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Integrative analysis of proteomics and lipidomic profiles reveal the fat deposition and meat quality in Duroc × Guangdong small spotted pig
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Introduction: This study aims to explore the important factors affecting the characteristics of different parts of pork.

Methods: Lipidomics and proteomics methods were used to analyze DAL (differential lipids) and DAPs (differential proteins) in five different parts (longissimus dorsi, belly meat, loin, forelegs and buttocks) of Duhua pig (Duroc × Guangdong small spotted pig), to identify potential pathways affecting meat quality, investigating fat deposition in pork and its lipid-protein interactions.

Results: The results show that TG (triglyceride) is the lipid subclass with the highest proportion in muscle, and the pathway with the most significantly enriched lipids is GP. DAP clustered on several GO terms closely related to lipid metabolism and lipogenesis (lipid binding, lipid metabolism, lipid transport, and lipid regulation). In KEGG analysis, there are two main DAP aggregation pathways related to lipid metabolism, namely Fatty acid degradation and oxidative phosphorylation. In PPI analysis, we screened out 31 core proteins, among which NDUFA6, NDUFA9 and ACO2 are the most critical.

Discussion: PC (phosphatidylcholine) is regulated by SNX5, THBS1, ANXA7, TPP1, CAVIN2, and VDAC2 in the phospholipid binding pathway. TG is regulated by AUH/HADH/ACADM/ACADL/HADHA in the lipid oxidation and lipid modification pathways. Potential biomarkers are rich in SFA, MUFA and PUFA respectively, the amounts of SFA, MUFA and PUFA in the lipid measurement results are consistent with the up- and down-regulation of potential biomarker lipids. This study clarified the differences in protein and lipid compositions in different parts of Duhua pigs and provided data support for revealing the interactions between pork lipids and proteins. These findings provide contributions to the study of intramuscular fat deposition in pork from a genetic and nutritional perspective.
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1 Introduction

China is a major producer and consumer of pork. To obtain high-quality pork that meets today’s market demands, companies and researchers use existing genetic resources to improve and breed pigs. Fat deposition affects the eating quality characteristics of pork such as flavor, juiciness, and tenderness. Consumers show a clear preference for pork with high intramuscular fat (1). Parts with high intramuscular fat content, such as rib eye, pork belly, etc., usually have a higher market price than cuts with lower content.

As the market pursues high-quality pork, the use of genetic resources for improved breeding has become a key means to improve meat quality. In this context, Guangdong small-eared pigs, as the largest breed of local pigs in China, have a large base group and play an important role in meeting market demand. Products developed using Guangdong small-eared pigs are playing an important role in China’s local pork market, occupy a higher share.

Fat deposition directly affects the taste, juiciness, tenderness, and other quality characteristics of pork (2–4). Lipid is a general term for a variety of hydrophobic or amphipathic small molecules, including fatty acids, glycerolipids, glycerophospholipids, sphingolipids, Sterol lipids, glycolipids, pregnenolone lipids and polyethylene, etc. (5). Lipid substances are the main components of biological membrane structures and are also involved in physiological processes, signal transduction and energy reserves (6). Fatty acids exist as molecular structures or independently in cells (7). They can be divided into saturated and unsaturated fatty acids. They have a variety of functions and make important contributions to various aspects such as meat quality, nutritional value and human health (8). They are related to a variety of Disease-related (9–14), among which polyunsaturated fatty acids play a key role in multiple physiological processes (15–18). Protein is one of the main components of pork and affects quality characteristics such as taste and tenderness. The human body needs to obtain some essential amino acids that cannot be synthesized from the diet (19). Animals can convert low-quality proteins and store these nutrients, so that humans can obtain nutrients (20). Meat is an important source of human protein, and pork protein is excellent source of animal protein. Lipidomic systematically studies change in lipid composition and expression of organisms through high-throughput analysis technology, which is crucial to elucidating related biological activity processes and mechanisms. The application of proteomics and mass spectrometry technology reveals the molecular mechanisms behind meat quality and provides data support for exploring the regulatory network between pork lipids and proteins. This study comprehensively applied lipidomic and proteomics technologies to systematically study the changes in lipids and proteins in different parts of pork and look for potential biomarkers related to meat quality. The regulatory network between lipids and proteins provides important clues and contributes to the study of intramuscular fat deposition in pork from a genetic and nutritional perspective.



2 Materials and methods


2.1 Animals and samples

Duhua crossbred pigs from the same pig farm fed the same commercial feed and fattened were selected. After reaching the market weight, 8 pigs were selected, they were fasted for 12 h and slaughtered in the local slaughterhouse according to conventional slaughterhouse procedures. After slaughter, the longissimus dorsi muscle, belly meat, loin, front leg meat, and buttock meat were sampled after removing the visible fat and connective tissue, placed in liquid nitrogen, and stored at-80°C for omics analysis immediately (Figure 1).
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FIGURE 1
 Pork segmentation.




2.2 Lipidomic detection

1. Lipids extraction: Take an appropriate amount of sample, add 200 μL water, MP vortex, add 800 μL MTBE, vortex mix, add 240 μL pre-cooled methanol, vortex mix, ultrasonicate in a low-temperature water bath for 20 min, and leave at room temperature for 30 min, centrifuge at 14000 g and 10°C for 15 min, take the upper organic phase, blow dry with nitrogen, add 200 μL of 90% isopropyl alcohol/acetonitrile solution to reconstitute during mass spectrometry analysis, vortex thoroughly, take 90 μL of the reconstituted solution, and centrifuge at 14000 g and 10°C for 15 min. Min, take the supernatant and inject it for analysis.

2. Chromatographic conditions: The samples were separated using UHPLC Nexera LC-30A ultra-high performance liquid chromatography system. C18 chromatographic column; column temperature 45°C; flow rate 300 μL/min. Mobile phase composition A: acetonitrile aqueous solution (acetonitrile: water = 6:4, v/v) + 0.1% formic acid +0.1 mM ammonium formate, B: acetonitrile isopropanol solution (acetonitrile: isopropanol = 1:9, v/v) +0.1% formic acid +0.1 mM ammonium formate. The gradient elution program is as follows: 0–2 min, B is maintained at 30%; 2–25 min, B changes linearly from 30 to 100%; 25-35 min, B is maintained at 30%. The samples were placed in the autosampler at 10°C during the entire analysis process. In order to avoid the impact caused by instrument detection signal fluctuations, random order is used for continuous analysis of samples.

3. Mass spectrometry conditions: Electrospray ionization (ESI) positive ion and negative ion modes were used for detection, respectively. After the samples were separated by UHPLC, mass spectrometry analysis was performed using a Q Exactive series mass spectrometer (Thermo Scientific™). ESI source conditions are as follows: Heater Temp 300°C, Sheath Gas Flow rate 45 arb, Aux Gas Flow Rate15 arb, Sweep Gas Flow Rate 1arb, spray voltage 3.0KV, Capillary Temp 350°C, S-Lens RF Level 50%, MS 1 scan ranges: 200–1800 The mass-to-charge ratio of lipid molecules and lipid fragments is collected according to the following method: 10 fragment spectra (MS 2 scan, HCD) are collected after each full scan. MS 1 has a resolution of 70,000 at M/Z 200 and MS 2 has a resolution of 17,500 at M/Z 200.

4. Data analysis: Use LipidSearch to perform peak identification, peak extraction, lipid identification (secondary identification) and other processing on lipid molecules and internal standard lipid molecules. The main parameters are precursor tolerance: 5 ppm, product tolerance: 5 ppm, product ion threshold: 5%. The data extracted by LipidSearch are first evaluated for quality, and then analyzed for identification quantity statistics, lipid composition analysis, lipid difference analysis and other data analysis.



2.3 Free fatty acid detection

1. Metabolite extraction: After the sample is slowly thawed at 4°C, take 25 mg of the sample and add 5 mL of dichloromethane-methanol solution (2:1 v/v), vortex to mix, and add 2 mL of gold-labeled water. Wash, remove the layer solution, and blow dry with nitrogen. Add 2 mL of n-hexane, add internal standard, methyl esterify for 0.5 h, add 2 mL of gold-labeled water, absorb 2000 μL of the supernatant, blow dry with nitrogen, add n-hexane to reconstitute, and take the supernatant. Add the solution to the injection bottle and enter the GC–MS for detection. The injection volume is 1 μL, the split ratio is 10:1, and the sample is split.

2. Chromatographic conditions: The sample was separated using a capillary column (Agilent 19091S–433UI: HP-5 ms, 30 mx 250 μm × 0.25 μm) gas chromatography system. Programmed temperature rise: initial temperature 80°C; increase temperature to 180°C at 20°C/min and maintain for 8 min; then increase temperature to 280°C at 5°C/min and maintain for 3 min. The carrier gas was helium with a flow rate of 1.0 mL/min. A QC sample is set for every certain number of experimental samples in the sample queue to detect and evaluate the stability and repeatability of the system.

3. Mass spectrometry conditions: 5977B MSD mass spectrometer (Agilent) was used for mass spectrometry analysis. The 5977B MSD conditions are as follows: inlet temperature 280°C; ion source temperature 230°C; transfer line temperature 250°C. electron impact ionization (EI) source, electron energy 70 eV; use SCAN/SIM mode to detect the object to be measured. MSD ChemStation software was used to extract the chromatographic peak area and retention time. Draw a calibration curve and calculate the content of free fatty acids in the sample.



2.4 Proteomics testing

1. Muscle protein extraction and digestion: Take the samples out from-80°C, add 4 times the volume of lysis buffer (8 M urea, 1% protease inhibitor), and lyse by sonication. Centrifuge at 12,000 g for 10 min at 4°C to remove cell debris, transfer the supernatant to a new centrifuge tube, and measure the protein concentration using a BCA kit. An equal amount of each sample protein was subjected to enzymatic hydrolysis. First, dithiothreitol (DTT) was added to a final concentration of 5 mM and reduced at 56°C for 30 min. Then iodoacetamide (IAA) was added to a final concentration of 11 mM. Incubate at room temperature in the dark for 45 min. Add TEAB to dilute the urea, making sure the concentration is below 2 M. Add trypsin at a ratio of 1:50 (protease: protein, m/m) and hydrolyze overnight. Then add trypsin at a ratio of 1:100 (protease: protein, m/m) and continue enzymatic hydrolysis for 4 h. Use a C18 desalting column to desalt the sample. 100% acetonitrile activates the desalting column, and 0.1% formic acid balances the column. Load the sample onto the column. Then use 0.1% formic acid to wash the column to wash away impurities. Finally, use 50% acetonitrile to elute and collect the flow. Wear liquid and freeze-dry.

2. Protein extract analysis: The peptides were dissolved in liquid chromatography mobile phase A and then separated using the EASY-nLC 1,000 ultra-high performance liquid phase system. Mobile phase A is an aqueous solution containing 0.1% formic acid; mobile phase B is an aqueous solution containing 0.1% formic acid and 80% acetonitrile. Liquid phase gradient setting: 0-10 min, 8% ~ 12% B; 10–102 min, 12% ~ 30% B; 102–133 min, 30% ~ 40% B; 133–134 min, 40% ~ 95% B; 134–150 min, 95% B; flow rate maintained at 600 nL/min. The peptide fragments were separated by the ultra-high performance liquid phase system and then injected into the NSI ion source for ionization and then analyzed using the Orbitrap Exploris™ 480 mass spectrometer with the optional FAIMS Pro™ Interface. The compensation voltage CV switched between −45 and − 65 every 1S. Once, Nanospray Flex™ (NSI) ion source was used, the ion spray voltage was set to 2.0 kV, the ion transfer tube temperature was 320°C, the mass spectrometer adopted the data-dependent acquisition mode, and the full scan range of the mass spectrometer was m/z 350–1,500. The resolution of the first-level mass spectrometry is set to 120,000 (200 m/z), the AGC is 300%, and the maximum injection time of C-trap is 50 ms; the second-level mass spectrometry detection adopts the “Cycle Time” mode, and the resolution of the second-level mass spectrometry is set to 15,000 (200 m/z), the AGC is 75%, the maximum injection time is 22 ms, the peptide fragmentation collision energy is set to 33%, and the mass spectrometry detection raw data (.raw) is generated.

3. Data analysis and screening of differentially expressed proteins: Secondary mass spectrometry data were retrieved using Proteome Discoverer (v2.4.1.15). Search parameter settings: The database is Uniprot database, with anti-library added to calculate the false positive rate (FDR) caused by random matching, and common contaminating libraries added to the database to eliminate the impact of contaminating proteins in the identification results; enzyme digestion The mode is set to Trypsin/P; the number of missing cleavage sites is set to 2; the mass error tolerance of the primary precursor ion for First search and Main search is set to 20 ppm and 5 ppm respectively, and the mass error tolerance of the secondary fragment ion is 20 ppm. Cysteine alkylation was set as a fixed modification, and variable modifications were set as methionine oxidation, protein N-terminal acetylation, and glutamine and asparagine deamidation. The FDR for protein identification and PSM identification was set to 1%. Use GO annotation and KEGG pathways to analyze differentially expressed proteins in different parts of pork.




3 Results


3.1 Lipids in different parts

Comprehensively evaluates the stability of the instrument, the repeatability of the experiment, and the reliability of the data quality through six quality control items, uses UHPLC–MS/MS lipidomic to detect the differences in different combinations of muscle lipids. QC samples were used during the analysis process, and the BPC spectra of the QC samples were overlapped and compared (Figure 2A). The results show that the chromatographic peak response intensity and retention time of each QC sample basically overlap, indicating that the mass spectrometer has good stability when detecting the same substance at different times (21). Therefore, the lipidomic method used in this study has high reproducibility and reliability.
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FIGURE 2
 (A) Positive and negative ion mode base peak overlay spectra of QC samples (B) PCA score plot.


The principal component analysis (PCA) score chart shows (Figure 2B) that the QC samples have an aggregation trend, further indicating that the experimental data is relatively reliable.

Lipid composition refers to the types and proportions of lipids in the sample. Lipid composition analysis is one of the main contents of lipid data analysis. The composition of lipids is sample-specific. Different types of samples, such as cell membranes, mitochondria, endoplasmic reticulum, etc., contain different types and proportions of lipids at steady state. On the other hand, participating in different physiological response processes, the lipid composition will also change accordingly, which will lead to changes in the biophysical properties and functions of the membrane (22). Through lipid composition analysis, a total of 42 lipids were found in five parts of the muscles(S1), among which TG content is the highest, followed by PC and PE; there are certain differences in lipid content between different parts, but the overall trend is the same. As shown in Figure 3, the triglyceride (TG) in LDM is significantly higher than the other four parts, phosphatidylcholine (PC) in BM and PM was higher than LDM, LM and FM, and phosphatidylethanolamine (PE) in PM was higher than the other four sites. This shows that LDM contains higher energy per unit mass, but TG is usually the cause of atherosclerosis and many diseases. PC has dual lipophilic and hydrophilic properties, which plays a positive role in preventing skin moisture loss and clearing blood vessels. Phosphatidylethanolamine (PE) is the most abundant phospholipid in the nervous system and regulates the development and function of neurons (23).

[image: Figure 3]

FIGURE 3
 Lipid composition and quantity statistics.




3.2 Fatty acids in different parts

We organized and drew the data on fatty acid content and differences between different parts of pork. As shown in Figure 4 and Supplementary Figure 1, there are significant (p < 0.05) or extremely significant (p < 0.01) differences in fatty acids between the two groups. Includes: C11:0, C23:0, C8:0, C20:2 N6, C4:0, C15:0, C22:5 N6, C10:0, C20:5 N3, C18:3 N6, C20:3 N3, C22:6 N3, C18:2TTN6, C14:1 N5, C22:5 N3, C17:1 N7, C20:3 N6, C22:4 N6, C20:2 N6, C20:4 N6, C16:1 N7, C18:2 N6, C16:0, C18:1 N9. From the data results, it can be seen that the two fatty acids C4:0 and C18:3 N6 have the most significant differences among different parts, C8:0, C22:5 N3, and C20:3 N6 have the second most significant differences among different parts, and C11:0, C22:5 N6, C22:6 N3, C14:1 N5, C22:4 N6, C20:4 N6, C18:2 N6 are also significantly different between many parts. In addition, it should be noted that the fatty acid content of FM group and PM group is not significant (p > 0.05).

[image: Figure 4]

FIGURE 4
 Fatty acid content and differences in different parts.


The fatty acid content and differences in different parts are shown in Figure 4. The fatty acid profiles of different parts are shown in Table 1. We summarized 12 fatty acids accounting for about 95% of the total fatty acids and three other calculated traits. The SFA, MUFA and PUFA proportions of LDM were 43, 49 and 8% respectively, the SFA, MUFA and PUFA proportions of BM were 41, 46 and 13% respectively, and the SFA, MUFA and PUFA proportions of LM were 43%, respectively., 47 and 10%, the proportions of SFA, MUFA and PUFA of FM were 40, 48 and 12% respectively, and the proportions of SFA, MUFA and PUFA of PM were 41, 47 and 12%, respectively.



TABLE 1 Fatty acid profiles of different parts.
[image: Table1]

The C18:3n-3 and C20:3n-6 of LDM were significantly lower than those of the LM, FM, and PM groups, and the C18:2n-6 and C20:4n-6 were significantly lower than those of the BM, LM, FM, and PM groups (p < 0.05); BM’s C14:0, C1 6: 0, C18:0, C20:0, C16:1 n-7, C18:1n-9, C20:1 n-9 are lower than those of LDM, LM, FM, PM four groups, C18:3n-3, C20:2 n-6 are lower than LM, FM, PM three groups; LM’s C14:0, C16:0, C18:0, C20: 0, C16:1 n-7, C18:1n-9, C20:1 n-9, C18:2n-6, C18:3n-3, C20:2 n-6, C20:3n-6 were significantly higher than those of LDM, BM, FM and PM group; the fatty acid profiles of FM and PM were most similar.

From the perspective of fatty acids, the potentially harmful fatty acids of LM (C14:0, C16:0) are different from the beneficial monounsaturated fatty acids and polyunsaturated fatty acids (C18:1n-9, C20:1n −9, C20: 2n −6, C20:3n-6) are higher in content than other parts, and the content of potentially harmful fatty acids and beneficial monounsaturated fatty acids and polyunsaturated fatty acids in BM are lower than in other parts. Thirteen fatty acids (C13:0, etc.) were not significantly different among the five parts of pork (p > 0.05); C4:0 and C18:3 N6 showed significant(p < 0.05) or extremely significant (p < 0.01) differences among the most groups; followed by C8:0, C22:5 N3, C20:3 N6 and C18:2 N6 showed significant or extremely significant differences among many groups; in addition, C11:0, etc. Seven lipids showed significant or extremely significant differences among some comparison groups; 10 lipids such as C22:2 N6 only showed significant (p < 0.05) or extremely significant (p < 0.01) differences in one comparison group. The SFA we obtained accounted for 40–43% of the total fatty acids, the MUFA accounted for 46–49%, and the PUFA proportion ranged from 8 to 13%. FM has the lowest SFA ratio, LDM and LM have the highest SFA ratio; LDM has the highest MUFA ratio and the lowest PUFA ratio, and BM has the lowest MUFA ratio and the highest PUFA ratio.

Composition of similar fatty acids may be due to similar physiological functions or participation in the same biological process, C14:0, C16:0, C18:0, C20:0, C16:1n −7 and C18:1n-9, C20:1 n-9 and C18:2n-6, C18:3n-3, and C20:3n-6 may have certain relevance in terms of function or biological processes involved.



3.3 Characteristic lipids in different parts

The study found that there are differences in lipid content in different parts of muscles. To further understand the marker lipids in different parts, liquid chromatography-mass spectrometry (LC–MS) was used to determine the lipid differences in LDM, BM, LM, FM and PM. In the comparison between LDM and BM, LM, FM, and PM, a total of 1,103, 645, 544, and 999 lipids were screened out that showed significant differences (p value <0.05); Compared with LM, FM, and PM, 117, 479, and 204 lipids showed significant differences, respectively, in BM; when LM was compared with FM and PM groups, 29 and 43 lipids showed significant differences respectively; when FM and PM were compared, 271 lipids showed significant differences. To improve the reliability of the data, we used VIP to further select the differential lipids initially screened (24). The results are shown in S1, taking the LDM and BM groups as an example, we finally obtained 157 significantly different lipids (DAL, VIP > 1; p < 0.05) for further study, in which 85 lipids were down-regulated and 72 lipids were up-regulated.



3.4 Lipid metabolism pathways

This study identified a total of 286 extremely significantly different lipids (VIP > 1, p < 0.01). To understand the synthesis, degradation and transport processes of lipids in vivo, as well as their relationship with other metabolic pathways, we used the lipid search database to perform metabolic pathway enrichment analysis of the identified lipids (Figure 5). The results showed that GP metabolism is the most important lipid metabolism pathway, followed by SP and GL metabolism. This result is consistent with previous results on lipid metabolism pathways in different parts of donkey meat (23).
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FIGURE 5
 Differential lipid metabolism pathway enrichment in different parts.


These three pathways may be the key metabolic pathways leading to lipid differences in different parts of Duhua pigs (25). After sorting the data, it can be concluded that compared with LDM and BM, the TG level in GL metabolism is significantly higher than CL, DG, and MG; compared with LDM and LM, the PE level in GL metabolism is significantly higher than CL and PC; LDM and FM compared with BM, the PC level in GL metabolism is close to the PE level; compared with LDM and PM, the PC level is slightly higher than PE; compared with BM and LM, the GP metabolism and GL metabolism levels are consistent; compared with BM and FM, the PC level in GL metabolism is slightly higher than that of PE. TG levels were significantly higher than DG and MG; BM compared with PM, PC levels in GP metabolism were significantly higher than CL and PG; LM compared with FM, SPH levels in SP metabolism were higher than CerP; LM compared with PM, The level of SPH in SP metabolism was higher than that of SM and SPHP; compared with PM, the level of PC in GP metabolism was significantly higher than that of FM. These results show that, there are differences in the metabolic pathways of GP, GL, and SP in different combinations of parts of Duhua, resulting in differences in the metabolic levels of certain lipids (such as TG, PC and PE). It provides important information for increasing the IMF content of pork and improving the flavor of pork.



3.5 Protein identification and quantification

To detect the protein expression patterns in different parts of Duhua pig, five longissimus dorsi muscles (LDM), belly meat (BM), loin meat (LM), foreleg meat (FM), and hip tip meat (PM) were selected, 15 samples from the site were analyzed by DIA proteomics (26–28). A total of 3,333 proteins and 22,970 peptides were identified in these samples, consistent with the abundance and normal distribution of the identified proteins.

Comparing the proteins identified in each group, the number of differential proteins between the three groups of LDM vs. BM, LDM vs. LM, and LDM vs. PM was higher than that of other groups. Among the identified proteins, compared with the BM group, the expression of 59 proteins was significantly up-regulated (FC ≥ 1.5, value of p ≤ 0.05), and the expression of 394 proteins was significantly down-regulated (FC ≤ 0.67, value of p ≤ 0.05) in the LDM group (Figure 6).The five most up-regulated proteins were SLC20A2, SLC7A8, PPCDC, GTF3C1 and RAB3GAP1, and the five most strongly down-regulated proteins were PPP2R3A, NAPRT, DHRS11, UFSP2 and BROX (Figure 7A). The results of other groups are shown in Supplementary Figure 2.

[image: Figure 6]

FIGURE 6
 Number of differential proteins between different parts of pork.
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FIGURE 7
 (A) Protein volcano map (B) DAPs subcellular localization map.


The LM vs. FM group had the smallest number of differential proteins, with 70 proteins significantly up-regulated and 9 proteins significantly down-regulated. The five most highly up-regulated proteins were GBA1, MMAA, CTNNA1, MRPS21 and CTNNB1, and the five most strongly down-regulated proteins were NGLY1, PKN2, DHTKD1, HNRNPAB and LMNB2.

Subcellular localization analysis found that except for the BM vs. LM and LM vs. PM groups, the DAPs in each group were mainly mitochondrial proteins, cytoplasmic proteins, and nuclear proteins (Figure 7B and Supplementary Figure 3). The specific distribution of differential proteins in each group was from Table 2. Subcellular localization analysis in the BM vs. LM group found that DAP was mainly cytoplasmic protein (32.4%), extracellular protein (18.9%), and mitochondrial protein (27.0%) (take the top three groups with the highest content). Subcellular localization analysis in the LM vs. PM group found that DAP was mainly cytoplasmic protein (33.3%), extracellular protein (20.5%), mitochondrial protein (12.8%) and nuclear protein (25.6%). The criteria used in our study were appropriate, as confirmed by the hierarchical clustering of DAPs (Supplementary Figure 4). Subcellular localization analysis showed that the most abundant DAP in pork from five different parts was cytoplasmic protein. Through database comparison analysis, the differential proteins were classified into COG/KOG functional categories. It was found that the functions of DAPs are mainly manifested in energy production and conversion, signal transduction mechanisms, post-translational modification, protein turnover, chaperones, and lipid transport metabolism.



TABLE 2 Contents of DAPs in various subcellular locations.
[image: Table2]



3.6 Functional enrichment and pathway analysis of DAPs

GO functional enrichment analysis showed that the identified DAPs were enriched in three main GO categories and 34 subcategories. Each comparison group contains the most DAPs in “cellular anatomical entity” and “protein-containing complex” or “cellular anatomical entity” and “binding,” these three items belong to cellular components and molecular function respectively (Figure 8A and Supplementary Figure 5). The BM vs. PM group has the same number of DAPs as ‘binding’ in ‘catalytic activity’ belonging to molecular functions (Ap22).

[image: Figure 8]

FIGURE 8
 (A) GO enrichment analysis results (B) Bubble diagram of KEGG pathway enrichment analysis (C) Protein-protein interaction network of DAPs.


KEGG analysis was performed to evaluate the potential functions of the identified DAPs. The results of the LDM vs. BM group are shown in Figures 8B, 142 DAPs clustered on 15 KEGG pathways. Among these 15 pathways, 2 pathways are related to lipid metabolism, namely Fatty acid degradation and oxidative phosphorylation. Others The results of the group are shown in Supplementary Figure 6.

To study the interaction between proteins, we used the string database to perform PPI analysis on each group of differential proteins, and constructed PPI networks containing different numbers of DAP (Figure 8C and Supplementary Figure 7). The degree of the differential protein reflects the contribution of DAP to the regulation of the protein network (S2-3). Screened out the top three differential proteins between each group based on the degree, in the BM vs. PM and FM vs. PM groups, there were multiple proteins tied for the top three, in the LM vs. PM group, only one protein contributed to PPI. A total of 31 core proteins (NDUFA6, NDUFA9, ACO2, LOC100524873, COX6B, TUFM, NDUFA12, NDUFB9, RPL26, PSMA5, RPS11, USP2, SBDS, ALDH1B1, MRPL38, RPL35A, SKIC8, CSRP1, DPP3, CNDP2, CHORDC1, COPB2, COPS4, ETF1, FHL3, H2AC20, LMNB2, LOC100738684, PDCD5, SF3B2, YWHAG) were screened out and the expression of most of them DAPs is down-regulated DAP was down-regulated. The expression of RPS11 and USP2 was up-regulated in the BM vs. FM group, the expression of ACO2, CSRP1 and DPP3 was up-regulated in the LM vs. FM group, and the expression of COPB2, LMNB2 and YWHAG was up-regulated in the FM vs. PM group. NDUFA6, NDUFA9, ACO2, and RPS11 expressed strong protein interactions in multiple comparison groups. NDUFA9 contributed to PPI in the most groups, followed by NDUFA6 and ACO2, while NDUFA6 highest contributed to PPI in each group (Supplementary Tables S2–S3).



3.7 Relationship between key DAL and DAP expression levels

We filter out the top 3 DALs in each group’s VIP value as key DALs, and then analyze the relationship between the DAPs in the corresponding group and these DALs. Taking the LDM vs. BM group as an example, the key DAL classes belong to PC and TG, of which PC is down-regulated and both TGs are up-regulated, their DAPs showed the most significant differences in the phospholipid binding pathways of lipid oxidation, lipid modification, and lipid binding. Lipid oxidation and lipid modification pathways are related to several DAPs including AUH, HADH, ACADM, ACADL, HADHA. The main function is the regulation of lipid catabolism and lipid transport. Triglycerides are the main form of fatty acid storage and transport in cells and plasma (29–31), this may be the reason why these proteins regulate the upregulation of TG. Proteins related to the phospholipid binding pathway may regulate PC downregulation. SNX5, THBS1, ANXA7, TPP1, CAVIN2, and VDAC2 in the phospholipid binding pathway regulate cell assembly and are related to special transport methods such as endocytosis and membrane vesicles. Relatedly, since PC is the main component of cellular phospholipids (32), and the intracellular membrane structure is mainly composed of phospholipids, the up-regulation or down-regulation of PC may be regulated by these proteins. Among them, ANXA7, which regulates the calcium-dependent phospholipid binding pathway, is a protein unique to the phospholipid binding pathway and shows the most significant difference among several proteins.



3.8 Potential biomarkers in different parts of pork

Analyzing the DAL between the LDM group and the other four sites, the results are shown in Tables 3, a total of 35 significantly different lipids simultaneously showed significant differences when comparing LDM with the other four sites (VIP >1; p < 0.05), identified as the potential biomarkers between five sites, include 4 CL, 1 Co, 2 DG, 1 LPC, 8 PC, 13 PE, 1 phSM, 2 PI, 1 SM and 2 TG (Appendix, Lipid Table), in which 2 lipids (2 TG) were up-regulated, while 33 lipids were down-regulated. Based on their contribution to the protein network, the top three differential proteins among each group were screened out. A total of 31 proteins were determined to be core proteins and may be potential biomarkers. Among them, NDUFA6, NDUFA9, and ACO2 are most widely distributed or abundant among each group and may play an important regulatory role in the formation of protein characteristics of different parts of pork.



TABLE 3 The key DAL.
[image: Table3]




4 Discussion

We identified significantly different lipids and proteins in different parts of pork, analyzed them and screened potential biomarkers.

In the lipidomic analysis, we first screened out the lipids that showed significant differences (p value <0.05). To improve the reliability of the data, we further used VIP for selection, and finally obtained the significantly different lipids (VIP > 1; p < 0.05) for subsequent analysis. The measurement found that the longissimus dorsi muscle of Duhua pig is the richest in triglycerides, followed by the front leg meat. The triglyceride content in the belly meat and hip tip meat is lower, more suitable for people with high triglycerides and patients with cardiovascular and cerebrovascular diseases (33). Metabolic pathway enrichment analysis was performed on the identified differential lipids, and it was found that GP metabolism is the most important lipid metabolism pathway. GP is mainly related to the membrane structure of cells, which is consistent with PC content and membrane structure-related pathways in subsequent analyses. The results of clustering more DAP is consistent.

GO enrichment analysis results showed that DAPs enriched in each pathway are involved in various structures and functions such as oxidative phosphorylation, energy production, aerobic respiration, protein binding and transmembrane transport, antioxidant and various enzyme activities (34–46). We also found the GO terms that we are concerned about that are closely related to lipid metabolism and lipogenesis: taking LDM vs. BM as an example, 6 DAPs clustered on lipid binding belonging to molecular functions, 9 DAPs aggregate in lipid metabolism processes in biological processes, lipid transport and lipid regulation processes each gather 2 DAPs. There are also fatty acid-related pathways such as fatty acid β-oxidation multienzyme complex (1DAP), fatty acid and its derivatives metabolism (7DAP and 1DAP) process, fatty acid transmembrane transport (1DAP), and fatty acid homeostasis (1DAP).

In KEGG pathway analysis, the reason why many DAPs accumulate in human disease-related pathways may be related to TG content, the accumulation of TG can cause various diseases (47, 48). Among the pathways directly related to lipids that we focus on; the identified DAPs mainly focus on fatty acid degradation and oxidative phosphorylation related to lipid metabolism. Relevant pathways include citric acid (TCA) cycle, pyruvate metabolism, peroxisome proliferator-activated receptor (PPAR) signaling pathway, cholesterol metabolism, fatty acid metabolism, ascorbic acid and aldehyde metabolism, β-alanine metabolism, and fatty acid degradation, glyceride metabolism, glycolysis/gluconeogenesis, glucagon signaling, amino acid biosynthesis, oxidative phosphorylation, cAMP signaling, arginine and proline metabolism, and apelin signaling pathways, etc. The PPAR signaling pathway plays a central role in adipogenesis (24, 49). The glucagon signaling pathway reduces lipid synthesis by increasing lipid oxidation and VLDL assembly in bovine hepatocytes, thereby reducing hepatic fat accumulation (50). The Apelin signaling pathway inhibits hormone-stimulated acute lipolysis by reducing perilipin phosphorylation (51), and its receptor APJ is expressed in various tissues including adipose tissue (52). In addition, the mitochondria-mediated apoptotic pathway also plays an important role in lipolysis (53). This study verified that APOC3, ACADM and other DAPs belong to the PPAR signaling pathway, and F1RHW4, F1SD45 and PRKAA2 participate in the Apelin signaling pathway and play an important role in energy metabolism and lipogenesis. KEGG analysis results provide further insights into lipid anabolism and catabolism.

Key DALs were screened according to the VIP value of each group, and the top 3 DALs were selected as key DALs. The relationship between key DALs and DAP expression levels in the group was analyzed, proving that TG is regulated by several proteins including AUH, HADH, ACADM, ACADL, and HADHA in the lipid oxidation and lipid modification pathways. PC is regulated by SNX5, THBS1, ANXA7, TPP1, CAVIN2, and VDAC2 in the phospholipid binding pathway.

About potential biomarkers of different parts of pork. Thirty-five significantly different lipids showed significant differences when comparing LDM with the other four parts (VIP >1; p < 0.05), identified as potential biomarkers. Protein markers identified a total of 31 core proteins according to their contribution (degree) to the protein network, and analyzed three important core proteins: NDUFA6, NDUFA9, and ACO2. Among the lipid markers, two up-regulated TG groups are rich in SFA such as 16:0 and 14:0, and one position is rich in MUFA. The down-regulated of DALs are rich in MUFA and PUFA, which is consistent with the results in Supplementary Table 1 and Table 1 showing that the levels of TG and SFA in LDM are significantly higher and the level of PUFA is significantly lower.

Protein markers, taking the LDM vs. BM group as an example, NDUFA9 targets 24 proteins (S3), regulates pathways related to cellular respiration and transmembrane transport through targeted proteins, and indirectly regulates mitochondrial envelope, organelle inner membrane, organelle envelope and other pathways, consistent with the result that the key DAL in the group contains PC. NDUFA6 targets 37 proteins (except NDUFA9), and part of the regulatory pathways overlap with NDUFA9. In addition to pathways related to cellular respiration and transmembrane transport, some of the proteins targeted by NDUFA6 are concentrated in pathways related to meat color such as cytochrome complexes and heme binding, NDUFA6 may have a certain impact on meat color (54). ACO2 targets 36 proteins, some of the targeted proteins and ACO2 together constitute mitochondrial aconitate hydratase, which participates in the regulation of cellular aerobic respiration, metal cluster binding, production of precursor metabolites and energy, and is closely related to a variety of enzyme activities. NDUFA6 and NDUFA9 indirectly regulate the related pathways of intracellular and intracellular membranes and transmembrane transport. At the same time, NDUFA6, NDUFA9, and ACO2 are all involved in cellular respiration. This corresponds to the result that the key DAL is mainly TG and PC, provides new evidence of the mutual regulation of lipids and proteins.

This study conducted proteomic and lipidomic analysis of different parts of pork from Duhua pigs to gain an in-depth understanding of the composition and biological functions of DAL and DAP in different parts of pork, and identified potential biomarkers between different parts, elucidated the differences in the composition and metabolic pathways of proteins and lipids in different parts, it was found that the interaction between lipid and protein expression in pork may be the reason for the difference in meat quality between different parts, providing new information for the study of metabolic regulation in pork.
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Lipid lon FA3 FA4 vsBM vsLM vsFM vsPM
TGI60_14:0_18:1) + NH4 6 16:0) (14:0) (s:1) 140 152 133 153
TGI60_16:0_16:0) + NH4 6 (160) (160) (16:0) 138 151 133 154
CL(78:7)-H cL (787) 036 032 030 032
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CL(74:5)-H cL (745) 048 039 032 034
Co(Q10) +NH4 Co (Q10) 027 028 028 023
DG(34:3¢) +Na DG (34:3¢) 025 023 023 019
DG(36:4e) + H DG (36:4¢) 038 046 053 044
LPC(150) +H LPC (150) 033 028 020 024
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