unsaturated fatty acids (HUFA) mediate and monitor food’s impact on health. Prostaglandins Other Lipid Mediat 
133, 4–10. https:// doi. org/ 10. 1016/j. prost aglan dins. 2017. 05. 002 (2017).

 41. Wang, X. et al. Effects of fluoride on the histology, lipid metabolism, and bile acid secretion in liver of Bufo gargarizans larvae. 
Environ Pollut 254, 113052. https:// doi. org/ 10. 1016/j. envpol. 2019. 113052 (2019).

 42. Martinez-Sanchez, A. et al. Disallowance of Acot7 in β-cells is required for normal glucose tolerance and insulin secretion. Diabetes 
65, 1268–82. https:// doi. org/ 10. 2337/ db15- 1240 (2016).

 43. Laan, S. et al. From lipid locus to drug target through human genomics. Cardiovasc Res 114, 1258–1270. https:// doi. org/ 10. 1093/ 
cvr/ cvy120 (2018).

 44. Tosi, F., Sartori, F., Guarini, P., Olivieri, O. & Martinelli, N. Delta-5 and delta-6 desaturases: crucial enzymes in polyunsaturated 
fatty acid-related pathways with pleiotropic influences in health and disease. Adv Exp Med Biol 824, 61–81. https:// doi. org/ 10. 
1007/ 978-3- 319- 07320-0_7 (2014).

 45. Xiong, L. et al. The study of the response of fat metabolism to long-term energy stress based on serum, fatty acid and transcriptome 
profiles in yaks. Animals (Basel) https:// doi. org/ 10. 3390/ ani10 071150 (2020).

 46. Xing, K. et al. Comparative adipose transcriptome analysis digs out genes related to fat deposition in two pig breeds. Sci Rep 9, 
12925. https:// doi. org/ 10. 1038/ s41598- 019- 49548-5 (2019).

 47. Costa, A. et al. Is hepatic lipid metabolism of beef cattle influenced by breed and dietary silage level?. BMC Vet Res 10, 65. https:// 
doi. org/ 10. 1186/ 1746- 6148- 10- 65 (2014).

 48. Žák, A. et al. Desaturases of fatty acids (FADS) and their physiological and clinical implication. Cas Lek Cesk 155, 15–21 (2016).
 49. Osman, R. H. et al. Fads1 and 2 are promoted to meet instant need for long-chain polyunsaturated fatty acids in goose fatty liver. 

Mol Cell Biochem 418, 103–117. https:// doi. org/ 10. 1007/ s11010- 016- 2737-7 (2016).
 50. Chen, M. et al. Arctium lappa L. polysaccharide can regulate lipid metabolism in type 2 diabetic rats through the SREBP-1/SCD-1 

axis. Carbohydr Res 494, 108055. https:// doi. org/ 10. 1016/j. carres. 2020. 108055 (2020).
 51. Aali, M., Shahrbabak, M. M., Shahrbabak, H. M. & Sadeghi, M. Identifying novel SNPs and allelic sequences of the stearoyl-CoA 

desaturase gene (SCD) in fat-tailed and thin-tailed sheep breeds. Biochem Genet 52, 153–158. https:// doi. org/ 10. 1007/ s10528- 
013- 9635-4 (2014).

 52. Guo, Y. T., Zhang, X. X., Huang, W. L. & Miao, X. Y. Identification and characterization of differentially expressed miRNAs in 
subcutaneous adipose between Wagyu and Holstein cattle. Sci Rep 7, 44026. https:// doi. org/ 10. 1038/ srep4 4026 (2017).

 53. Huang, W. L., Zhang, X. X., Li, A., Xie, L. L. & Miao, X. Y. Genome-wide analysis of mRNAs and lncRNAs of intramuscular fat 
related to lipid metabolism in two pig breeds. Cell Physiol Biochem 50, 2406–2422. https:// doi. org/ 10. 1159/ 00049 5101 (2018).

 54. Claire, D. H. et al. Identification and characterization of genes that control fat deposition in chickens. J Anim Sci Biotechnol 4, 43. 
https:// doi. org/ 10. 1186/ 2049- 1891-4- 43 (2013).

 55. Weiss-Hersh, K. et al. Saturated and monounsaturated fatty acids in membranes are determined by the gene expression of their 
metabolizing enzymes SCD1 and ELOVL6 regulated by the intake of dietary fat. Eur J Nutr 59, 2759–2769. https:// doi. org/ 10. 
1007/ s00394- 019- 02121-2 (2020).

https://doi.org/10.1051/parasite/2011182163
https://doi.org/10.1534/g3.118.200947
https://doi.org/10.1534/g3.118.200947
https://doi.org/10.1038/srep27606
https://doi.org/10.1016/j.mce.2014.12.023
https://doi.org/10.27025/d.cnki.ggsnu.2019.000017
https://doi.org/10.1038/srep35299
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1093/nar/gkm391
https://doi.org/10.1093/bib/bbw046
https://doi.org/10.1093/bib/bbw046
https://doi.org/10.7717/peerj.8540
https://doi.org/10.7717/peerj.8540
https://doi.org/10.1530/rep-12-0507
https://doi.org/10.1038/75556
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/gkh063
https://doi.org/10.1159/000491619
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1186/s12864-019-6342-5
https://doi.org/10.3892/ijmm.2018.4038
https://doi.org/10.1038/srep37983
https://doi.org/10.1016/j.tig.2015.03.007
https://doi.org/10.4161/rna.24604
https://doi.org/10.4161/rna.24604
https://doi.org/10.1089/jmf.2013.2917
https://doi.org/10.1089/jmf.2013.2917
https://doi.org/10.1016/j.prostaglandins.2017.05.002
https://doi.org/10.1016/j.envpol.2019.113052
https://doi.org/10.2337/db15-1240
https://doi.org/10.1093/cvr/cvy120
https://doi.org/10.1093/cvr/cvy120
https://doi.org/10.1007/978-3-319-07320-0_7
https://doi.org/10.1007/978-3-319-07320-0_7
https://doi.org/10.3390/ani10071150
https://doi.org/10.1038/s41598-019-49548-5
https://doi.org/10.1186/1746-6148-10-65
https://doi.org/10.1186/1746-6148-10-65
https://doi.org/10.1007/s11010-016-2737-7
https://doi.org/10.1016/j.carres.2020.108055
https://doi.org/10.1007/s10528-013-9635-4
https://doi.org/10.1007/s10528-013-9635-4
https://doi.org/10.1038/srep44026
https://doi.org/10.1159/000495101
https://doi.org/10.1186/2049-1891-4-43
https://doi.org/10.1007/s00394-019-02121-2
https://doi.org/10.1007/s00394-019-02121-2


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11157  | https://doi.org/10.1038/s41598-022-15318-z

www.nature.com/scientificreports/

 56. Senyilmaz, D. et al. Regulation of mitochondrial morphology and function by stearoylation of TFR1. Nature 525, 124–128. https:// 
doi. org/ 10. 1038/ natur e14601 (2015).

 57. Xiong, L. et al. Effect of gender to fat deposition in yaks based on transcriptomic and metabolomics analysis. Front Cell Dev Biol 
9, 653188. https:// doi. org/ 10. 3389/ fcell. 2021. 653188 (2021).

 58. Ju, Z. Q., Ya, J., Li, X. Y., Wang, H. Y. & Zhao, H. F. The effects of chronic cadmium exposure on Bufo gargarizans larvae: Histo-
pathological impairment, gene expression alteration and fatty acid metabolism disorder in the liver. Aquat Toxicol 222, 105470. 
https:// doi. org/ 10. 1016/j. aquat ox. 2020. 105470 (2020).

 59. Huang, W. L. et al. Global transcriptome analysis identifies differentially expressed genes related to lipid metabolism in Wagyu 
and Holstein cattle. Sci Rep 7, 5278. https:// doi. org/ 10. 1038/ s41598- 017- 05702-5 (2017).

 60. Sawai, M. et al. The 3-hydroxyacyl-CoA dehydratases HACD1 and HACD2 exhibit functional redundancy and are active in a wide 
range of fatty acid elongation pathways. J Biol Chem 292, 15538–155510. https:// doi. org/ 10. 1074/ jbc. M117. 803171 (2017).

Acknowledgements
We thank all the researchers who contributed to this work.

Author contributions
T.Y.L. performed the experiment, analyzed data and wrote the paper. H.F., S.Y. and L.L.X performed the experi-
ment and interpreted the data. X.Y.M. conceived and designed the study and wrote the paper. All the authors 
read and approved the final manuscript.

Funding
This work was supported by a grant from The Major Science and Technology Project of New Variety Breeding of 
Genetically Modified Organisms (nos. 2009ZX08008-004 and 2008ZX08008-003), the Agricultural Science and 
Technology Innovation Programme (ASTIPIAS05) and the Basic Research Fund for Central Public Research 
Institutes of CAAS (Y2016JC22, Y2018PT68).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 15318-z.

Correspondence and requests for materials should be addressed to M.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/nature14601
https://doi.org/10.1038/nature14601
https://doi.org/10.3389/fcell.2021.653188
https://doi.org/10.1016/j.aquatox.2020.105470
https://doi.org/10.1038/s41598-017-05702-5
https://doi.org/10.1074/jbc.M117.803171
https://doi.org/10.1038/s41598-022-15318-z
https://doi.org/10.1038/s41598-022-15318-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Differential regulation of mRNAs and lncRNAs related to lipid metabolism in Duolang and Small Tail Han sheep
	Materials and methods
	Experimental animals and sample preparation. 
	Isolation of total RNA and quality control. 
	cDNA library construction and RNA sequencing. 
	Reference genome mapping and transcriptome assembly. 
	Identification of potential lncRNA candidates. 
	Screening of differentially expressed genes and lncRNAs. 
	GO and KEGG enrichment analyse of differentially expressed genes. 
	Protein–protein interaction (PPI) network analysis for differentially expressed genes. 
	Prediction and functional analysis of the target genes of differentially expressed lncRNAs. 
	Real-time fluorescence-based quantitative PCR (qRT-PCR) verification. 
	Statistical analysis. 
	Ethics statement. 

	Result
	Total RNA sequencing mapping. 
	Identification and characterization of lncRNAs in subcutaneous adipose tissue of sheep. 
	Expression level of genes and differential expression analysis. 
	GO analysis of differentially expressed genes. 
	KEGG enrichment analysis of differentially expressed genes. 
	PPI network for differentially expressed genes. 
	Target genes of lncRNAs and functional analysis. 
	qRT-PCR verification. 

	Discussion
	Conclusions
	References
	Acknowledgements


