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A B S T R A C T   

Feeding faba beans to grass carp could crisp its muscle texture to avoid softening, the relationship 
between texture formation throughout the crisping process and the critical lipids regulating the 
fish quality has not yet been clarified. Herein, an 60-day nutritional trial and untargeted lipidomic 
analysis was used to study the changes of lipids in crisp grass carp dorsal muscle. A total of 1036 
lipids were remarkably different between ordinary and crisp grass carp. The concentrations of the 
LPC, LPE, PG, Cer, Hex2Cer, SM, MG and MGMG were positively correlated with hardness and 
springiness, and the CL, TG, PMe, WE, dMePE and AcCa were negative correlation. High content 
of lipids involved in storage in ordinary grass carp, such as glycerophospholipids, polyunsaturated 
and saturated fatty acid content. In contrast, high content of membrane components in crisp grass 
carp, such as monounsaturated fatty acid, sphingolipid and glycerolipids content, and the dis-
tribution of PUFA in lipid molecules was related to lipid biosynthesis. This study might provide 
some insights into improved knowledge of the association between meat texture and lipid mol-
ecules in fish fed with faba bean.   

1. Introduction 

The crisp grass carp, known for its crunchy texture, were exclusively nourished with whole faba beans (Vicia faba, L.), an unex-
pected byproduct from aquaculture farmers in Guangdong province of China. Faba beans, boasting an impressive seed protein content 
ranging from 26 % to 33 %, were the sole dietary source [1]. The consumption of faba beans can induce alterations in the muscle fiber 
properties of grass carp. The ability of grass carp muscles to retain water is diminished, and transcriptome analysis indicated that the 
genes that were up-regulated primarily involved the stimulation of myofibroblast growth [2]. The microstructure examination 
additionally revealed that there was an augmentation in muscle fiber density and a reduction in muscle fiber diameter when comparing 
the crisp grass carp with the common grass carp [3]. Exclusively providing grass carp with intact faba beans resulted in the occurrence 
of muscle fiber hyperplasia, along with a decline in the prevalence of fatty acid degradation and calcium signaling pathways [4]. The 
firmness of grass carp primarily hinges on the process of myogenesis, extracellular matrix (ECM) composition, and myocyte function 
[5]. 

The inclusion of faba beans in the diet has a significant impact on the fat distribution and fatty acid composition in grass carp. Grass 
carp that consume faba beans have lower levels of crude fat and free fatty acid in their muscle tissues, resulting in a distinctive and 
appealing flavor profile [6]. In contrast to the commercial diet, fish fed with faba beans exhibited a higher accumulation of fat in the 
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liver and mesenteric adipose tissue. Additionally, the decrease in muscle fiber size could potentially result in reduced swimming ability 
[7]. Including more faba beans in the diet may lead to a reduction in levels of saturated and monounsaturated fatty acids, while 
simultaneously increasing polyunsaturated fatty acids. Additionally, an increase in muscle firmness was observed over time [8]. There 
is a general consensus among researchers that lipids can be classified into eight distinct classes, namely fatty acyls, glycerolipids, 
glycerolipids, saccharolipids, sphingolipids, sterol lipids, polyketides, and prenol lipids. It is widely acknowledged within academic 
circles that these categories encompass the wide range of lipid compounds found in biological systems [9]. 

Lipidomics proves to be a powerful and delicate approach in deciphering biological reactions through the examination of distinct 
lipid species. The scrutiny of lipidomics fluctuations can offer precious insights into the exploration of lipid metabolism [10]. 
Analyzing lipid profiles of biological samples in depth is an essential component of lipid research. It plays a crucial role in unraveling 
the mysteries surrounding the functions of individual lipid molecules, as well as the metabolic processes occurring within organisms 
[10]. Nevertheless, the utilization of lipidomics to examine the traits of lipid metabolism in the muscular tissue of crisp grass carp has 
not been explored in any research. 

Interestingly, faba beans have a lower lipid content than conventional diets but faba bean feeding can induce excess lipid accu-
mulation in the viscera of grass carp. We assume that faba bean supplementation obviously influenced muscle fatty acid composition in 
the grass carp, then may be an effective measure for improving fish muscle quality. However, the lipid regulatory mechanism of muscle 
hardness increase in crisp grass carp is still unclear. Therefore, crisp grass carp were exclusively fed with intact faba beans, and the lipid 
profile of grass carp that consumed a diet rich in faba beans was compared to those that followed a regular diet. This investigation 
offers valuable insights for the cultivation of crisp grass carp and enhancing the overall quality of fish meat. 

2. Materials and methods 

2.1. Chemicals, reagents and instruments 

LC-MS grade isopropyl alcohol (IPA) was purchased from Fisher Scientific (Loughborough, UK). LC-MS grade methanol (MeOH) 
was purchased from Dikma Technologies (51 Massier Lane, USA). Chloroform was obtained from Chron Chemicals (Sichuan, China). 
LC-MS grade acetonitrile (ACN) was purchased from Dikma Technologies (51 Massier Lane, USA). Formic acid was obtained from TCI 
(Shanghai, China). Ammonium formate was obtained from Sigma-Aldrich (Shanghai, China) Ultrapure water was purchased from 
watsons (Guangdong, China). High speed freezing centrifuge was obtained from Hunan Xiangyi Experiment Equipment Co., Ltd. 
(Hunan, China). Vortex mixer was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Tissue grinder was ob-
tained from Zhejiang Meibi Experiment Equipment Co., Ltd. (Zhejiang, China). Centrifugal vacuum evaporator was from Beijing JM 
Technology Co., Ltd (Beijing, China). Microporous membrane filters (0.22 μm) was purchased from Tianjin Jinteng Experiment 
Equipment Co., Ltd. (Tianjin, China). The LC analysis was performed on a ACQUITY UPLC System (Waters, Milford, MA, USA). Mass 
spectrometric detection of metabolites was performed on Q Exactive (Thermo Fisher Scientific, USA). 

2.2. Experimental diets, feeding trial and experimental conditions 

Healthy grass carp were purchased from an aquaculture farm in Zunyi, Guizhou Province, China. The fish were initially placed in a 
temporary cement pond (5 m × 5 m × 1.5 m) for a duration of one week, during which they were provided with a daily feed ration 
equivalent to 2–3% of their body weight. A total of 180 fish, initially weighing 768 ± 75 g, were randomly allocated into two groups: 
Group A, consisting of crisp grass carp, and Group B, consisting of ordinary grass carp. Each group consisted of three replicates. 30 fish 
were raised in each of the six cement ponds, measuring 2 m in length, 2 m in width, and 1.5 m in depth. The cultured crisp grass carp 
were exclusively nourished with whole faba beans. To prepare the feed, the beans were first soaked in a solution of salt water, with a 
concentration of approximately 0.15 %, for a duration of 24 h. Subsequently, the beans were soaked in plain water for an additional 12 
h, until the faba beans had sprouted. For the ordinary grass carp, a commercially prepared diet was provided (containing 329.9 g kg− 1 

of crude protein and 43.8 g kg− 1 of crude lipid, from Tongwei Company in China). The fish were given two meals daily, at 8:00 and 
17:00. The water temperature was kept at 25–30 ◦C, pH was 6.5–7.5, and dissolved oxygen was above 5.0 mg/L. The final weights of 
crisp grass carp and ordinary grass carp were 1230 ± 78 g and 1436 ± 92 g after 60 days, respectively. 

2.3. Sample collection 

Upon completion of the feeding trial, the researchers proceeded to dissect the muscle tissue of six fish from each dietary group. 
Subsequently, approximately 300 mg of muscle tissue from each fish was collected and combined, and the muscle filet at the junction 
of the fourth dorsal fin and lateral line scales was sampled with the aid of a scalpel blade, resulting in a total of three samples per 
dietary treatment. These samples were then placed in 2 mL cryogenic vials (CryoKing, Biologix Group, China), which were specially 
designed to be free of DNase and RNase. To preserve the samples, they were promptly frozen using liquid nitrogen and stored at 
− 80 ◦C. 

Once the fish were slaughtered, the laboratory proceeded to directly assess the meat color, pH, cooking loss, and water loss in the 
fish muscle. Meat color parameters including lightness (L*), redness (a*) and yellowness (b*) were measured at 45 min and 24 h 
postmortem at 4 ◦C with a CR-400 chroma meter (Konica Minolta Inc., Tokyo, Japan). After the carcass was cooled, the chroma meter 
probe was positioned perpendicularly on the incised fish muscle. It was crucial to minimize the exposure of the fish muscle’s cut 
surface to ambient air, ensuring it did not exceed a duration of 10 min. Each sample was subjected to three separate measurements. The 
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pH was measured at 24 h postmortem with a TESTO 205 pH meter (TESTO AG Inc., Lenzkirch, Germany). The analysis of the dorsal 
muscle texture, which encompassed characteristics such as firmness, elasticity, toughness, and binding ability, was conducted utilizing 
the texture profiles analysis (TPA) method, using a Universal TA device from Tengba Company. Test conditions were as follows: a 25 
mm × 25 mm flat-bottomed cylindrical probe, a compression ratio of 30 %, a test speed of 1 mm/s and a post-test speed of 1 mm/s with 
the staying time of 2 s. Test conditions of shear force were as follows: Compression distance of 20 mm, a test speed of 1 mm/s and a 
post-test speed of 1 mm/s with a staying time of 2 s. 

2.4. Untargeted lipidomic analysis 

The untargeted lipidomic analysis was performed by Suzhou Panomix Biomedical Tech Co. Ltd. (Suzhou, China), with two steps 
approach that included lipid extraction, as well as liquid chromatograph-mass spectrometry (LC-MS) analysis. 

2.4.1. Lipid extraction 
A centrifuge tube was utilized to hold a 100 mg sample of fish muscle. Two glass beads were inserted into the tube, followed by the 

precise addition of 750 μL of a mixed solvent (chloroform: methanol, 2:1, v/v) at a temperature of − 20 ◦C. The contents were then 
thoroughly mixed for a duration of 30 s using a vortex. The sample was swiftly frozen in liquid nitrogen for a duration of 5 min, 
followed by a subsequent process of freezing and thawing at ambient temperature, and vigorously agitated for 2 min at a frequency of 
50 Hz. Allow the tube to solidify for a period of 40 min, introduce 190 μL of H2O, agitate for 30 s, and continue to incubate at freezing 
temperature for 10 min. Utilize centrifugal force at 12000 rpm for 5 min at ambient temperature, and subsequently transfer 300 μL of 
the organic layer into a newly acquired centrifuge tube. Add 500 μL of mixed solvent (chloroform: methanol, 2:1, v/v), vortex for 30 s. 
Centrifuge at 12000 rpm for 5 min at room temperature and transfer 400 μL organic layer into the same centrifuge tube. The samples 
underwent vacuum evaporation to achieve dryness. The dissolved samples were mixed with 200 μL of isopropanol, and the resulting 
liquid was passed through a 0.22 μm membrane filter to obtain the prepared samples for LC-MS analysis [11]. 

2.4.2. Liquid chromatography-mass spectrometry (LC-MS) analysis 
Chromatographic separation was used with an ACQUITY UPLC® BEH C18 (2.1 × 100 mm, 1.7 μm, Waters) column maintained at 

50 ◦C. The temperature of the autosampler was 8 ◦C. Gradient elution of analytes was carried out with acetonitrile: water = 60: 40 (0.1 
% formic acid+10 mM ammonium formate) (A2) and isopropanol: acetonitrile = 90: 10 (0.1 % formic acid +10 mM ammonium 
formate) (B2) at a flow rate of 0.25 mL/min. Injection of 2 μL of each sample was done after equilibration. Separation was conducted 
under the following gradient: 0–5 min, 70~57 % A2; 5~5.1 min, 57 %~50 % A2; 5.1–14 min, 50 %~30 % A2; 14~14.1 min, 30 % A2; 
14.1–21 min, 30 %~1 % A2; 21–24 min, 1 % A2; 24~24.1 min, 1 %~70 % A2; 24.1–28 min, 70 % A2. 

For the ESI-MSn experiments, the spray voltage was adjusted to 3.5 kV and 2.5 kV in positive and negative modes, respectively, to 
ensure optimal results. The sheath gas and auxiliary gas were carefully calibrated to 30 and 10 arbitrary units, respectively, to enhance 
the overall performance. To maintain a stable environment, the capillary temperature was precisely set at 325 ◦C. The orbitrap 
analyzer meticulously scanned a wide mass range between m/z 150 and 2,000, providing a comprehensive full scan with an impressive 
mass resolution of 35,000. Data dependent acquisition (DDA) MS/MS experiments were performed with HCD scan. The collision 
energy was adjusted to 30 eV, resulting in normalized collision energy. To declutter the MS/MS spectra, a dynamic exclusion method 
was used to eliminate extraneous details [12,13]. 

2.5. Correlation analysis 

The type and amount of lipids play a significant role in determining the quality of meat found in fish dorsal muscle. To investigate 
the relationship between lipids and meat quality, Pearson correlation analysis was conducted using SPSS 27.0. Statistical significance 
was considered at P < 0.05, and a correlation coefficient exceeding 0.8 or falling below − 0.8 indicated a strong correlation. 

2.6. LION-PCA heatmap and LION enrichment analysis 

LION-PCA was implemented as a module of the web application LION/web (https://heatmap.lipidontology.com/) and visualizes 
the most characteristic LION-signatures of a given lipidomic dataset in a heatmap. Enrichment analysis was performed using the 
ranking mode as described in Molenaar et al. (2019) [14], on normalized lipid log-ratio concentrations to compare the lipidomic 
fingerprint of ordinary and crisp grass carp and report any potential lipid LION term enrichments in the condition of interest. 

2.7. Statistical analysis 

The values of a*45min, b*45min, L*45min, a*24h, b*24h, L*24h, pH24h, cooking loss and water holding were analyzed by 
independent-sample T-test in SPSS 27.0 (SPSS Inc, Chicago, IL, USA) and were represented as mean ± standard deviation (SD) of the 
mean. 

After formatting conversion, the raw data underwent a series of data preprocessing steps, including data collection and alignment, 
before being imported into LipidSearch (version 4.2.28). The LipidSearch database was then utilized to tentatively identify annotated 
lipids by comparing the precursor ion m/z values and the product ion pattern of the data. The elimination of batch effects was achieved 
through normalization based on the total peak area. Moreover, log transformation and Pareto scaling were implemented. To determine 
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the false discovery rate (FDR), a t-test was conducted using the Benjamini-Hochberg procedure.Statistical significance was defined as P 
values < 0.05 and FDR values < 0.25. Two distinct models for multivariate statistical analysis, namely unsupervised and supervised, 
were employed to differentiate the groups (PCA and OPLS-DA). Ultimately, crucial features for distinguishing the groups were 
identified based on the criteria of Lipids P-value <0.05 and VIP value > 1. LipidomeR was used to analyze the structural characteristics 
of the identified differential lipids [15]. Briefly, the lipid quantitative value findings were analyzed using a regression model, which 
determined the carbon atom count and level of saturation (number of double bonds) in the lipid. A comparison was made between the 
treatment group and lipid to examine the relationship, while the multivariate model characteristics of the lipid structure were further 
investigated. 

3. Results 

3.1. Muscle physical parameters and texture characteristics 

In this study, the muscle physical parameters and texture characteristics of ordinary and crisp grass carp was presented in Table 1. 
Crisp grass carp demonstrated significantly lower cooking loss and L*45min values compared to ordinary grass carp (P < 0.05). The 
crisp grass carp exhibited markedly higher levels of hardness, springiness, gumminess, and a*45min compared to the ordinary grass 
carp (P < 0.05). In contrast, no significant differences were observed in muscle pH, chewiness, and cohesiveness between the two 
groups (P > 0.05). 

3.2. Global composition of lipid metabolites in muscle 

According to the LC-MS analysis results, a total of 1623 lipids were detected, clearly identified, and quantified in ordinary and crisp 
grass carp (Supplementary Table S1). A visual representation of the distribution of lipid types was shown in Fig. 1. The dominant lipids 
were phosphatidylcholine (PC), accounting for 29.31 % and 29.42 % respectively, followed by triglyceride (TG) with 18.14 % and 
18.08 %, and phosphatidylethanolamine (PE) with 14.77 % and 14.78 %. In addition, a comprehensive analysis revealed the presence 
of thirty-nine distinct lipid classes (Supplementary Table S2 and Table S3). 

Fig. 2A and B displays the score plots of PCA and OPLS-DA for lipids in ordinary and crisp grass carp, respectively. The PCA analysis 
demonstrated a clear separation of lipid distribution between ordinary and crisp grass carp, as evidenced by the score scatterplot. The 
total variance explained by PCA was 81.6 %, with component 1 accounting for 73.6 % and component 2 contributing 8 %. The cu-
mulative R2X value was 0.816. On the other hand, the score scatterplot of OPLS-DA showed a total variance of 79.8 %, with component 
1 explaining 73.6 % and component 2 explaining 6.2 %. The permutation test results indicated an R2X value of 0.798 and a Q2 value of 
0.991 (Fig. 2C). 

3.3. Differential of lipid metabolites in muscle 

A significant difference was observed between the ordinary and crisp grass carp groups, with a total of 1036 lipids (VIP of >1 and P 
< 0.05) found to be remarkably distinct (Supplementary Table S4 and Fig. 3). Among these lipids, 539 were upregulated and 497 were 
downregulated in the crisp grass carp. The result of differential lipid analysis was shown in Fig. 4A, B and 4C, further highlighting the 
pronounced disparity between the two groups. The dominant lipid category was PC (257 lipids), closely followed by phosphatidyl-
ethanolamine (PE, 140 lipids), TG (136 species), Methyl phosphatidylcholine (MePC, 91 species), Cardiolipin (CL, 45 lipid species), 
Sphingomyelin (SM, 42 lipid species), and Diglyceride (DG, 40 lipid species). Most of the other lipid classes identified contained a 
range of 2–38 individual lipids, while only Glycerophosphoethanolamine-N-(biotinyl) (BiotinylPE), Coenzyme (Co), Gangliosides 

Table 1 
Muscle physical and texture parameters of grass carp after 60-day feeding experiment.  

Parameters Crisp grass carp Ordinary grass carp 

a*45min − 2.11 ± 0.79 − 3.89 ± 0.93 
b*45min 3.37 ± 0.62 3.59 ± 0.06 
L*45min 45.91 ± 1.01 54.49 ± 1.42* 
a*24h − 3.48 ± 0.20 − 3.80 ± 0.44 
b*24h 7.18 ± 1.83 5.35 ± 0.60 
L*24h 50.62 ± 1.05 53.80 ± 2.43 
pH 6.68 ± 0.02 6.56 ± 0.03 
Water holding capacity (%) 11.19 ± 2.14 9.16 ± 1.14 
Cooking loss (%) 21.36 ± 2.48 29.28 ± 0.53* 
Hardness (Kg) 0.99 ± 0.14* 0.65 ± 0.10 
Springiness (mm) 4.32 ± 0.35* 2.99 ± 0.44 
Gumminess (Kg) 2.91 ± 0.50* 1.98 ± 0.22 
Chewiness (mJ) 32.85 ± 3.74 28.90 ± 3.40 
Cohesiveness (mm) 0.57 ± 0.11 0.53 ± 0.04 

Results are presented as the mean ± SEM (n = 3). Values with * indicate significant differences (P < 0.05); L*, a* 
and b* represent lightness, redness and yellowness, respectively. 
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(GM3), Bis (monooleoylglycero) phosphate (LBPA), and Phosphatidylmethanol (PMe) were represented by a single lipid species. 
Table 2 displays the prominent 30 lipids that exhibit noticeable regulation between the two groups. The lipidomics findings reveal 

that Phospholipids, Neutral lipids, Glycoglycerolipids, Sphingolipids, Sphingolipids, and Derivatized lipids are the lipid classes most 
profoundly impacted in the muscle. Remarkably, the crisp grass carp exhibited notably elevated levels of certain lipids compared to the 
ordinary grass carp. Specifically, the content of PE (20:1e_20:4; 18:2e_18:1 and 18:2p_22:5), PC (18:2e_22:6; 35:4e; 16:1e_18:1; 25:3; 
16:0_22:1; 11:0_24:0 and 16:1e_18:2), Triglyceride (TG, 18:0_20:4_24:1 and 25:0_18:1_18:1), Diglyceride (DG, 16:0_22:1; 18:1_22:1 
and 20:1_20:2), Monogalactosyldiacylglycerol (MGDG, 40:8e and 38:5e), Sphingomyelin (SM, d43:2), Phosphatidylethanol (PEt, 
40:5e and 42:7e), and Bis-methyl phosphatidic acid (BisMePA, 18:2_22:6) were significantly higher in the crisp grass carp. Conversely, 
the ordinary grass carp experienced increased levels of PC (22:5_22:5; 14:0_18:2; 42:7; 19:0 and 18:1), PE(16:1_20:4; 18:1e_22:5 and 
16:1_18:1), and SM (t40:7). 

3.4. The correlation of lipids with meat texture 

Fig. 5 displays the correlations between important lipids and meat texture. The concentration of Cardiolipin (CL), Simple Glc series 
(Hex1Cer), TG, Phosphatidylmethanol (PMe), Wax esters (WE), Glycerophosphoethanolamine-N-(biotinyl) (BiotinylPE) Lysodime-
thylphosphatidylethanolamine (LdMePE), Dimethylphosphatidylethanolamined (MePE) and Acyl Carnitine (AcCa) exhibited a posi-
tive correlation with cooking loss. On the other hand, Lysophosphatidylcholine (LPC), Lysophosphatidylethanolamine (LPE), 
Phosphatidylglycerol (PG), Ceramides (Cer), Gangliosides (GM3), Simple Glc series (Hex2Cer), Sulfatide (ST), Sphingomyelin (SM), 
Cholesterol Ester (ChE), Monoglyceride (MG), OAcyl-(gamma-hydroxy) FA (OAHFA), Phosphatidylethanol (PEt), Monogalacto-
sylmonoacylglycerol (MGMG) and Sulfoquinovosyldiacylglycerol (SQDG) displayed a negative correlation with cooking loss. The 
concentration of LPC, LPE, PG, Cer, Hex2Cer, ST, SM, DG, MG, Coenzyme (Co), OAHFA, PE, MGMG, and LdMePE demonstrated a 
significant positive correlation with hardness. Conversely, CL, PC, Hex1Cer, PMe, WE, BiotinylPE, Dimethylphosphatidylethanolamine 

Fig. 1. The overall lipid composition and distribution in muscle of grass carp. (A) Lipid clustering heat map. The size of quantitative values is shown 
by the difference of colors. The more red the color, the higher the expression level, and the more blue the expression level, the lower. (B) Lipid 
subclasses and numbers of lipid molecules identified in muscle of crisp grass carp. (C) Lipid subclasses and numbers of lipid molecules identified in 
muscle of ordinary grass carp. Group A, crisp grass carp group; Group B, ordinary grass carp group. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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(dMeP), Bis (monooleoylglycero) phosphate (LBPA), and AcCa exhibited a notable negative correlation with hardness. The concen-
tration of LPC, LPE, PG, Hex2Cer, Cer, GM3, SM, Sphingosine (SPH), DG, ChE, MG, Co, PEt, OAHFA, MGMG, SQDG, LdMePE, BisMePA 
and Methyl phosphatidylcholine (MePC) showed a positive correlation with springiness, while CL, PC, Hex1Cer, TG, Phosphati-
dylmethanol (PMe), WE, BiotinylPE, dMePE, LBPA, and AcCa exhibited a negative correlation. The association between springiness 
and the concentration of these compounds was apparent. Gumminess was positively correlated with the concentration of LPE, GM3, 
SPH, DG, MG, PEt, BisMePA and MePC; which was negatively correlated with Co, TG, WE, dMePE and AcCa. 

3.5. Analysis of LION-PCA heatmap and LION enrichment 

We first performed a heat map to visualize the lipidomic fingerprint of each grass carp using the LION-PCA heat map module of 
LION/web, which is a modified version from a gene ontology-PCA specifically developed for global and in-depth lipidomic data mining 
(Supplementary Table S5, Fig. 6A and B). LION-PCA heatmap was able to reduce the lipidomes containing 1623 lipids into 101 LION 
signatures. LION/web was set to group LION signatures with similar dynamics into twelve clusters. The lipidomic fingerprints of grass 
carp appeared to cluster into two distinct groups (Fig. 6B). The first group is composed with enriched lipid content compared with the 
second group composed with depleted lipid content. We further performed lipid ontology (LION) enrichment analysis to compare the 
lipidomic fingerprint of both ordinary and crisp grass carp. Out of the 1036 differential molecular lipid species, 886 were matched to 
the LION/web database (i.e., 85.52 %), meaning that 150 lipid species were not considered in the LION/web analysis. This includes 
AcCa (n = 1; lipid class: Fatty acyl and other lipids), BiotinylPE (n = 1; Derivatized lipids), BisMePA (n = 22; Derivatized lipids), 
CerG2GNAc1 (n = 3; Sphingolipids), Co (n = 1; Fatty acyl and other lipids), DGDG (n = 1, Glycoglycerolipids), Hex1Cer (n = 6; 
Sphingolipids), MGDG (n = 11; Glycoglycerolipids), MGMG (n = 2; Glycoglycerolipids), MePC (n = 80; Derivatized lipids), OAHFA (n 
= 3; Fatty acyl and other lipids), PEt (n = 4; Fatty acyl and other lipids), PMe (n = 1; Fatty acyl and other lipids), SQDG (n = 8; 
Glycoglycerolipids), dMePE (n = 4; Derivatized lipids) and phSM (n = 2; Sphingolipids). Our results indicated significant enrichments 
in crisp grass carp (compared with ordinary grass carp) of the following LION terms: "diradylglycerols" (associated with n = 40 lipid 
species), "diacylglycerols" (n = 38), "C18:1" (n = 128), "fatty acid with 18 carbons" (n = 268), "monounsaturated fatty acid" (n = 280), 
"sphingolipids" (n = 212) and "glycerolipids" (n = 178), (Fig. 6C). By contrast, our results indicated significant depletions in crisp grass 
carp (compared with ordinary grass carp) of the following LION terms: "diacylglycerophosphocholines" (n = 182), "diacylglycer-
ophosphoethanolamines" (n = 79), "fatty acid with 16 carbons" (n = 162), "fatty acid with 3–5 double bonds" (n = 166), "glycer-
ophospholipids" (n = 542), "polyunsaturated fatty acid" (n = 410) and "saturated fatty acid" (n = 242) (Fig. 6C, SupplementaryTable S6 
and S7). 

3.6. Analysis of lipid structure characteristics 

Fig. 7 presents the statistical findings regarding variations in lipid structure characteristics between the ordinary and crisp grass 
carp. Notably, a marked disparity was observed in the distribution of lipid molecules in DG and PC. Specifically, the crisp grass carp 
exhibited a considerably higher presence of lipid molecules with greater carbon atom amounts and reduced unsaturation, as compared 

Fig. 2. The multivariate statistical analysis. (A) The PCA analysis of lipids in muscle of grass carp group. (B) The OPLS-DA analysis of lipids in 
muscle of grass carp group. (C) The OPLS-DA analysis of lipids in muscle of grass carp group. 
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to the ordinary grass carp. A similar pattern was also evident in PC. Additionally, the distribution of lipid molecules with lower carbon 
atom amounts and reduced unsaturation in PG of the crisp grass carp was notably higher than that observed in the ordinary grass carp. 
Compared to the ordinary grass carp the crisp grass carp exhibited a notable decrease in the distribution of lipid molecules with lower 
carbon atom numbers and unsaturation in the PS. Conversely, there was a significant increase in the distribution of lipid molecules 
with higher carbon atom numbers or unsaturation. In the TG, the crisp grass carp displayed significantly lower levels of lipid molecules 
with lower carbon atom numbers and unsaturation compared to the ordinary grass carp, while higher carbon atom numbers or lower 
unsaturation levels were remarkably higher. 

4. Discussion 

The evaluation of muscle quality heavily relies on the lipids found in meat, and the amount of lipids in muscle can impact various 
aspects of meat quality [16]. Nutrient control has been proven to be advantageous in enhancing the quality of fish flesh, according to 
Dong et al. (2022) [17]. The introduction of faba bean (Vicia faba L.) into the diet has been associated with improved muscle quality in 

Fig. 3. The dfferential lipid classification violin diagram. Each subgraph shows the differential lipid outcomes under different lipid classifications. 
The horizontal coordinate is different group, and the vertical coordinate is the range of lipid signal values. 
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Fig. 4. The differential lipid analysis. (A) The differential lipid Class clustering heat map. The size of quantitative values in the figure is shown by 
the difference of colors. (B) The differential lipid class classification heat map. (C) The lipid volcano map. Each point in the figure represents a lipid, 
and the horizontal coordinate represents the Log2 value of the multiple of quantitative difference between the two groups of lipids; The ordinate 
represents the -log10 value of the p-value. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Table 2 
The top 30 markedly regulated lipids between the ordinary and crisp grass carp groups.  

Accession Fold p-value VIP Class Regulation 

PC(22:5_22:5) 0.27 6.17175E-11 1.16542244 PC Down 
PC(14:0_18:2) 0.09 6.62031E-09 1.165349061 PC Down 
TG(18:0_20:4_24:1) 3.19 1.02974E-08 1.165335842 TG Up 
PE(20:1e_20:4) 1.41 1.84872E-08 1.165303322 PE Up 
PC(18:2e_22:6) 6.37 5.3587E-08 1.165208912 PC Up 
PC(35:4e) 1.98 6.71071E-08 1.165185411 PC Up 
PC(16:1e_18:1) 3.09 7.97062E-08 1.165167155 PC Up 
MGDG(40:8e) 3.07 8.2409E-08 1.165155834 MGDG Up 
SM(d43:2) 4.5 1.10498E-07 1.165110127 SM Up 
SM(t40:7) 0.33 1.22269E-07 1.165093056 SM Down 
PC(42:7) 0.39 1.33444E-07 1.165073621 PC Down 
PC(19:0) 0.17 1.75983E-07 1.165030793 PC Down 
DG(16:0_22:1) 5.4 1.7777E-07 1.165039175 DG Up 
PEt(40:5e) 2.19 1.95554E-07 1.165012741 PEt Up 
PE(16:1_20:4) 0.43 2.01865E-07 1.164994864 PE Down 
TG(25:0_18:1_18:1) 2.95 2.05457E-07 1.165003121 TG Up 
DG(18:1_22:1) 12.02 2.30722E-07 1.164978787 DG Up 
PC(25:3) 1.98 2.52882E-07 1.164949971 PC Up 
PEt(42:7e) 4.3 2.55339E-07 1.164950022 PEt Up 
PC(18:1) 0.45 3.36608E-07 1.164874546 PC Down 
BisMePA(18:2_22:6) 4.64 3.48791E-07 1.16486155 BisMePA Up 
PC(16:0_22:1) 1.47 4.09689E-07 1.164820551 PC Up 
PE(18:1e_22:5) 0.56 4.11022E-07 1.164808276 PE Down 
PC(11:0_24:0) 2.17 4.34822E-07 1.164799891 PC Up 
PE(18:2e_18:1) 2.19 4.62362E-07 1.164778698 PE Up 
PE(18:2p_22:5) 2.17 4.71926E-07 1.164785955 PE Up 
PC(16:1e_18:2) 4.26 5.13547E-07 1.164749969 PC Up 
PE(16:1_18:1) 0.42 5.17862E-07 1.164748052 PE Down 
DG(20:1_20:2) 7.78 5.23675E-07 1.164729948 DG Up 
MGDG(38:5e) 2.91 5.23955E-07 1.16474259 MGDG Up  
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fish, characterized by increased muscle hardness and crispiness. This dietary supplementation with faba bean has also been found to 
significantly alter the fatty acid composition of grass carp muscle, as reported by several studies [7,18–21]. Our present study revealed 
noticeable distinctions in texture parameters between crisp and ordinary grass carp. The crisp grass carp exhibited significantly higher 
levels of hardness, springiness, and gumminess (P < 0.05) compared to the ordinary grass carp. This was mainly associated with 
increased collagen content and decreased muscle fiber diameter in crisp grass carp, revealing that the main effect of feeding faba beans 
on the muscle texture was hardness and chewiness. Additionally, a decrease in lower cooking loss and L*45min was observed in the 
muscle of the crisp grass carp. These findings suggest that the inclusion of faba bean in the diet is an effective approach to enhance the 
muscle texture of grass carp, which is consistent with previous research [2,4,22]. 

Lipidomics, which has been derived from metabolomics, proves to be a valuable tool in deciphering the lipid composition by 
capitalizing on the distinctive properties of lipids. In this study, an innovative approach grounded on untargeted lipidomics was 
employed to ascertain and assess the alterations in the overall lipid composition and distribution in the muscle of grass carp under the 
influence of diverse dietary regimes. A total of 1623 lipids were successfully identified, with the prominent ones being PC, TG, and PE. 
Furthermore, an additional 39 lipid classes were successfully discerned. Other fish species displayed a comparable result, although the 
occurrence rate of these findings varied. In Nile tilapia (Oreochromis niloticus) and orange-spotted grouper (Epinephelus coioides) 
muscular tissues, TG emerged as the dominant lipid class, with PC and PE following closely behind [23,24]. Given that TG primarily 
functions as a source of energy [25], PC and PE play crucial roles in the proper integration of membrane proteins and membrane fusion 
and fission processes [24,26]. Furthermore, the fatty acyl chain composition in PC has been found to influence the secretion of very 
low-density lipoproteins (VLDL) [27]. 

In this study, the PCA showed that the ordinary and crisp grass carp clustered quite separately. The results obtained from the 
Principal Component Analysis (PCA) and Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA) indicated significant 

Fig. 5. The correlations of crucial lipids with meat quality. Red and blue represent positive and negative correlations, respectively. The deeper the 
color, the higher the correlation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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variations in lipid profiles between the ordinary and crisp grass carp. Moreover, the diverse diets administered to the grass carp led to a 
significant disruption in lipid composition within their muscle tissue. Notably, the predictive capability of the model was excellent, 
suggesting its dependable utility in identifying distinctive metabolites. The OPLS-DA model demonstrates remarkable accuracy and 
strong predictive capability, as evidenced by these exceptional values. In particular, a striking total of 1036 lipids were identified to 
exhibit significant disparities between the ordinary and crisp grass carp. Among these, 539 lipids were found to be notably upregu-
lated, while 497 lipids were observed to be downregulated. The top 30 markedly regulated lipids to be concerned, thereinto, 21 lipids 
content in the crisp grass carp was significantly upregulated (see Table 2), and PC (22:5_22:5; 14:0_18:2; 42:7; 19:0 and 18:1), PE 
(16:1_20:4; 18:1e_22:5 and 16:1_18:1) and SM (t40:7) levels was significantly downregulated. The above results demonstrated that the 
lipid composition is highly responsive and significantly directs the lipid compositions towards an atypical condition for crisp grass 
carp. It is suggested that they play a pivotal role in upholding the fundamental structure of cell membranes, facilitating both the 
smooth movement of molecules in and out of cells, and controlling the transmission of signals between the interior and exterior of cells 
[28]. PC and PE are classified as a prevalent type of polar lipids, primarily serving as constituents of cell membranes. TG are reported to 
play a central role in numerous physiological processes, including energy supply, formation of cellular membranes, key components of 
lipid-transport and storage vesicles, and as signaling molecules [29,30]. 

Fig. 6. The LION-PCA heatmap and LION enrichment analysis. A and B, LION-PCA heatmap analysis of lipidomics data. (A) Bar graphs showing the 
number of significant LION-terms (left) or the cumulative variance explained (right), per set number of principal components. (B) Heatmap 
generated by the LION-PCA heatmap module in LION/web with the number of principal components set to 6. Heatmap colors (from yellow to red) 
indicate the mean z-score for a given LION-signature per sample. (C) LION enrichment analysis. The gray vertical line indicates the cutoff value of 
significant enrichments. The size and color (from gray to red) of the horizontal bars (x-axis) are scaled with the enrichment. Ordinary grass carps 
were considered as the control condition and crisp grass carps as the condition of interest. "up" refers to an enrichment, and "down" refers to a 
depletion. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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The impact of diets on the quality of fish flesh is widely acknowledged [31]. Crisp grass carp exhibited noteworthy changes in 
muscle fiber characteristics, with a notable rise in density and a reduction in diameter [4,8]. Muscle cellularity, including muscle fiber 
diameter and density, plays a crucial role in shaping the textural properties of muscle [4,32]. Additionally, the density of muscle fibers 
exhibited a positive association with muscle firmness, stickiness, elasticity, resilience, and tenderness [33]. In this study, we observed a 
notable association between the levels of LPC, LPE, PG, Cer, Hex2Cer, SM, MG and MGMG and the attributes of hardness and 
springiness. Conversely, these attributes displayed an inverse correlation with cooking loss. It is worth mentioning that among these 
compounds, LPC and LPE are categorized as Lysophospholipids (LPL) and are produced through the Phospholipase A (PLA) reaction 
[34]. Specifically, LPE serves as a minor component of cell membranes, playing a crucial role in facilitating cell-to-cell communication 
and activating various enzymes [35]. On the other hand, PG are responsible for executing vital functions within cells [35]. Cer and 
Hex2Cer are biologically active lipids that participate in disrupting mitochondrial function, promoting cell growth, and inducing 
oxidative stress. Our results suggested that this was primarily attributed to the fact that in addition to anti-nutritional factors such as 
tannins, faba beans also contained undesirable factors such as trypsin inhibitor, which was able to cause an increase in free radicals, 
leading to the production of oxidative stress. These factors contribute to the development of an inflammatory environment, which is 
closely associated with NAFLD and the onset of hepatic insulin resistance [36]. Until recently, SM was primarily regarded as a 
structural lipid, but it serves a multitude of other functions within specific organelles. These functions encompass promoting molecular 
order in membranes, serving as a vital source of ceramide for cell signaling and apoptosis, as well as forming clusters/nanodomains in 
conjunction with cholesterol and ceramide [37]. MGs are compounds resulting from the combination of fatty acid and glycerol 
molecules, and they have the ability to disrupt phospholipid membranes, thereby exerting a wide array of biological effects [38]. In 
this study, the concentrations of CL, TG, PMe, WE, dMePE and AcCa exhibited a negative correlation with the characteristics of 
hardness, springiness, and gumminess, while displaying a positive correlation with cooking loss. CL holds a significant role as a 

Fig. 7. The statistical heat map of differences in lipid structural characteristics. Each subgraph represents differences in lipid structural charac-
teristics within a single group of a lipid classification. The X-axis represents the level of carbon saturation (number of double bonds) and the Y-axis 
represents the number of lipid carbon atoms. The rectangle represents different lipids of the same classification, the color represents the significance 
of the difference expression, the red represents the significant up-regulation, the blue represents the significant down-regulation, and the lipids with 
significant statistical differences between the comparison group are highlighted with different symbols. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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phospholipid in mitochondria, playing a crucial part in generating cellular energy in the form of ATP [39]. AcCa, which are produced 
during the transportation of lengthy fatty acids into the mitochondria [40], play a vital role in energy metabolism and β-oxidation [41]. 
Our results indicate that feeding faba beans also damaged the mitochondrial respiratory chain of crisp grass carp, which accelerated 
the release of proapoptotic factors and activated the caspase cascade reaction to hasten the apoptosis process, thereby leading to the 
myofibrils gap substitutionally filled by the collagen, and influencing the texture quality of crisp grass carp. The surge in acylcarnitine 
levels is likely attributed to the promotion of lipolysis [42], Our results indicate that the lipid accumulation caused by faba bean 
consumption is a combined outcome of boosted lipogenesis and reduced lipid oxidation. This phenomenon can be attributed to a rise in 
the synthesis of fats and a decrease in their breakdown within the body, leading to the gradual accumulation of lipids [43]. 

The lipidomic fingerprint differs between ordinary and crisp grass carp. LION/web is an ontology database containing information 
related to lipid metabolism, which associates >50,000 lipid molecular species to biophysical, chemical, and cell biological features 
(referred as "LION terms"). In the present study, the difference in the lipidomic fingerprint composition ordinary and crisp grass carp is 
consistent with their contrasted feed-nutrition strategy. Specifically, we found high content of lipids involved in storage in ordinary 
grass carp, such as glycerophospholipids, polyunsaturated and saturated fatty acid content. Our results suggested that the hardness and 
chewiness of crisp grass carp muscle were significantly increased, probably due to the changes in the polyunsaturated fatty acid 
composition of fish muscle after feeding faba beans. In contrast, crisp grass carp showed high content of membrane components, such 
as monounsaturated fatty acid, sphingolipid and glycerolipids content. Additionally, the examination of lipid structure characteristics 
in ordinary and crisp grass carp groups has provided further evidence indicating that the presence of PUFA in lipid molecules 
(particularly TG, PC, and DG) is associated with lipid biosynthesis. However, the precise biochemical and physiological mechanisms 
responsible for the varying distributions of lipid molecules remain unclear. More extensive research is necessary to validate any po-
tential direct correlation. 

5. Conclusion 

Our study first revealed that the incorporation of faba bean increased the crispness of muscle in grass carp, accompanied by changes 
in the lipidome. This suggests that some important molecules, such as monounsaturated fatty acid, sphingolipid and glycerolipids, are 
involved in increased dorsal muscle hardness, springiness and gumminess. Overall, our study provided new insights into the formation 
of crisp grass carp and shed new light on innovative farming and quality improvement of aquatic products. 
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Cer Ceramides 
ChE Cholesterol Ester 
CL Cardiolipin 
Co Coenzyme 
DG Diglyceride 
dMeP Dimethylphosphatidylethanolamine 
GM3 Gangliosides 
Hex1Cer Simple Glc series 
LBPA Bis(monooleoylglycero)phosphate 
LdMePE Lysodimethylphosphatidylethanolamine 
LPC Lysophosphatidylcholine 
LPE Lysophosphatidylethanolamine 
MePC Methyl phosphatidylcholine 
MePE Dimethylphosphatidylethanolamined 
MG Monoglyceride 
MGDG Monogalactosyldiacylglycerol 
MGMG Monogalactosylmonoacylglycerol 
OAHFA OAcyl-(gamma-hydroxy)FA 
PC Phosphatidylcholine 
PEt Phosphatidylethanol 
PG Phosphatidylglycerol 
PMe Phosphatidylmethano 
SM Sphingomyelin 
SPH Sphingosine 
SQDG Sulfoquinovosyldiacylglycerol 
ST Sulfatide 
TG Triglyceride 
WE Wax esters 
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