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Background
The growing concern about obesity as a global health 
issue has been exacerbated by its increasing prevalence 
[1, 2]. According to statistics, in 2015, 107.7 million chil-
dren and 603.7 million adults were obese [3]. The preva-
lence of obesity has doubled in over 70 countries since 
1980, with a continuous upward trend observed in the 
majority of other countries [4]. Obesity has been identi-
fied as a warning signal for a range of diseases, includ-
ing diabetes [5, 6], cardiovascular disease-related chronic 
diseases [7–9], osteoarthritis [10, 11], and even cancer 
[12, 13] The formation and deposition of fat involves a 
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Abstract
Background  DNA methylation influences gene expression and is involved in numerous biological processes, 
including fat production. It is involved in lipid generation in numerous animal species, including poultry. However, the 
effect of DNA methylation on adipogenesis in chickens remains unclear.

Results  A total of 12 100-day-old chickens were divided into high and low-fat groups based on their abdominal fat 
ratios. Subsequently, genome-wide bisulfite sequencing (WGBS) was performed on their abdominal fat, and 1877 
differentially methylated region (DMR) genes were identified, among which SLC45A3, EBF1, PLA2G15, and ACAD9 were 
associated with lipid metabolism. Interestingly, EBF1 showed a lower level of DNA methylation and higher mRNA 
expression in the low-fat group, as determined by comprehensive RNA-seq analysis. Cellular verification showed 
that EBF1 expression was upregulated by 5-azacytidine (5-Aza) and downregulated by betaine. EBF1 facilitated the 
differentiation of immortalized chicken preadipocyte 1 (ICP-1) through the PPAR-γ pathway, thereby affecting chicken 
adipogenesis.

Conclusion  A combination of WGBS and RNA-seq analyses revealed 48 DMGs in the abdominal fat tissue of 
chickens. Notably, the DNA methylation status of EBF1 was inversely related to its mRNA expression. Mechanistically, 
DNA methylation regulates EBF1 expression, which in turn mediates the differentiation of ICP-1 through the 
PPARγ pathway. This study provides a theoretical framework for investigating the effects of DNA methylation on 
adipogenesis in chickens.
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variety of factors, including alterations in gene expression 
and pathway network regulation related to lipogenesis 
and metabolism [14].

Adipose tissue plays a pivotal role in lipid deposition 
and metabolism, serving not only as an energy reserve 
but also as a vital endocrine and metabolic organ [15, 16]. 
Epigenetic modification is a significant factor in cell dif-
ferentiation, development, gene expression regulation, 
and disease occurrence [17–19]. DNA methylation rep-
resents a form of epigenetic modification, and an increas-
ing number of studies have demonstrated that DNA 
methylation plays a pivotal role in the process of adipose 
tissue formation and deposition in chickens [20–24]. For 
example, studies comparing the whole genome methyla-
tion of the backfat tissue of Landrace pigs (leaner) and 
Rongchang pigs (fatty) revealed, that the promoters of 
PLIN1, BDKRB2, NSDHL, APOL1 and APOL4 in lean 
backfat tissue were hypermethylated (93.75%) [25]. It has 
been demonstrated that DNA methylation in the PLIN1 
promoter region regulates PLIN1 expression in chickens 
[26]. Zhang et al. demonstrated that the transcription of 
KLF7 in chicken abdominal adipose tissue may be inhib-
ited by promoter DNA methylation [27]. Cui et al. have 
demonstrated that P1 methylation enhances PPARγ1 
expression, at least in part, by impeding the binding of 
NRF1 to the P1 promoter [28]. In poultry, approximately 
85% of commercial broilers accumulate excess adi-
pose tissue, particularly abdominal fat, which negatively 
impacts the efficiency of chicken production [29]. The 
public tends to prefer low-fat chickens because a high-
fat chicken diet can encourage weight gain and pose a 
threat to public health. Therefore, research on obesity in 
chicken models serves two purposes, to gain new insights 
into the mechanism of fat deposition and to provide pos-
sible remedies to the public obesity problem. Regarding 
meat quality traits, some researchers have combined 
WGBS and RNA-seq to identify differences in chicken 

intramuscular fat [30], but no similar studies have been 
conducted to investigate the impact of DNA methylation 
of EBF1 on chicken adipogenesis.

The transcription factor EBF1 is a key regulator of B 
cell development and maturation [31]. Furthermore, 
studies have demonstrated that EBF1 is a pivotal factor 
in the regulation of mature adipocyte metabolism and 
the development of brown fat [32, 33]. However, the 
precise role of DNA methylation of EBF1 in the deposi-
tion of abdominal fat in chickens remains uncertain. This 
study aimed to explore the role of DNA methylation in 
abdominal fat deposition in chickens using WGBS. The 
present study demonstrates, for the first time that DNA 
methylation and EBF1expression are associated with 
fat deposition. The combined analysis of RNA-seq and 
WGBS revealed that EBF1 had a higher degree of DNA 
methylation modification and lower mRNA expression 
in the high-fat group. Sequencing data demonstrated the 
potential role of DNA methylation of EBF1 in abdominal 
fat deposition in chickens and provided a foundation for 
further studies on the genetic regulation mechanism of 
fat deposition.

Results
Output and quality control of WGBS data for abdominal fat 
tissue
To elucidate the epigenetic mechanism underlying 
abdominal fat deposition, abdominal fat tissues from six 
high-fat (HF) and low-fat (LF) groups were collected for 
WGBS. A total of 233.5G (average of 38.9G per sample) 
and 245.9G (average of 41.0G per sample) raw data were 
generated in the two groups of WGBS (Table  1). After 
quality control, the Q30 value was > 0.86. Unique mapped 
reads of the HF and LF groups accounted for 74% and 
73.8% of the chicken genome, respectively. The average 
sequencing depth was approximately 30× (Fig. 1A). The 
effective coverage of CpG sites was approximately 80% 

Table 1  The summary of data generated by genome-wide bisulfite sequencing
Samples Raw reads Raw 

bases
(G)

Clean reads Clean 
bases 
(G)

Clean 
Q30 Bases 
Rate(%)

Mapped 
Reads

Mapped 
Ratio (%)

Unique 
Mapped 
Reads

Unique 
Mapped 
Ratio(%)

HF1 257,266,250 38.6 247,780,782 37.2 88.03 188,709,464 76.16 186,494,542 75.3
HF2 271,670,374 40.8 260,846,236 39.1 89.4 194,095,176 74.41 192,093,452 73.6
HF3 243,000,918 36.5 233,080,882 35 87.84 173,417,556 74.4 171,375,900 73.5
HF4 281,066,904 42.2 271,644,800 40.7 88.3 207,567,834 76.41 205,063,956 75.5
HF5 263,637,888 39.5 251,558,724 37.7 89.47 186,918,234 74.3 185,035,114 73.6
HF6 239,692,892 36 232,140,290 34.8 90.41 170,403,884 73.41 168,142,214 72.4
LF1 219,016,470 32.9 209,983,650 31.5 90.21 161,957,256 77.13 159,957,366 76.2
LF2 270,959,478 40.6 257,890,644 38.7 86.61 186,544,812 72.33 184,244,888 71.4
LF3 302,452,046 45.4 289,669,886 43.5 87.61 218,754,046 75.52 216,186,458 74.6
LF4 253,064,090 38 243,479,716 36.5 89.39 187,073,572 76.83 184,754,824 75.9
LF5 287,761,978 43.2 274,251,108 41.1 87.18 201,119,304 73.33 198,522,844 72.4
LF6 306,383,992 46 292,071,680 43.8 86.62 213,966,026 73.26 211,387,184 72.4
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(Fig.  1B and Supplementary File 1: Tables S1, and S2). 
These findings suggested the reliability of the sequencing 
outcomes.

Global DNA Methylation Patterns in high and low-fat 
chickens
In LF chicken abdominal fat tissue, the number of cyto-
sines in the CHG and CHH hypermethylated states (50-
100%) was greater than that in HF chicken, whereas the 
opposite was true in the hypomethylated state (10-50%). 
The number of CG-type cytosine in HF chicken abdomi-
nal fat tissue containing “bumps” in the region close to 
100% methylation, was significantly higher than that in 
the LF (Fig.  2A). The total DNA methylation levels of 
cytosine (C) in the HF and LF chickens were 3.35% and 
3.40%, respectively (Table 2). In HF broilers, 58.40% CG, 
0.67% CHG, and 0.68% CHH were methylated, whereas 
in LF broilers, 58.95% CG, 0.65% CHG, and 0.65% CHH 
were methylated. A comparison of the overall methylcy-
tosine content of HF and LF indicates that LF exhibits a 
higher level of methylation than HF. However, the pro-
portion of CG, CHG, and CHH in HF and LF is found 
to be similar. (Figure 2B and C). The results of the motif 
analysis indicate that there was no preference for bases 
near methylated cytosines between HF and LF. However, 
the methylated cytosines exhibited a preference for being 
located in CHG and CHH (H = A > T). (Fig. 2D).

Functional characterization of differentially methylated 
genes (DMGs)
A total of 1877 differentially methylated regions (DMRs) 
were identified (Supplementary File 1: Table S3). The 
circos map displays the P-values of the DMRs, the num-
ber of DMRs, and the average methylation levels of dif-
ferences in the chicken chromosomes (1–33 and Z) 
(Fig.  3A). A statistical analysis of the location of DMRs 

in adipose tissue revealed that the majority of DMRs are 
situated in intron and distal intergenic regions, followed 
by exon. A small number of DMRs were also identified 
in other regions (Fig. 3B). Of these DMRs, 56.05% were 
hypomethylated and 43.95% were hypermethylated in HF 
chicken abdominal fat tissue. The average length of DMRs 
was approximately 200 bp (Fig. 3D). In order to investi-
gate the potential biological role of DMGs, a total of 1455 
DMGs were analyzed using the Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways. The findings of this study revealed that the 
DMGs were primarily enriched in integral components 
of the membrane, the nucleus, ATP binding, metabolic 
pathways, calcium signaling pathways, mitogen-activated 
protein kinase (MAPK) signaling pathways, the regula-
tion of actin cytoskeleton, and the Wnt signaling pathway 
(Fig. 3C and E). In addition, several fat-related pathways 
were enriched (Supplementary File 1: Table S4). Among 
these, SLC45A3, EBF1, PLA2G15, and ACAD9 were 
found to be associated with lipid metabolism.

Comprehensive analysis of RNA-Seq and WGBS
To explore whether the candidate DMGs were related 
to abdominal fat deposition, we comprehensively ana-
lyzed the WGBS and RNA-Seq data obtained from the 
same sample in our previous study [34]. RNA-Seq results 
showed that many lipid-related genes, such as LPIN1, 
MOGAT2, DGAT2, ABHD5, ACBD5, and FABP1 were 
differentially expressed. Our comprehensive analysis 
revealed 12 (hypermethylated and significantly down-
regulated) and 22 (hypomethylated and significantly 
up-regulated) DMR genes in the abdominal fat tissue 
of HF and LF groups (Fig. 4A). A cluster analysis of dif-
ferentially methylated differential genes revealed that 26 
genes were up-regulated and 22 genes were down-regu-
lated in HF groups (Fig. 4B). GO enrichment analysis of 

Fig. 1  Quality analysis of DNA methylation data in chicken between the high-fat and low-fat groups. (A) The average sequencing depth. (B) The effective 
coverage of CpG sites
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differential genes with differential DNA methylation was 
performed. A review of the top ten enrichment items 
reveals that the primary enrichment is observed in metal 
ion binding, positive regulation of transcription, and pos-
itive regulation of transcription (Fig. 4C). Protein-protein 

interaction (PPI) network analysis revealed a strong cor-
relation between these genes (Fig.  4D). Studies have 
shown that EBF1 is associated with fat development [32, 
33]. In the HF group, EBF1 methylation lever exhibited a 
significant decrease in methylation, while mRNA expres-
sion exhibited a significant increase.

Methylation inhibits EBF1 expression and EBF1 inhibits 
preadipocyte the differentiation
Sequencing analysis revealed that EBF1 methylation was 
negatively correlated with its expression level. Follow-
ing treatment of the cells with 5-Aza-dc, demethylation 
of the modification site was observed through Bisulfite 
treatment and Sanger sequencing (Fig.  5A). After the 
cells were treated with 5-Aza-dc and betaine, the qPCR 
results revealed that EBF1 expression was negatively cor-
related with the degree of methylation modification, and 
EBF1 expression decreased as the degree of methylation 
modification increased (Fig.  5B and C). Furthermore, 
the qPCR results revealed that EBF1 was differentially 
expressed in the HF and LF groups (Fig. 5D). EBF1 was 
enriched in PPARA activated genes. To further inves-
tigate the role of EBF1 in fat deposition, sodium ole-
ate was used to induce ICP-1 differentiation, and EBF1 

Table 2  Total methylation level statistics of abdominal lipid 
genome
Sample C(%) CG(%) CHG(%) CHH(%)
HF1 3.41 58.20 0.70 0.70
HF2 3.25 59.10 0.70 0.70
HF3 3.34 58.00 0.60 0.70
HF4 3.45 57.90 0.70 0.70
HF5 3.30 60.30 0.70 0.70
HF6 3.32 56.90 0.60 0.60
LF1 3.37 58.50 0.60 0.60
LF2 3.30 58.00 0.60 0.60
LF3 3.35 57.70 0.70 0.70
LF4 3.50 59.60 0.70 0.70
LF5 3.40 59.40 0.60 0.60
LF6 3.49 60.50 0.70 0.70
Mean-HF 3.35 58.40 0.67 0.68
Mean-LF 3.40 58.95 0.65 0.65
P 0.228 0.414 0.599 0.26

Fig. 2  Preference for methylated cytosine between the High-fat and Low-fat groups. (A)The number of cytosine analyses of CG, CHG, and CHH. (B, C) 
Analysis of the proportion of CG, CHG, and CHH. (D) Markedly different motif types in the High-fat group and the Low-fat groups
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Fig. 3  Functional analysis of differentially methylated genes. (A) The distribution of DMRs on chromosomes (B) Location analysis of differentially methyla-
tion regions. (D) The average length of DMGs. (C, E) The GO enrichment analysis and KEGG pathways of DMGs
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expression of mRNA and protein decreased following 
differentiation (Fig.  5E and F). Oil red staining revealed 
that EBF1 inhibited preadipocyte differentiation (Fig. 5G-
I). In addition, qPCR results showed that the expression 
of differentiation-related genes PPARγ, C/EBPα, C/EBPβ, 
ADIPOR1, and LPL decreased after overexpression of 
EBF1 (Fig. 5J). At the protein level, EBF1 inhibited PPARγ 
expression, suggesting that EBF1 inhibited adipose differ-
entiation through the PPARγ axis (Fig. 5K).

Discussion
Abdominal fat deposits have been linked to several dis-
orders, and research has indicated that DNA methylation 
plays a significant role in the metabolism of adipose tis-
sue and lipids in a range of animals, including chickens 
[25, 30]. In this study, WGBS sequencing revealed dif-
ferential DNA methylation modifications, of EBF1. A 

combined analysis using previously studied RNA-seq 
data revealed that EBF1 had a higher level of DNA meth-
ylation in the low-fat group but lower mRNA expression. 
Based on sequencing data, we validated the cell func-
tion of EBF1 and found that DNA methylation affects its 
expression. 5-Aza-dc has been demonstrated to inhibit 
DNA methyltransferase and promotes EBF1 expression, 
whereas betaine inhibits EBF1 expression. Moreover, 
our findings indicate that EBF1 plays a regulatory role in 
the differentiation of precursor adipocytes through the 
PPAR-β signaling pathway.

To explore the relationship between DNA methylation 
and abdominal fat deposition in chickens, we compared 
whole-gene methylation in abdominal adipose tissues from 
the HF and LF groups. Our finding indicate that HF chick-
ens exhibited lower overall methylation levels than LF chick-
ens. This result contradicts Gong’s findings [35]. It has been 

Fig. 4  Combined analysis of RNA-seq and WGBS. (A) Four quadrants between differential expression genes and DMGs. (B) A cluster analysis of differen-
tial genes with differential DNA methylation was conducted. (C) The GO was performed for differential genes with differential DNA methylation. (D) PPI 
analysis was performed on differential genes with differential DNA methylation
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Fig. 5 (See legend on next page.)
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demonstrated that the levels of DNA methylation of specific 
genes fluctuate with age [36, 37]. In the study conducted by 
Gong et al., chickens at seven weeks of age were utilized, 
whereas in the present experiment, chickens at 100 days of 
age were employed. It can therefore be hypothesized that 
the alterations in DNA methylation levels of specific genes 
resulting from the age discrepancy between the chickens 
may be the underlying cause of the observed overall differ-
ence. The DNA methylation pattern observed in this study 
was predominantly GC, which is in accordance with the 
findings of Luo et al. [38]. Additionally, the majority of the 
differential DMRs were identified within introns, a result 
that aligns with the conclusions of Lu et al. [39]. The study 
by Wang et al. demonstrated that DMRs are predominantly 
located at the 5’ end in liver lipid metabolism. In contrast, 
this study revealed that they are primarily situated within 
introns [40]. Given that DNA methylation is susceptible to 
environmental influences, Wang et al. employed a high-fat 
diet and a low-fat diet to construct their model. In contrast, 
this experiment employed a normal feeding regimen, which 
may be a contributing factor to the observed discrepancy in 
the predominant DMR locations.

EBF1 plays a pivotal role in regulating lipid metabolism 
[41–43]. Although previous studies have demonstrated that 
abnormal DNA methylation of EBF1 is associated with vari-
ous diseases [43–45]. To date, no study has focused on its 
role in fat deposition. This study demonstrated for the first 
time that DNA methylation of EBF1 is associated with fat 
deposition. Abnormal DNA methylation of EBF1 was iden-
tified in the WGBS of abdominal adipose tissue in both high 
and low-fat groups, with a lower level of DNA methylation 
in the low-fat group. Treatment of ICP cells with 5-Aza-dc 
was observed to promote EBF1 expression, whereas treat-
ment with betaine was seen to inhibit EBF1 expression. 
The experiments conducted by Napat Armartmuntree and 
colleagues demonstrated a negative correlation between 
DNA methylation of EBF1 and mRNA expression, which 
was consistent with the sequencing results of this experi-
ment [46]. Studies have shown that EBF1 expression is 
linked to lipid metabolism and is enriched in the PPARγ 
pathway [47], Therefore, we investigated their biological 
roles. Using qPCR, oil red staining, and protein analysis, we 
found that EBF1 inhibited adipocyte differentiation via the 
PPARγ pathway. Yasmina et al. showed that miR-365-5p 
and miR-574-5p were highly expressed in obese adults 
and that miR-365-5p and miR-574-5p could target EBF1 
and reduce its expression, which was consistent with our 

reduced expression of EBF1 in the high-fat chicken group 
[48]. Masaaki et al. showed that miR-33b affects the differ-
entiation and development of porcine precursor adipocytes 
by decreasing the expression of EBF1, C/EBPα, and PPARγ 
lipid genes, which is contrary to our findings that EBF1 
inhibits adipocyte differentiation via through the PPARγ 
pathway [49]. This could be attributed to species differences 
or to DNA methylation. Further investigation is required to 
determine the specific reasons for these differences.

Conclusion
In summary, our findings indicate that EBF1 expression 
and the level of DNA methylation differ in the low-fat 
group. In addition, cytological experiments revealed 
that DNA methylation of EBF1 affects EBF1 expression. 
EBF1 also regulates ICP-1 differentiation via the PPARγ 
pathway. The findings of this study provide a theoretical 
framework for investigating the effects of DNA methyla-
tion on adipogenesis.

Materials and methods
Animal experiment and ethics statement
The animals used in this study were supported by Wens. 158 
Sanhuang broilers were put in a cage after birth and were fed 
ad libitum. When they reach the age of 100 days, they were 
euthanized by cervical dislocation. Weight and abdominal 
fat weight were measured. The abdominal fat tissues were 
collected and stored in a refrigerator at -80  °C. Accord-
ing to the abdominal fat rate (abdominal fat rate = abdomi-
nal fat weight/live weight*100%), Twelve individuals were 
selected and divided into high-fat group (HF) and low-fat 
group (LF), with 6 in each group. The measurement data 
of 12 individuals are shown in Table 3. The animal experi-
ments conducted in this study were approved (license ID: 
SCAU#2017015; September 13, 2017) by the Animal Care 
Committee of South China Agricultural University.

Whole-genome bisulfite sequence (WGBS)
Twelve 100-day-old ad libitum Sanhuang broilers were 
euthanized, and their abdominal fat tissues were col-
lected. DNA extracted from the 12 abdominal fat tissues, 
were sent to Annoroad Gene Technology (Beijing) Co., 
Ltd. for WGBS.

DNA extraction and total RNA extraction
The DNA was extracted using DNA extraction kit 
(TAKARA, Japan) according to the manufacturer’s 

(See figure on previous page.)
Fig. 5  The DNA methylation of EBF1 affects adipogenesis differentiation. (A) DNA methylation levels of cells treated with 5-Aza-dc and DMSO. (B, C) Cells 
were treated with 5-Aza-dc and betaine to detect the relative expression of EBF1. (D) Relative expression of EBF1 in High-fat chicken and Low-fat chicken. 
(E, F) The expression of mRNA and protein in EBF1 before and after the differentiation of preadipocytes was investigated. (G) Detection of transfection 
efficiency of EBF1. (H, I) Oil red staining showed the influence of EBF1 on grease drops. (J) Relative mRNA expression of PPARγ, C/ EBPα, C/ EBPβ, ADIPOR1, 
and LPL in ICP-1 cells. (K) Western blot for PPARγ protein in ICP-1 cells after EBF1 transfection, full-length blots are presented in Supplementary file 2 A. 
Data presented as mean ± SEM, *P < 0.05; **P < 0.01; ns: no significance
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instructions. MagZol Reagent (Magen, Guangdong, 
China) was used for extracting total RNA from abdomi-
nal fat tissues and cells according to the manufacturer’s 
instructions.

Bisulfite treatment and Sanger sequencing
Primers are designed by Methyl Primer Express v1.0. The 
DNA was extracted and amplified. Following the recov-
ery of the PCR amplification products by cutting the 
glue, they were connected to the T vector with the use 
of a TA cloning kit. The connected products were then 
transformed into coated plates, after which the mono-
clonal plaque was sent to the sequencing department for 
sequencing. A total of 10 monoclones were selected from 
each plate for sequencing.

Reverse transcription and Real-time quantitative PCR 
(RT-qPCR)
To validate the gene expression changes, total RNA was 
reverse transcribed using PrimescriptTM RT Reagent 
Kit with gDNA Eraser (Takara, Japan), and qRT-PCR 
was performed with ChamQ Universal SYBR qPCR Mas-
ter Mix (Vazyme, Nanjing, China). qRT-PCR was per-
formed using ABI QuantStudio 5 instrument (Thermo 
Fisher, NY, USA). Relative expression was calculated 
using GAPDH as a reference gene and comparative cycle 
threshold method (2−ΔΔCt). The primers used in qPCR 
were designed by Premier Primer 5.0 software and the 
primer sequences are listed in Supplementary file 1: 
Table S5.

Data analysis of differential methylation genes
The software and parameters used in the align of the 
WGBS data refer to the paper published by Krueger and 
Andrews [50]. GCF_016700215.2 is used as the reference 
genome (downloaded from ​h​t​t​p​​s​:​/​​/​d​o​w​​n​l​​o​a​d​​.​c​n​​c​b​.​a​​c​.​​c​n​/​​

a​s​s​​e​m​b​l​​y​/​​n​c​b​​i​/​A​​n​i​m​a​​l​s​​/​G​C​​F​/​0​​1​6​/​7​​0​0​​/​G​a​​l​l​u​​s​_​g​a​​l​l​​u​s​_​​c​h​i​​
c​k​e​n​​_​b​​G​a​l​​G​a​l​​1​.​p​a​​t​.​​w​h​i​​t​e​l​​e​g​h​o​​r​n​​l​a​y​​e​r​.​​G​R​C​g​​7​w​​_​W​Z​​_​G​C​​
F​_​0​1​​6​7​​0​0​2​​1​5​.​​2​/​G​C​​F​_​​0​1​6​​7​0​0​​2​1​5​.​​2​_​​b​G​a​​l​G​a​​l​1​.​p​​a​t​​.​w​h​i​t​e​l​
e​g​h​o​r​n​l​a​y​e​r​.​G​R​C​g​7​w​_​g​e​n​o​m​i​c​.​f​n​a​.​g​z, and the matching 
annotation file is downloaded from ​h​t​t​p​​s​:​/​​/​d​o​w​​n​l​​o​a​d​​.​c​n​​
c​b​.​a​​c​.​​c​n​/​​a​s​s​​e​m​b​l​​y​/​​n​c​b​​i​/​A​​n​i​m​a​​l​s​​/​G​C​​F​/​0​​1​6​/​7​​0​0​​/​G​a​​l​l​u​​s​_​
g​a​​l​l​​u​s​_​​c​h​i​​c​k​e​n​​_​b​​G​a​l​​G​a​l​​1​.​p​a​​t​.​​w​h​i​​t​e​l​​e​g​h​o​​r​n​​l​a​y​​e​r​.​​G​R​C​g​​7​
w​​_​W​Z​​_​G​C​​F​_​0​1​​6​7​​0​0​2​​1​5​.​​2​/​G​C​​F​_​​0​1​6​​7​0​0​​2​1​5​.​​2​_​​b​G​a​​l​G​a​​l​1​
.​p​​a​t​​.​w​h​i​t​e​l​e​g​h​o​r​n​l​a​y​e​r​.​G​R​C​g​7​w​_​g​e​n​o​m​i​c​.​g​f​f​.​g​z). ​M​e​t​h​y​
l​a​t​i​o​n level difference more than 40% and q value ≤ 0.05 
were considered as the cut off differentially methylated 
C sites (DMC). DMR analysis was performed by R pack-
age methylKit.V.0.9.2 [51] and eDMR.V.0.5.1 [52], and the 
standard is that the coverage depth of a single site is at 
least 10 on the same genomic location in multiple sam-
ples, contains at least 4 CpGs and 1 DMC, and one area 
with an average differential methylation level greater than 
25%. We define the DMGs as the genes that overlap with 
the location of DMR.

GO/KEGG enrichment analysis and PPI network analysis
We performed Gene Ontology (GO) analysis and KEGG 
enrichment analysis for DMGs. PPI analysis is carried 
out in STRING (https://string-db.org/).

Cell culture and cell transfection
ICP-1 was cultured in a mixture of DMEM and DMEM/ 
F12 (Gibco, CA, United States) mixed with 15% fetal 
bovine serum (Gibco, CA, United States) and 1% strep-
tomycin/penicillin. And then put it in an incubator 37℃ 
and 5% CO2 (Invitrogen, CA, United States, United 
States). The plasmids transfection was performed accord-
ing to Lipofectamine 3000 (Invitrogen, CA, United 
States) instructions. Transfection doses for 12-well plate 
was 1 µg/ well.

Plasmids construction
The complete CDS sequence of EBF1 (NM_001397656.1) 
was subcloned into the Nhe I and Kpn I sites of the 
pcDNA3.1 vector (Promega, WI, United States) 
by TSINGKE (Beijing, China), and then named 
pcDNA3.1-EBF1.

Oil red O staining
A medium with 15% fetal bovine serum and 0.2% oleic 
acid (Sigma, CA, United States) was used to induce pre-
adipocyte differentiation after 6 h of transfection. 300 µL 
of 4% paraformaldehyde was used to fix the cells at room 
temperature for 30  min after induction for 48  h. Then, 
the Oil red staining test was carried out according to the 
Oil Red O Staining Solution (SolarBio, Beijing, China) 
instructions.

Table 3  Abdominal fat rate of 12 experimental chickens
Individual ID Weight(g) Abdominal fat 

weight(g)
Abdominal 
fat rate(%)

HF1 1602.5 128.8 8.04
HF2 1747.2 146.5 8.38
HF3 1415.8 119.9 8.47
HF4 1735.5 151.6 8.74
HF5 1618.9 155.5 9.61
HF6 1839.7 179.4 9.75
Mean ± SD 1659.93 ± 60.61 146.95 ± 8.58** 8.83 ± 0.28**
LF1 1705.9 66.4 3.89
LF2 1550 56.8 3.66
LF3 1360 50.3 3.7
LF4 1564.8 58.2 3.72
LF5 1419.9 55.6 3.92
LF6 1235.2 34.7 2.81
Mean ± SD 1472.63 ± 68.49 53.67 ± 4.35 3.62 ± 0.17
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https://download.cncb.ac.cn/assembly/ncbi/Animals/GCF/016/700/Gallus_gallus_chicken_bGalGal1.pat.whiteleghornlayer.GRCg7w_WZ_GCF_016700215.2/GCF_016700215.2_bGalGal1.pat.whiteleghornlayer.GRCg7w_genomic.fna.gz
https://download.cncb.ac.cn/assembly/ncbi/Animals/GCF/016/700/Gallus_gallus_chicken_bGalGal1.pat.whiteleghornlayer.GRCg7w_WZ_GCF_016700215.2/GCF_016700215.2_bGalGal1.pat.whiteleghornlayer.GRCg7w_genomic.fna.gz
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https://download.cncb.ac.cn/assembly/ncbi/Animals/GCF/016/700/Gallus_gallus_chicken_bGalGal1.pat.whiteleghornlayer.GRCg7w_WZ_GCF_016700215.2/GCF_016700215.2_bGalGal1.pat.whiteleghornlayer.GRCg7w_genomic.gff.gz
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Western blotting
After 48  h of transfection, proteins were extracted 
from cells. Extract proteins from cells. Protein samples 
were isolated on 10% SDS-PAGE gel (EpiZyme, Shang-
hai, China) and transferred to a polyvinylidene fluo-
ride (PVDF) membrane (Bio-Rad, CA, United States). 
The membrane was placed in a bag with anti-PPARγ (1: 
1,000; bs-0530R, BIOSS), anti-EBF1 (1: 1,000; bs-12116R, 
BIOSS) and anti-GAPDH antibodies (1: 2,000; bsm-
33033 M, BIOSS) at 4℃ for 12 h. The film can be exposed 
by inserting it into an X-ray clamp. Finally, ImageJ soft-
ware was used to measure the gray value (image density) 
of the strip.

Other data analysis
The data represents mean ± SEM. The sample size of each 
experiment is at least three. Student’s t-test and ANOVA 
analysis were performed to determine the statistical 
significance of differences observed between groups. 
*P < 0.05; **P < 0.01; ns: no significance.
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