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The integrative analysis of transcriptome and metabolome reveals differences in raw foie gras performance induced by different force-feeding intensities in male Tianfu meat geese
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We aimed to explore the influence of different force-feeding intensities on foie gras performance. Geese were force-fed with A (force-feeding four times per day and lasting 28 days) and B (force-feeding 5 times per day and lasting 18 days) at two levels of force-feeding intensities in this study. An integrative analysis of the liver transcriptome, amino acid metabolome, and long-chain fatty acid metabolome was performed. In serum, the levels of blood glucose, insulin, triglyceride (TG), and very low-density lipoprotein (VLDL) of the B group were significantly higher than those of the A group (p < 0.05). The B force-feeding intensity induced more severe steatosis in the goose liver. Transcriptome analysis showed that 948 upregulated differentially expressed genes (DEGs) and 519 downregulated DEGs were identified (A vs. B); key DEGs G6PD, IGF1, IGF2, and MLX were upregulated; LPL, IRS1, IRS4, and IGF1R were downregulated. Principal component analysis (PCA) indicated that there was clear separation and discrimination in liver free amino acids profiles and long-chain fatty acids profiles between the A and B groups, respectively. The Lys level of the B group was significantly higher than that of the A group (p < 0.05). The highest enrichment pathway of different amino acids was valine, leucine, and isoleucine biosynthesis, whereas alanine, aspartate, and glutamate metabolism was the pathway involved with the highest impact score. The levels of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), unsaturated fatty acids (UFAs), C14:0, C16:1, C16:0, C18:2n6c, C18:1n9c, and C18:0 of the B group were significantly higher than those of the A group (p < 0.05). The highest impact score pathway related to different fatty acids was linoleic acid metabolism, and the highest enrichment pathway involved in different fatty acids was biosynthesis of unsaturated fatty acids. In conclusion, liver DEGs involved in glucolipid metabolism, different free amino acids, and different fatty acids collectively shaped the foie gras performance difference induced by different force-feeding intensities.
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Introduction

In order to study avian growth, development, metabolism, and reproductive performance, and other problems, researchers often feed birds with different feeding methods or patterns to develop a good model or methodology system for academic experiments. In contrast to ad libitum feeding, there are three common feeding methods: starvation, restricted feeding, and force-feeding (1–3). In practical production, these three methods are also used to control growth or reproductive performance, for example, starvation was used for breeding hens forced molting (4); restricted feeding was used to control body fat deposition of broilers and improve reproductive performance of breeding poultry (5, 6); long-term force-feeding was used to foie gras production, and short-term force-feeding was used to Beijing roast duck fattening (7). The main purpose of force-feeding was to increase body fat deposition (e.g., roast duck) and liver lipid accumulation (e.g., foie gras) in waterfowl production. Previous studies had investigated the influence of feed consumption levels on growth performance, serum biochemical parameters, body fat deposition, liver histology, and apparent digestibility of nutrients in Pekin ducks to determine the optimum amount of feed consumption that maximized the growth performance during the force-feeding period in roast duck production (8–10). Foie gras, the fatty liver of force-fed ducks or geese, is the primary and most valuable product of waterfowl production. However, the feed conversion ratio was very low during ducks or geese force-feeding. In order to avoid excess feed consumption and minimize the accumulation of wastes in foie gras production, the optimum amount of feed consumption in foie gras production of mule ducks was determined (11, 12). However, the influence of different force-feeding intensities on foie gras performance has been seldom reported.

Force-fed geese or ducks’ livers increased in weight and size by 5 to 10 times after overfeeding with a high-energy diet, which was rich in carbohydrates, in 2 weeks. This process was accompanied by severe hepatic steatosis. The distinctive genetic characteristic of waterfowl was exploited in foie gras production (13). However, many studies have shown that when ducks and geese were force-fed excessive feed, nutrient digestibility, absorption, and utilization will inevitably decrease (14). When excessive carbohydrate enters the digestive tract of force-fed ducks or geese, the ducks or geese cannot fully digest the feed and directly discharge it, which can easily cause feed waste and environmental pollution. In addition, foie gras production is extremely controversial because of animal welfare. Thus, how to reduce force-feeding intensity or shorten the force-feeding period becomes an urgent problem to be solved (15). Therefore, in view of these problems, such as feed resource waste, environmental pollution, and animal welfare, it is of great significance to investigate the effects of different force-feeding intensities on foie gras performance. To preliminarily compare the influence of different force-feeding intensities on foie gras performance, ganders were force-fed with A (force-feeding four times per day and lasting 28 days) and B (force-feeding five times per day and lasting 18 days) at two levels of force-feeding intensities in this current study. In addition, the goose liver transcriptome, amino acids metabolome, and long-chain metabolome were conjointly analyzed, which will provide a new insight into the foie gras performance difference caused by different force-feeding intensities. Not only will this study provide a scientific basis for increasing feed utilization, but it will also provide an approach to improving the efficiency of foie gras production. Meanwhile, it will provide not only an idea for decreasing feed cost and environmental pollution, but also a reference to animal welfare.



Methods and materials


Birds and experiment design and sampling

After body weight selection (3,500 ± 100 g), a total of eighty 100-day-old male Tianfu Meat Geese were randomly and evenly divided into A group and B group based on A (force-feeding four times per day and lasting 28 days) and B (force-feeding five times per day and lasting 18 days) two levels of force-feeding intensities, respectively. The geese were force-fed the boiled maize (maize boiled for 5 min, supplemented with 1% plant oil and 1% salt), and allowed ad libitum access to water. After force-feeding started, the force-feeding intake gradually reached 160–200 g (per meal) on the 5th day. The temperature was controlled at 25 °C, and the humidity was maintained at 65 to 70% during force-feeding. When the force-fed geese became lethargic and unable to walk, they were slaughtered in time to avoid high mortality and get better foie gras performance. The rest of the force-fed geese were slaughtered on the 18th and 28th days, individually. After suffering from 12 h of fasting, the force-fed geese were weighed, and blood sampling (10 mL of blood was collected from the wing vein) was conducted. After slaughter, the liver tissues were collected and weighed. Each foie gras sample was divided into three parts: the first part was frozen in liquid nitrogen immediately, and kept at −80 °C for transcriptome sequencing, free amino acids detection and long-chain fatty acids determination; the second was kept at −20 °C for detections of dry matters, crude fat and crude protein; the third part was washed in ice-cold saline (0.9% NaCl; 4 °C) and fixed in 4% formaldehyde-phosphate buffer for histomorphology examination.



Biochemical index examinations of serum

Ten blood samples were randomly selected from each group for the quantification of serum biochemical indices. The collected blood was centrifuged for serum separation (4,000 r/min for 10 min, 4 °C), and the separated serum was stored at −20 °C for follow-up serum parameters determination. The assay kits were provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). According to manufacturer instructions, blood glucose, insulin, triglyceride (TG), total cholesterol (T-CHO), high-density lipoprotein (HDL), and very low-density lipoprotein (VHDL) were detected.



Hepatic steatosis histological examination

The cross-sections from the middle of the liver were preserved in 4% formaldehyde-phosphate buffer and prepared using standard paraffin embedding techniques. Tissue sectioned at 5 μm was stained with hematoxylin and eosin (HE), sealed with neutral resin, and examined using a microscope photography system (Olympus, Tokyo, Japan) (five visual fields were randomly selected at 40 × magnification). According to the manufacturer instructions, Oil Red O (Sigma, United States) staining of liver tissue was performed in following order: the formalin-fixed liver tissue was dehydrated by 10, 20, and 30% sucrose solution in sequence; dehydrated liver tissue was embedded with OCT, and then sliced (10–15 μm) at −20 °C; the section was slightly washed with 50% ethanol after drying; after staining (the washed section was stained with oil red O solution for 8–10 min, the stained section was washed with tap water and then re-stained with hematoxylin violet), the stained section was sealed by glycerin gelatin. Liver tissue slices, which were stained with HE and oil red O, were examined by a microscope photography system (Olympus, Tokyo, Japan).



Determinations of water, crude fat, and crude protein

The water content of liver samples was determined by the freeze-drying method with a vacuum freeze dryer (Thermo Fisher Scientific, United States). Crude fat was determined using the Soxhlet extraction method. Crude protein was measured using the Kjeldahl method. Each sample was performed in triplicate. The detailed methods involved in freeze-drying, Soxhlet extraction, and Kjeldahl determination were strictly implemented in accordance with our previous research (16).



Liver transcriptome sequencing

A total amount of 1 μg RNA, which was isolated from a liver sample, was used as input material for the RNA sample preparations following the manufacturer’s instructions. Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, United States), and index codes were added to attribute sequences to each sample. The RNA samples were reverse-transcribed to cDNA using the PrimeScript™ RT reagent kit with gDNA Eraser (Takara, Japan). The library fragments were purified using the AMPure XP system (Beckman Coulter, Beverly, United States), and the cDNA fragments of preferentially 240 bp in length were selected. Then, 3 μL USER Enzyme (NEB, USA) was used with size-selected, adaptor-ligated cDNA at 37 °C for 15 min, followed by 5 min at 95 °C before PCR. PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers, and an Index (X) Primer. Finally, PCR products were purified with the AMPure XP system (Beckman Coulter, Beverly, United States), and library quality was assessed on the Agilent Bioanalyzer 2,100 system. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v4-cBot-HS (Illumina, United States) according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on the Illumina platform, and paired-end reads were generated. The sequencing was conducted by Baimike Biological Technology Co., Ltd. (Beijing, China).

Raw reads in fastq format were first processed through an in-house Perl script to remove adapter sequences and reads containing poly-N and of low quality. Reference genomes were downloaded directly from the NCBI genome database, and paired-end clean reads were aligned to the reference genome using HISAT2 (17). The DEseq R package was used to identify differentially expressed genes (DEGs) between these two groups (A vs. B). The resulting p-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate. DEGs were identified based on the criteria of |log2FoldChange| > 2 and an adjusted p-value of < 0.1. GO function of DEGs was analyzed through online DAVID (v2021) (18).1 In addition, KOBAS (v3.0) software2 was used to predict the significantly enriched KEGG pathways (19).



Determination of liver free amino acids

After grinding, 0.5 g of a fresh liver sample was measured accurately and mixed with 2 mL of 0.01 mol/L HCl in a special tube, which was specifically used for homogenization. After homogenization, the liver tissue homogenate was transferred to a 15-mL centrifugal tube. After centrifugation (8,000 × g, 10 min), the upper solution was transferred to a 10-mL volumetric flask. The settling matter was mixed with 2 mL of 0.01 mol/L HCl and oscillated by vortex oscillator for 2 min, then centrifuged again, and the supernatant was removed into the 10-mL volumetric flask. This process was repeated in triplicate. And then, diluted the supernatant with pure water to volume, and shook (sample solution preparation was finished). Six hundred μL of sample solution and 400 μL of 10% salicylic acid were accurately measured and mixed in a 2-mL centrifuge tube, and kept at 2–8 °C for 60 min (precipitated protein). After centrifugation (12,000 × g, 15 min), 500 μL of the upper solution was transferred to another 2-mL centrifuge tube for vacuum drying. After vacuum drying, the dry matter was dissolved in 1 mL of 0.01 mol/L HCl. The solution was filtered through a 0.22-μm filter membrane into the sample bottle for amino acids determination. Reversed phase high performance liquid chromatography (HPLC) (Agilent 1,260 Infinity LC, Agilent Technologies, United States) was used to detect amino acids. Ortho-phthalaldehyde (OPA) and 9-Fluorenylmethyl Chloroformate (FMOC) were the online derivatization reagents. Chromatograph conditions, automated online derivatization program, gradient elution program, and calculation of amino acids concentration were rigorously performed according to our previous study (16). The area normalization method was used to calculate the relative contents of liver free amino acids.



Determination of liver long-chain fatty acids

An internal standard method was used to determine the long-chain fatty acids in foie gras. Undecylenic acid methyl ester (CAS#: 13552–80-2) (ANPEL, Shanghai, China) was used for the internal standard. Foie gras sample pretreatments were strictly implemented following our previous research (20). Gas chromatograph-mass spectrometry (GC–MS) (890A-5975C, Agilent Technologies, United States) was used to separate and analyze the fatty acid methyl esters. Chromatographic conditions included an HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm) (Agilent Technologies, USA). The temperature program started with an inlet temperature of 220 °C, then held at 60 °C for 2 min, increased to 280 °C at a rate of 6 °C/min, and held for 10 min. The carrier gas was helium (He) with a total flow rate of 1 mL/min and a split ratio of 10:1. Mass spectrometry conditions included an electron energy of 70 eV, ion source temperature of 230 °C, a mass scan range of 50–450 u and a delay time of 3.5 min. Signals were collected in full scan mode. Detailed information on the method for calculating fatty acid concentration is provided in the Supplementary materials - Long-chain fatty acids detection.



Data analysis

T-test and data visualization were performed using GraphPad Prism software (GraphPad 8.0 Software, Inc.) (The data will exhibit the same normal distribution). Values were means ± SD. p < 0.05 was considered a significant difference. Principal component analysis (PCA) was performed by R, with the “ggbiplot” package (21). MetaboAnalyst 6.03 was applied to visualize enrichment analysis and the metabolic pathways involved in amino acids and fatty acids. The KEGG database was used to search for the related KEGG pathways of the fatty acids and amino acids for integrative analysis.




Results


Influence of different force-feeding intensities on foie gras performance

After force-feeding, the liver samples of geese force-fed with different force-feeding intensities were collected and weighed. No significant difference was observed in body weight between the A and B groups after force-feeding (p > 0.05) (Figure 1A). Compared with A intensity, B intensity significantly increased the weight of foie gras (p < 0.05) (Figure 1B). The crude fat content of the B group was higher than that of the A group (p < 0.05). The crude protein content of the A group was higher than that of the B group (p < 0.05). No significant difference was observed in water content between A and B, these two force-feeding intensity groups (p > 0.05) (Figure 1C). Figure 1D shows the influence of different force-feeding intensities on liver lipid deposition in force-fed geese from liver and liver tissue slices. The liver yellowness of the B group was higher than that of the A group. Liver tissue slices stained with HE showed that more fat accumulated in the liver of the B group. Especially, liver tissue slices stained with Oil Red O clearly showed that more lipid droplets were deposited in the hepatocytes of the B group. The results of the influence of different force-feeding intensities on serum parameters are shown in Table 1. The TG level of the B group was significantly higher than that of the A group (p < 0.05). The CHO level of the B group was significantly lower than that of the A group (p < 0.05). Compared with the A group, the B group had significantly higher levels of insulin and blood sugar (p < 0.05). The HDL level of the A group was significantly higher than that of the B group (p < 0.05), and the VLDL level of the B group was significantly higher than that of the A group (p < 0.05) (Table 2).
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FIGURE 1
 Influence of different force-feeding intensities on liver lipid deposition in force-fed geese. (A) Comparison of body weight after force-feeding (n = 40). (B) Comparison of liver weight (n = 40). (C) Comparison of water content, crude fat, and crude protein of foie gras (n = 40). (D) Comparison of foie gras and liver tissue sections of geese force-fed with different force-feeding intensity (n = 3); 1 and 4, geese fatty liver; 2 and 5, liver tissue sections (HE staining, 100x); 3 and 6, liver tissue sections (Oil Red O staining, 200x). Values are means ± SD. Different lowercase letters in the same set indicate differences among treatments at p < 0.05. CP, Coarse protein; CF, Crude fat; DM, Dry matter. A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed 4 times per day and lasting 28 days; B intensity was that geese were force-fed 5 times per day and lasting 18 days.



TABLE 1 Comparison of serum parameters of geese force-fed with different force-feeding intensities.


	
	A
	B
	p-value

 

 	Insulin (mIU/L) 	57.95 ± 10.21 	67.76 ± 8.43 	<0.0001


 	Glucose (mmol/L) 	11.00 ± 3.55 	19.58 ± 5.4 	<0.001


 	TG (mmol/L) 	7.79 ± 3.51 	11.09 ± 2.82 	<0.0001


 	CHO (mmol/L) 	31.5 ± 14.43 	13.33 ± 9.62 	<0.001


 	HDL (mmol/L) 	11.62 ± 3.79 	5.96 ± 2.77 	<0.001


 	VLDL (mmol/L) 	5.37 ± 2.45 	8.03 ± 3.97 	0.02





Values are means ± SD (n = 20). p < 0.05 represents a significant difference. TG, triglyceride; T-CHO, total cholesterol; HDL, high-density lipoprotein; VLDL, very low-density lipoprotein. A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed 4 times per day and lasting 28 days; B intensity was that geese were force-fed five times per day and lasting 18 days.
 


TABLE 2 Comparison of liver amino acids of geese force-fed with different force-feeding intensities (area ratio, %).


	
	A
	B
	p-value

 

 	Asp 	3.84 ± 1.67 	0.66 ± 0.3 	<0.001


 	Glu 	10.23 ± 3.11 	3.32 ± 1.16 	<0.001


 	Ser 	7.25 ± 1.55 	4.73 ± 1.57 	<0.001


 	His 	1.77 ± 0.4 	0.65 ± 0.13 	<0.001


 	Gly 	8.99 ± 1.62 	12.17 ± 3.62 	0.004


 	Thr 	4.62 ± 1.28 	1.02 ± 0.26 	<0.001


 	Arg 	2.83 ± 0.74 	1.74 ± 0.36 	<0.001


 	Ala 	14.04 ± 3.94 	5.38 ± 2.21 	<0.001


 	Tyr 	2.25 ± 1.1 	0.6 ± 0.37 	<0.001


 	Lys 	13.84 ± 2.17 	54.89 ± 8.14 	<0.001


 	Cys 	/ 	/ 	/


 	Val 	6.64 ± 1.58 	1.41 ± 0.38 	<0.001


 	Met 	5.23 ± 0.89 	6.44 ± 1.9 	0.033


 	Phe 	2.53 ± 0.69 	0.57 ± 0.2 	<0.001


 	Ile 	2.99 ± 0.85 	0.39 ± 0.34 	<0.001


 	Leu 	6.18 ± 1.54 	2.56 ± 0.5 	<0.001


 	Pro 	3.27 ± 0.71 	5.77 ± 1.58 	<0.001





Values are means ± SD. A group (n = 15), B group (n = 20). p < 0.05 represents a significant difference. A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed four times per day and lasting 28 days; B intensity was that geese were force-fed five times per day and lasting 18 days. Cysteine is a sulfur-containing amino acid that is easily destroyed under acid hydrolysis conditions; its measured value is inaccurate and therefore omitted. “/” means null value in the Table.
 



Liver transcriptome reveals the foie gras performance difference induced by different force-feeding intensities

Figure 2 depicts the results on the influence of different force-feeding intensities on foie gras performance from the liver transcriptome. The liver samples of geese force-fed with different force-feeding intensities were collected and subjected to transcriptome sequencing. The gene expression level was represented by RPKM, and the RPKM value for each gene was calculated. According to the expression profiles analysis, the clustering diagram and PCA can directly demonstrate the distance and difference between samples. In the present study, hierarchical cluster analysis and PCA showed the distance and difference between liver samples of geese force-fed with different force-feeding intensities (Figures 2A,B). After screening with the standard (|log2FoldChange| > 1 and p < 0.05), the DEGs were identified between the A group and the B group (A vs. B). A total of 1,467 DEGs were obtained. Volcano plots showed that there were 948 upregulated DEGs and 519 downregulated DEGs (Figure 2C). DEGs involved in cell cycle, metabolism, and biosynthesis were presented in the Supplementary Table S1. The gene expression levels of key DEGs involved in glucolipid metabolism (G6PD, IGF1, IGF2, and MLX) were upregulated. The gene expression levels of key DEGs involved in the cell cycle (TP53) were upregulated, whereas the gene expression level of liver lipoprotein lipase (
LPL
) was downregulated. Further, the gene expression levels of key DEGs involved in insulin signal transduction (IRS1, IRS4, and IGF1R) were downregulated. In order to further investigate the biological functions and pathways enrichment of DEGs, GO, and KEGG analyses were performed. GO functional annotation showed that DEGs were enriched in 20 processes, which included three processes related to molecular function, seven processes related to cellular components, and 10 processes related to biological processes. The main enrichment GO processes include the biosynthesis process of carbohydrate derivatives, mitochondrial envelope, kinase activity, hydrolase activity (acting on ester bond), pyrophosphatase activity, regulation of nuclear body membrane, cytoskeleton tissue, regulation of enzyme-linked receptor protein signal pathway, regulation of cell projection tissue, and other biological processes (Figure 2D). KEGG analysis showed that DEGs were primarily enriched in these pathways: Parkinson’s disease, oxidative phosphorylation, retrograde endogenous cannabinoid signal, ribosome, diabetes cardiomyopathy, chemical carcinogenesis, reactive oxygen species, and other signal pathways (Figure 2E).
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FIGURE 2
 Study on the influence of different force-feeding intensities on foie gras performance from liver transcriptome (n = 5). (A), Clustering heat map of differentially expressed genes (A vs B). (B), Principal component analysis (PCA) of differentially expressed genes (A vs B). (C), Volcano plots of differentially expressed genes (A vs B). (D), KEGG analysis. (E), GO analysis. A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed 4 times per day and lasting 28 days; B intensity was that geese were force-fed 5 times per day and lasting 18 days.




Liver non-targeted amino acids metabolome reveals the foie gras performance difference induced by different force-feeding intensities

Online derivatization was used for the determination of free amino acids in liver using reversed-phase HPLC. As shown in the free amino acid chromatogram, primary amino acids (16 amino acids) were derivatized with OPA (λ = 338 nm), and secondary amino acid (proline) was derivatized with FMOC (λ = 262 nm) (Figure 3A). As shown in Table 3, the comparison of liver free amino acids of geese force-fed with different force-feeding intensities was performed. Compared with the B group, the A group was significantly higher in the levels of Asp., Glu, Ser, His, Gly, Thr, Arg, Ala, Tyr, Val, Met, Phe, Ile, Leu, and Pro. The Lys level of the B group was significantly higher than that of the A group (p < 0.05). In order to better understand the classification and higher level of group separation, the PCA model was used to clarify the different amino acid patterns. The clear separation and discrimination were presented in PCA (Figure 3B), which suggested that different force-feeding intensities induced differences in the liver amino acid pattern. To further explore how the liver responds to different amino acids in response to different force-feeding intensities, MetaboAnalyst6.0-pathway analysis part (see text footnote 3, respectively) was used for pathway analysis and enrichment analysis. Based on the pathway impact scores and -ln p-value (Supplementary Table S2), the primary metabolic pathways were screened and visualized in the amino acid metabolome view map (Figure 3C). These pathways were mainly involved in the biosynthesis of valine, leucine, and isoleucine, histidine metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis, alanine, aspartate, and glutamate metabolism, phenylalanine metabolism, valine, leucine, and isoleucine degradation, arginine biosynthesis, pantothenate and CoA biosynthesis. Alanine, aspartate, and glutamate metabolism and phenylalanine metabolism were the highest impact score pathways. Enrichment analysis showed that the top five significantly enriched KEGG pathways included valine, leucine, and isoleucine biosynthesis, histidine metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis, and alanine, aspartate, and glutamate metabolism and phenylalanine metabolism (Figure 3D).
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FIGURE 3
 Study on the influence of different force-feeding intensities on foie gras performance from liver amino acid metabolome analysis (A vs B) [(A), n = 15; (B) n = 20]. (A) Amino acid HPLC digital fingerprint. (B) Liver amino acids profile analysis - Principal component analysis (PCA). (C) Pathway impact of significant metabolic pathways. (D) Enrichment analysis map. (C,D) these two view maps were generated from MetaboAnalyst6.0. A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed four times per day and lasting 28 days; B intensity was that geese were force-fed five times per day and lasting 18 days.



TABLE 3 Comparison of liver long-chain fatty acids of geese force-fed with different force-feeding intensities (g/100 g).


	
	A
	B
	p-value

 

 	SFA 	9.01 ± 4.65 	40.61 ± 9.19 	<0.001


 	MUFA 	5.72 ± 4.57 	34.61 ± 8.27 	<0.001


 	PUFA 	4.33 ± 1.65 	3.46 ± 1.08 	0.068


 	UFA 	10.06 ± 3.73 	38.07 ± 8.91 	<0.001


 	UFA/SFA 	1.18 ± 0.17 	0.94 ± 0.085 	<0.001


 	C14:0 	0.07 ± 0.11 	1.02 ± 0.36 	<0.001


 	C16:1 	0.61 ± 0.68 	6.44 ± 2.24 	<0.001


 	C16:0 	4.67 ± 2.78 	24.01 ± 6.08 	<0.001


 	C18:2n6c 	1.15 ± 0.44 	1.68 ± 0.86 	0.037


 	C18:1n9c 	5.1 ± 3.95 	28.16 ± 6.58 	<0.001


 	C18:0 	4.26 ± 1.93 	15.58 ± 3.25 	<0.001


 	C20:4n6 	2.99 ± 1.25 	1.79 ± 0.73 	0.001


 	C22:6n3 	0.2 ± 0.18 	0 ± 0 	<0.001





Values are means ± SD. A group (n = 15), B group (n = 20). p < 0.05 represents a significant difference. A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed four times per day and lasting 28 days; B intensity was that geese were force-fed five times per day and lasting 18 days. MUFA, polyunsaturated fatty acid; PUFA, monounsaturated fatty acid; UFA, unsaturated fatty acids; SFA, saturated fatty acid.
 



Targeted long-chain fatty acids metabolome reveals the foie gras performance difference induced by different force-feeding intensities

The long-chain fatty acids in foie gras were separated by GC–MS. The chromatogram scanning showed that long-chain fatty acids could be well separated (Figure 4A). The comparison results of liver long-chain fatty acids of geese force-fed with different force-feeding intensities are presented in Table 3. Compared with the A group, the B group had higher levels of SFA, MUFA, UFA, C14:0, C16:1, C16:0, C18:2n6c, C18:1n9c, and C18:0 (p < 0.05). The levels of C20:4n6 and C22:6n3 of the A group were higher than those of the B group (p < 0.05). No significant difference was observed between the A and B groups in the level of PUFA (p > 0.05). The ratio of UFA to SFA of the A group was higher than that of the B group (p < 0.05). To further reveal the differences in long-chain fatty acid profiles between the A and B groups, PCA was performed (Figure 4B). PCA presented the clear separation and discrimination between these two groups, which suggested that different force-feeding intensities induced differences in the liver fatty acids pattern. In addition, SFA, MUFA, UFA, C14:0, C16:1, C16:0, C18:2n6c, C18:1n9c, and C18:0 had a greater contribution to the B group, and C20:4n6 had a greater contribution to the A group. Both Pathway and enrichment analyses were performed to investigate further how the liver responds to different fatty acids in response to different force-feeding intensities (Supplementary Table S3). Visualization results from MetaboAnalyst6.0 software showed that pathways involved different fatty acids enriched biosynthesis of unsaturated fatty acids, linoleic acid metabolism, fatty acid elongation, fatty acid degradation, arachidonic acid metabolism, and fatty acid biosynthesis, and the highest impact score pathway was linoleic acid metabolism (Figures 4C,D).

[image: The image contains four panels labeled A to D. Panel A shows two chromatograms: A1 with multiple red peaks and A2 with fewer green peaks. Panel B is a PCA plot with two groups, red and blue, showing data clustering. Panel C is a pathway impact plot highlighting the biosynthesis of unsaturated fatty acids. Panel D is a bubble chart of enriched metabolic sets, with the largest bubble at biosynthesis of unsaturated fatty acids, indicating high enrichment and significance.]

FIGURE 4
 Study on the influence of different force-feeding intensities on foie gras performance from liver long-chain fatty acids profile analysis (A vs B) [(A) n = 15; (B) n = 20]. (A) Long-chain fatty acids digital fingerprint (A1, long-chain fatty acids standard sample; A2, liver sample). (B) Long-chain fatty acids profile analysis - principal component analysis (PCA). (C) Pathway impact of significant metabolic pathways. (D) Enrichment analysis of long-chain fatty acids. (C,D) these two view maps were generated from MetaboAnalyst6.0. A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed 4 times per day and lasting 28 days; B intensity was that geese were force-fed 5 times per day and lasting 18 days.




Study on the influence of different force-feeding intensities on foie gras performance from integrative analysis of transcriptome and metabolome

To more comprehensively present the interaction between the transcriptome, amino acids, and long-chain fatty acids, which responded to different force-feeding intensities, a conjoint analysis involving transcriptome and metabolome was performed. The KEGG database4 was used to search for the related KEGG pathways of the fatty acids and amino acids. KEGG pathways involved in metabolism, transcriptome, amino acids metabolome, and long-chain fatty acids metabolome were integrated (Figure 5). As shown in the results, amino acids mainly participated in amino acid metabolism, such as alanine, aspartic acid, glutamic acid metabolism, arginine biosynthesis, amino acid biosynthesis, cysteine and methionine metabolism, dextran amino acid metabolism, glycine, serine, threonine metabolism, histidine metabolism, lysine biosynthesis, and phenylalanine metabolism. In addition, not only did serine mediate amino acid metabolism, but also glycerol phospholipid metabolism and sphingolipid metabolism (lipid metabolism). Fatty acids mainly mediate lipid metabolism pathways. C16:0 mediated the biosynthesis of unsaturated fatty acids and fatty acid metabolism. C18:2 and C20:4 participated in linoleic acid metabolism. C20:4 mediated arachidonic acid metabolism. C14:0, C16:0, and C18:0 mediated the biosynthesis of fatty acids. Liver transcriptome, amino acids metabolome, and long-chain fatty acids metabolome collectively responded to different force-feeding intensities, and co-shaped foie gras performance difference induced by different force-feeding intensities.

[image: Circular diagram divided into sectors representing metabolic pathways. The diagram is labeled with letters A through R and A1 through A9. Inner sections labeled "Amino acids metabolism" and "Glucolipid metabolism." An adjacent table lists pathways like glycerophospholipid, fat digestion, and amino acid metabolism. Radial sections contain names of amino acids like Aspartate and Lysine.]

FIGURE 5
 Integrative analysis of transcriptome and metabolome (amino acid metabolome and long-chain fatty acids metabolome) reveals the influence of different force-feeding intensities on foie gras performance. The circles from the center outward represented the first-tier pathways (the first circle); KEGG pathways (the second circle) involved in DEGs (A vs B); long-chain fatty acids metabolome shared the same pathways with the DEGs from liver transcriptome analysis (the third circle); amino acids metabolome shared the same pathways with the DEGs from liver transcriptome analysis (the fourth circle), respectively. The table on the right illustrates the KEGG pathways (the second circle) involved in DEGs (A vs B). A and B represent two different force-feeding intensities, respectively. An intensity was that geese were force-fed four times per day and lasting 28 days; B intensity was that geese were force-fed five times per day and lasting 18 days.





Discussion

Unlike mammals, waterfowl’s primary site of lipid synthesis is the liver, and the lipids of waterfowl are mainly endogenous and synthesized in the liver. The lipids produced in the liver of waterfowl are mostly transported by VLDL, and the lipids from the diet are mainly transported by chylomicrons. A majority of the chylomicrons and lipids transported by VLDL are deposited in peripheral adipose tissue and muscle after being hydrolyzed by LPL in the blood. Nevertheless, if the transported lipid by lipoprotein is not hydrolyzed by LPL, it will be re-transported to the liver and deposited there through specific lipoprotein receptors in the liver, thus facilitating lipid accumulation in the liver (13). In foie gras production, the geese are force-fed with a large number of high-energy diets, and a large quantity of glucose is used for TG synthesis in the liver. Thus, the synthesized fatty acid far exceeds the degraded fatty acid via β-oxidation, and the rate of TG production far exceeds the rate of TG ex-transportation, which results in a large amount of lipid accumulation in the liver and foie gras formation. In the present study, the serum parameters and DEGs responded to the differences in foie gras performance induced by different force-feeding intensities. The differences in foie gras performance and the levels of glucose, TG, and insulin between groups A and B align with the previous conclusion that force-fed geese had higher levels of glucose, TG, and insulin in serum; the force-fed geese showed better foie gras performance (20). The levels of CHO and HDL of the B group were significantly lower than those of the A group. The levels of HDL and CHO in plasma showed the same tendency in A and B, two force-feeding intensities, which was consistent with the fact that the CHO was transported using HDL as a carrier in plasma (22). The growth of peripheral adipose tissue and fattening of poultry are primarily dependent on the amount and utilization of TG carried by VLDL in plasma. Compared with A force-feeding intensity, B force-feeding intensity down-regulated the gene expression level of LPL. This result indicated that peripheral tissues may not easily use TG transported by lipoprotein and will be re-transported to the liver for deposition. A previous study showed that overfeeding down-regulated the gene expression level of LPL, thus facilitating the lipid accumulation in the liver of overfed geese (23). One of the reasons for foie gras formation may be that the rate of TG synthesis far exceeds the VLDL-TG assembly and secretion in goose liver. The comparison of susceptibility to liver steatosis in two breeds of geese showed that Landes Geese with stronger lipid production ability had lower plasma VLDL concentration and less lipid transport out of the liver after overfeeding; however, Polish Geese with stronger lipid production ability had higher plasma VLDL concentration and more lipid transport out of the liver after force-feeding (22). The results for ducks were the same as those for geese (24). However, in the present study, the serum VLDL level of the B group was higher, which seemingly contradicts the research above. The reason may be due to differences in liver lipid synthesis. The geese showed stronger liver lipid synthesis in B force-feeding intensity, and had stronger VLDL-TG assembly and secretion. A similar result was reported by Liu et al. (25), where Landaise geese with higher foie gras performance also had higher plasma VLDL concentration compared with Xupu Geese after overfeeding.

Amino acids are not only the basic units of proteins, but also important signal molecules that regulate glucolipid metabolism and energy balance. Thus, amino acid metabolism is of great significance to foie gras formation. Given the similarity between non-alcoholic fatty liver disease (NAFLD) and goose fatty liver formation (13), the theory of “gut-liver axis” (26) not only attracted a great deal of attention for disease research, which involves gut and NAFLD, but also was applied to explain the goose fatty liver formation. Metabolomics study reveals DON-induced intestinal toxicity affecting systemic metabolism (27). Wei et al. (28) reported that dietary amino acids have an impact on the microbiome. With the continuous fat accumulation in foie gras formation, the content of proteins and amino acids will continuously decrease per unit weight of liver. In the present study, the liver of the B group showed more severe hepatic steatosis; in contrast, the contents of live amino acids were lower than those of the A group, except for lysine. Intriguingly, the level of lysine was up-regulated in the B group, suggesting that lysine was a potential biomarker for severe hepatic steatosis. Serine-mediated fatty acid metabolism, whose metabolite is pyruvate, involves pyruvate in participating in the tricarboxylic acid (TCA) cycle (29), which aligns with the conjoint analysis of the current study. Conjoint analysis between transcriptome and metabolome (amino acids metabolome and fatty acids metabolome) indicated that Ser participated in glycerol phospholipid metabolism and sphingolipid metabolism. These changes collectively contributed to the development of hepatic steatosis and altered metabolic pathways in force-fed geese, which was consistent with findings in other livestock models where dietary interventions modulated intestinal development and metabolomic profiles (30). As said above, the process of foie gras formation was closely connected with hepatocyte enlargement and proliferation as well as endoplasmic reticulum stress (ERS) and insulin resistance (IR). Compared with A force-fed intensity, B force-fed intensity upregulated the gene expression of DEGs TP53. Our previous studies had demonstrated that TP53 regulated cell proliferation, and its overexpression promoted the proliferation of goose primary hepatocytes (31, 32). As IR, transcriptome analysis showed the gene expression levels of key DEGs involved in insulin signal transduction (IRS1, IRS4, and IGF1R) were downregulated, and the expression levels of IGF1 and IGF2 were upregulated, which suggested that B force-fed intensity induced more drastic IR (33). Branched-chain amino acids (BCAAs, leucine, isoleucine, and valine) metabolism is closely related to insulin resistance, and can lead to IR (34–36). Leucine is a ketogenic amino acid whose metabolites are acetoacetic acid and acetyl-CoA. Isoleucine is a glucogenic and ketogenic amino acid whose metabolite is propionyl-CoA. Valine is a glucogenic amino acid whose metabolite is succinyl-coenzyme A. Under normal circumstances, BCAAs enter the TCA cycle mainly through gluconeogenesis and ketogenesis, thus participating in the conversion between glucose, lipid, and protein. Qian et al. (37) contextualized transcriptional regulation tools. In obese patients and obese animal models, the activity of branched-chain ketoacid dehydrogenase (BCKD) (mainly in muscle and liver) decreased, which led to an elevation of circulating BCAAs levels (38, 39). Studies have shown that elevated circulating BCAAs regulate IR mainly by activating the mammalian target of rapamycin (mTOR) signaling pathway to regulate insulin signal transduction (40, 41). mTORC1 activity was regulated by BCAAs, especially leucine. After mTORC1 activation, serine phosphorylation of insulin receptor substrate 1 (IRS-1) was induced by activation of p70 ribosomal protein S6 kinase 1 (p70S6K1), which inhibited the activity of IRS-1, impaired insulin signal transduction, and induced IR (42). As described above, B force-fed intensity induced more drastic IR compared with A force-fed intensity. However, liver BCAAs levels of the B group were lower. Therefore, the relationship between circulating BCAAs and liver BCAAs needs further investigation. The individual and synergistic mechanisms of liver, muscle, and adipose tissue in coordinating systemic BCAAs metabolism leading to insulin resistance need to be further explored.

It is well known that foie gras formation is mainly because of the imbalance between fatty acid synthesis, transportation, and β-oxidation, leading to excessive fat accumulation in the liver of force-fed geese. Thus, fatty acid metabolism plays a crucial role in foie gras formation. The pentose phosphate pathway produces large amounts of NADPH, which provides a reducing agent for various synthetic reactions in cells, such as the synthesis of fatty acids and sterols. This process is regulated by glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase, which are two key enzymes (43). Compared with A force-feeding intensity, B force-feeding intensity up-regulated gene expression level of G6PD, which indicated that the pentose phosphate pathway will provide more raw materials for fatty acids synthesis in the liver of the B group. In addition, B force-feeding intensity induced a higher glucose level in plasma, which provided more raw materials for fatty acid synthesis in the liver. Correspondingly, foie gras fatty acids profile analysis showed that the contents of SFA and UFA of the B group were significantly higher than those of the A group. On the other hand, the increasing amount of unsaturated fatty acids in the liver of force-fed geese increased the tolerance to hepatic steatosis. It was reported that UFA could inhibit SFA-induced elevation of ceramides and inflammation (44). The fat composition of most mammals consists of saturated fatty acids. Studies have shown that increasing the content of saturated fatty acids changes the content of saturated phospholipids in cell membrane structure, destroys the structure of endoplasmic reticulum, and affects the fluidity of endoplasmic reticulum membrane, causing ERS (45). In contrast, foie gras is rich in unsaturated fatty acids, which can effectively reduce the lipid toxicity caused by the peroxidation of saturated fatty acids. The desaturation process of unsaturated fatty acids can effectively reduce ERS, mitochondrial damage, inflammation, and apoptosis of hepatocytes caused by IR, which is of great significance for maintaining the liver health of force-fed goose (46). In this current research, the levels of monounsaturated fatty acids (C16:1 and C18:1n9c) of the B group were higher than those of the A group. Stearoyl-CoA desaturase (SCD) is a key enzyme that catalyzes the formation of monounsaturated fatty acids (47). A previous study had demonstrated that SCD played a key role in goose fatty liver formation, which made the goose tolerant of a large amount of lipids deposited in the liver (23). In brief, B force-feeding intensity induced more unsaturated fatty acids synthesis in force-fed geese compared with A force-feeding intensity, and a larger amount of UFAs was associated with increased hepatic steatosis and lipid accumulation in the liver of force-fed geese.



Conclusion

This is the first report describing the foie gras performance difference induced by different force-feeding intensities from multi-omics. Force-feeding five times per day and lasting 18 days contributed to higher levels of insulin, glucose, and TG in serum, which resulted in more fat accumulation in foie gras formation. Therefore, decreasing the force-feeding times per day and extending the force-feeding period cannot better promote liver lipid deposition in foie gras production. Conversely, increasing the force-feeding times per day not only achieved better foie gras performance but also shortened the force-feeding period. The DEGs involved in the insulin signaling pathway indicated more severe IR. Different unsaturated fatty acids mediated the biosynthesis of unsaturated fatty acids and fatty acid metabolism. They not only play a role in mediating amino acid metabolism through different free amino acids but also in lipid metabolism. In summary, the liver transcriptome, amino acids metabolome, and long-chain fatty acids metabolome collectively responded to different force-feeding intensities, and co-shaped the liver metabolism landscape difference, resulting from different force-feeding intensities.
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