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The Pacific saury (Cololabis saira) is a highly nutritious deep-sea fish, rich in omega-3 polyunsaturated fatty acids
(n-3 PUFAs). This study comprehensively investigated fatty acids composition and lipid profiles of different parts
of Pacific saury based on an untargeted lipidomic strategy. Results suggested that the crude fat content of meat,
head and viscera were 5.81%, 10.90%, and 19.46%, respectively. The contents of PUFAs were 41.08%, 34.96%
and 33.14%, respectively. Among them, the n-3 PUFAs in the head (34.58%) were significantly higher than meat

(29.40%) and viscera (27.95%). Moreover, 5752 lipid molecules were identified, where glycerophospholipids
(GP) were the most numerous lipid type (45.58%), with phosphatidylcholine (PC) being main differential sub-
class. PC (20:3_22:6) was the most abundant molecule in the head (14.59%) and meat (19.60%). Head_vs_viscera
group had higher characteristic PC abundance. This study will provide a theoretical basis for the physiological
activity and lipid high-value utilization of Pacific saury.

1. Introduction

Lipids have been acknowledged as one of the macro-nutrients and
exert many exclusive biological activities. Apart from providing energy,
they are also an important part of the membrane of the organism and a
precursor substance for signaling micro-molecules. Lipids would be
involved in the body metabolism, growth and development, neural
signaling and other physiological processes (Song et al., 2022). It is
categorized into the following eight groups based on their structure and
synthetic pathways: fatty acyls (FA), glycerolipids (GL), glycer-
ophospholipids (GP), sphingolipids (SP), sterol lipids (ST), prenol lipids
(PreL), saccharolipids (SL) and polyketides (PK) (Behrouz & Yari, 2022).
Among them, phospholipids due to their unique amphiphilic structural
features, enable lipid micellar solubilization in the tubular lumen, thus
promoting lipid hydrolysis and absorption in intestinal epithelial cells,
which is significant in intracellular transport and metabolic effects of
lipid molecules (Lordan et al., 2017). Therefore, supplementation of
phospholipids could repair damaged cell membranes, improve mem-
brane fluidity and membrane enzyme activity, add membrane fatty acid

unsaturation (Nistico et al., 2023), thus improving antioxidant and anti-
aging properties, which increases the protective effects on vascular
protection and permeability maintenance (Assmann et al., 2018; Dow-
han, 2017).

Compared with soy and egg sources, marine phospholipids are rich
in omega-3 polyunsaturated fatty acids (n-3 PUFAs), especially doco-
sahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) (Valencia-
Naranjo et al., 2022). The Pacific saury (Cololabis saira) is a surface-
migratory fish found in the junction of cold and warm currents, and is
widely distributed in the subtropical and temperate waters of the Pacific
Ocean along the coasts of Asia and American (Wang, 2023). Owing to its
delicious taste and high nutritional value, this fish has gradually been
popular among consumers. The lipid analysis of Pacific saury study
showed that, 9 polyunsaturated fatty acids (PUFAs) accounted for
47.23%-49.66% in total FAs, n-3 PUFAs were predominant. ALA and
DHA + EPA accounted for 15.44%-20.67% and 24.85%-27.56%,
respectively (Wang, Kong, et al., 2022). n-3 PUFAs could be found in
nature either in triglyceride (TG) or phospholipid (PL) form. From brain
health view, PL n-3 is more bioavailable and potent compared to TG n-3,
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as only PL n-3 is able to cross the blood-brain barrier and be involved in
brain biochemical reactions (Haq et al., 2021). In addition, marine-
derived phospholipids have other physiological activities, such as
regulating lipoprotein metabolism (Ahmmed et al., 2020), reducing
cholesterol levels (Das, 2018), protecting liver function (Manual Kol-
lareth et al., 2020), lowering inflammatory response and regulating
intestinal flora (Ong et al., 2021). Phosphatidylcholine (PC) is the most
abundant PL and the most dominant PL molecular species. It’s been
proven that PC could slow down the aging level of organs, repair the skin
aging damage (Wang, Zhao, et al., 2022), regulate the intestinal barrier
function, remodel the structure of intestinal flora, and reduce the in-
flammatory response (Nandi et al., 2021).

The current separation methods for phospholipids mainly include
thin-layer chromatography (TLC), high-performance liquid chromatog-
raphy (HPLC), gas chromatography (GC), nuclear magnetic resonance
spectroscopy (NMR) and mass spectrometry (MS). Lipidomic analysis
could efficiently study the changes and functions of lipid families and
lipid molecules in various biological processes, and elucidate the related
biological activities and mechanisms. GC is a powerful analytical tech-
nique for separating, identifying and quantifying individual chemical
components in complex mixtures, so it has been the most widely used
method for the determination of fatty acids in samples (Ahmmed et al.,
2021; Ochiai & Komiya, 2021; Petenuci et al., 2021). Liquid chroma-
tography (LC) has been used in the detection of phospholipids, which is
capable of rapid separation and quantitative analysis of various phos-
pholipids due to its high separation efficiency, high detection sensitivity
and good selectivity (Tam et al., 2018). Electrospray ionization
tandem-mass spectrometry (ESI-MS) is one of the most widely used mass
spectrometry methods, which has the advantages of high resolution,
high detection sensitivity and high selectivity, and is capable of rapid
qualitative and quantitative analysis of phospholipids (Cui et al., 2021;
Yaghmour et al., 2021; Zhang, Guo, et al., 2022). Therefore, MS com-
bined with LC and allows quantitative detection of lipids in complex
lipid mixtures through its unique mass properties (Ferraris et al., 2022;
Li et al.,, 2018; Sun et al., 2022). Liquid chromatography-mass spec-
trometry (LC-MS) is commonly used for lipidomic analysis, including
marine aquatic products such as capelin (Mallotus villosus) (Yin et al.,
2024), Pacific white shrimp (Litopenaeus vannamei) (Duan et al., 2022),
shrimp head, codfish roe, and squid gonad (Li et al., 2018), as well as oil
crops such as peanuts (Zhang, Guo, et al., 2022) and walnuts (Wang,
Zhong, et al., 2022), and hazelnut oil (Sun et al., 2022).

In this study, Pacific saury was divided into head, meat and viscera.
GC and ultra-performance liquid chromatography-electrospray ioniza-
tion tandem mass spectrometry (UPLC-ESI-MS/MS) were applied to
determine and compare the basic nutrient composition, physicochem-
ical properties, fatty acids composition and lipid profiles among
different parts of Pacific saury. The results are expected to provide ideas
for its high-value utilization and the development of marine-derived
phospholipids.

2. Materials and methods
2.1. Materials and reagents

The frozen Pacific saury (Cololabis saira, 118.29 + 8.31 g, 30.87 +
0.79 cm, n = 203) was caught in the North Pacific Ocean in October
2023. Subsequently, the samples were transported to the laboratory via
a cold chain. After thawing at 4 °C, the samples were dissected into head,
meat, viscera. The tissue index of the head, meat and viscera were
accounted for 14.04 + 1.22%, 68.04 + 7.30%, 7.16 + 1.07%, respec-
tively. The samples were separately packed in opaque polyethylene bags
(50 g per bag) and stored in —80 °C for further analysis.

2.2. Proximate chemical analysis

The samples were analyzed for the proximate composition according
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to the Association of Official Analytical Chemists (AOAC, 2019): AOAC
925.40 for moisture content, AOAC 923.03 for ash content, AOAC
920.152 for crude protein content, and AOAC 2003.05 for crude fat.

2.3. Extraction of total lipid

The total lipids were extracted with reference to the Folch method
(Song et al., 2022). Head, meat and viscera portioned sample were taken
and dried continuously for 72 h in a vacuum freeze dryer (FD-1C-50, Bo
Medical Kang Experimental Instrument Co, China.). Briefly, samples
(Iyophilized powders) were first weighed 30.0 g accurately, 450 mL of
chloroform-methanol solution (2,1, v: v) was add and place in the
refrigerator at 4 °C for 24 h. The solution was filtered to remove insol-
uble impurities, 9% NaCl solution (20% of total volume) was added and
mixed well, then continue to place at 4 °C for 4 h, waiting for stratifi-
cation. The upper aqueous layer was removed, and 9% NacCl solution
(10% of total volume) was added and mixed for about 2 h, and the upper
aqueous layer was removed again. The obtained solution was filtered
through anhydrous sodium sulfate and dried by vacuum spinning at
40 °C to obtain the total lipid.

2.4. Physicochemical indicators

The samples were analyzed for chemical composition according to
the American Association of Analytical Chemists AOAC (AOAC, 2019);
AOAC 969.17 Acid Price, AOAC 993.20 Iodine Value, and AOAC 965.33
Peroxide Value.

2.5. Fatty acids composition

The fatty acids (FAs) composition was carried out with reference to
previous studies (Zhang et al., 2019). Accurately weigh 0.1 g (0.001 g) of
the extracted total lipids and add 5 mL of 0.5 M NaOH-CH3OH and 100
pL of 10 mg/mL nonadecanoic acid (C19:0) and mix well and then
shaking at 100 °C for 10 min; add 3 mL of 14% BF3- CH3OH and shaking
for 5 min at 100 °C; add 3 mL of n-hexane and shaking for 2 min at
100 °C; add 2 mL of n-hexane and shaking for 2 min at 100 °C. After that,
quickly add 10 mL of saturated NaCl solution to the reacted system, fully
shaken, to let stand and layering, then extract the upper layer of the
clarified organic phase layer, later filtered with 0.22 pm organic phase
filter membrane in the injection bottle, and finally analyzed by GC.

The GC setup was equipped with an Agilent (Santa Clara, CA, USA)
SP-2560 capillary column (100 m x 250 pm x 0.2 pm) and a flame
ionization detector (Thermo Fisher Scientific, Waltham, MA, USA). The
heating procedure was 70 °C at the beginning, and the temperature was
increased to 140 °C (50 °C/min) for 1 min, then increased to 180 °C
(4 °C/min) for 1 min, then increased to 225 °C (3 °C/min) for 30 min.
The temperature of the inlet port was 260 °C, and the injection volume
was 1 pL, the split ratio was 45:1. The injection volume was 1 pL, the
flow rate was 45:1, the column flow rate was 1 mL/min, and the carrier
gas was nitrogen. External standard 37 fatty acid standards and internal
standard C19:0 was used to analyzed the fatty acid content in different
samples.

2.6. QC samples and sample pre-handling

Aliquots of each group of samples were mixed to form QC. QC
samples were not only used to determine the state of the instrument and
the equilibrium of the chromatography-mass spectrometry system prior
to injection, but also were interspersed with the samples to be tested to
evaluate the stability of the system throughout the entire experimental
process.

The samples were taken in appropriate quantities, first add 100-200
pL of ultrapure water, vortex for 30 s mix well; then add 800 pL of MTBE,
vortex again for 30 s; add 200-240 pL of pre-cooled isopropanol, vortex
for 30 s, sonicate for 15-20 min in a water bath at 4 °C, and then leave it
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at room temperature for 45 min, and then centrifuge at 12000 rpm for
20 min at 8 °C, take the upper organic phase and blow dry with Nj.
Three parallel samples were prepared for each sample.

For mass spectrometry, 150-200 pL of 95% isopropanol-acetonitrile
solution was added to dissolve the sample again, and then vortexed for
45 s. 85 pL of the sample was dissolved again, and then centrifuged at
12000 rpm 8 °C for 20 min, and then the upper layer of the sample was
taken from centrifugation tubes for chromatographic analysis.

2.7. Chromatographic conditions

The separation was performed on an UHPLC Nexera LC-30 A ultra-
high performance liquid chromatography (UHPLC) system (SHI-
MADZU, Japan) coupled to Q-Exactive Plus (Thermo Scientific in
Shanghai Applied Protein Technology Co., Ltd.) and using ACQUITY
UPLC CSH Cjg Column (1.7 pm, 2.1 mm x 100 mm, Waters) at 45 °C
with a flow rate of 300 pL/min. The mobile phase A was composed of
acetonitrile aqueous solution (6:4, v: v) with 0.1% formic acid and 0.1
Mm ammonium formate; mobile phase B was composed of acetonitrile
isopropanol solution (1:9, v: v) with 0.1% formic acid and 0.1 Mm
ammonium formate. The procedure using gradient elution was as fol-
lows: mobile phase B was maintained at 30% during 0-2 min; mobile
phase B linearly increased to 100% during 2-25 min; and mobile phase B
was maintained at 30% during 25-35 min. During the separation pro-
cess of liquid chromatography, the samples were always placed in a
10 °C autosampler. To avoid the effects caused by fluctuations in the
detection signal of the instrument, a randomized sequence was used for
continuous analysis of the samples.

2.8. Mass spectrometry conditions

Electrospray ionization (ESI) was used to detect positive and nega-
tive ions. The samples were separated by UHPLC and analyzed by a Q-
exactive mass spectrometer. The ESI source conditions are as follows:
heater temperature 300 °C, sheath gas flow rate 45 arb, aux gas flow rate
15 arb, sweep gas flow rate 1 arb, spray voltage 3.0 KV, capillary tem-
perature 350 °C, S-Lens RF level 50%, MS1 scan ranges: 200-1800. The
mass charge ratio of lipid molecules and lipid fragments was collected
according to the following methods: 10 fragments (MS2scan, HCD) were
collected after each full scan. The resolution of MS1 is 70,000 at m/z 200
and that of MS2 is 17,500 at m/z 200.

Lipidsearch (Thermo Fisher Scientific, USA) was used to extract and
identify the peaks of lipid molecules and internal standard lipid mole-
cules. The main parameters were as follows: precursor tolerance: 5 ppm,
product tolerance: 5 ppm, product ion threshold:5%.

2.9. Data processing

All the scientific data collected were subjected to three parallel de-
terminations and the results of the collection were expressed as mean +
S.D. SPSS 16.0 was used to analyze the collected scientific data for
analysis of variance (ANOVA) and Duncan’s method was used to analyze
the significance. Scientific data mapping was plotted using Origin 2018.
Multivariate statistical analyses including: principal component analysis
(PCA), orthogonal partial least squares-discriminant analysis (OPLS-DA)
were plotted by SIMCA. Volcano plots and Venn plots were plotted via
GraphPadPrism 9. Correlation heat map was plotted by TBtools
(Toolbox for Biologists v1. 098745). Neural network maps were plotted
through cytoscape_v3.10.0. Fish oil sample VIP values (Variable
importance in projection) were generated by OPLS-DA.

3. Results and discussion
3.1. Approximate composition

Basic nutrient content is one of the fundamental indicators for
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evaluating the composition of aquatic products, which includes mois-
ture, crude protein, crude fat and ash. Among them, the moisture of the
head (68.36 + 1.49%) was significantly higher than that of viscera
(60.04 + 2.36%) and meat (58.55 + 1.14%) (p < 0.05) (Fig. 1A). The
moisture of aquatic products ranges from about 50% to 80%, which can
be affected by season, feed, spawning condition, fish body parts and age
(Bledsoe et al., 2003). The moisture content of Pacific saury heads was
similar to that of tuna heads (67.24 + 1.87%) (Wang et al., 2021) and
salmon head (70.69 + 2.89%) (Chen et al., 2022), lower than bighead
carp head (80.79 + 1.07%) (Su et al., 2019)and capelin head (81.58 +
1.37%)(Yin et al., 2022), higher than king salmon head (49.02 + 1.10%)
(Ahmmed et al., 2021).The crude protein content of Pacific saury body
meat (20.58 + 0.03%) was significantly higher than that of the head
(15.51 + 0.82%) and viscera (11.01 + 0.29%) (p < 0.05). YE et al.
studied the nutrient composition of Pacific saury meat, which had a
crude protein content of about 17.63 + 0.34% (Ye et al., 2013). The
crude fat content of the viscera (20.46 + 0.30%) was significantly higher
than that of the body meat (10.90 + 0.35%) and the head (2.81 +
0.04%) (p < 0.05). These results were lower than bluefin tuna
(19.34-30.29%) (Liu et al., 2023), much higher than tamagoyaki (4.13%
to 6.09%) (Liu, Wang, et al., 2022), sea lamprey (2.00% to 6.08%) (Zeng
et al., 2002) and small yellowtail (1.78% to 3.25%) (Gao et al., 2020).
Because Pacific saury is a deep-sea fish that lives in temperate or sub-
tropical waters, it is sensitive to temperature changes and is a surface
migratory fish, and therefore stores a large amount of fat in its body
(Wang, 2023). The ash content in the head of Pacific saury is signifi-
cantly higher than that in the body meat and viscera, probably because
the head covers the skeletal structure of the gill cover, the end of the
muzzle, the upper and lower jaws, and the small fins, and thus the head
of Pacific saury is rich in minerals, especially calcium. In summary,
Pacific saury is a kind of high-protein and medium-fat source, with a
high fat content in the viscera, a high protein content in the meat, and a
high mineral content in the head.

Acid value (AV) is used to measure the number of free groups in fats
and oils, the more carboxylic acid groups reflect the more free FAs in fats
and oils, the greater the degree of oxidation. Iodine value (IV) is applied
to express the degree of unsaturation of the fats and oils. Peroxide value
(POV) is referred to as the amount of primary lipid oxidation products in
the process of lipid oxidation, and it is one of the important indicators
for evaluating the quality of fats and oils (Fang et al., 2022). The
physicochemical indexes of crude fish oil from different parts of saury
were demonstrated in Fig. 1B-D. The results of AV showed that: meat <
head < viscera, which all below 15 mg/g, indicating that free fatty acids
were in the moderate range. The IV showed that: meat > viscera > head,
and the data were all above 120 g/100 g, which proved that the degree
of unsaturation in fish oil was high and rich in polyunsaturated fatty
acids. The POV showed that: meat<head<viscera, all of them were
much lower than the CODEX standards for physicochemical properties
of fish oils (< 2.5 mmol/kg), reflecting that the fish oil was fresh and
almost no oxidative deterioration. In brief, the physicochemical quality
of Pacific saury was in good quality.

3.2. FAs composition

FAs composition is one of the most significant indicators for the
evaluation of lipid quality. FAs are important components of cell
membranes, and the higher the degree of unsaturation of FAs, the
stronger their antioxidant and anti-aging properties (Assmann et al.,
2018). The 19 FAs were detected in Pacific saury (Table 1), of which 8
main characteristic FAs were identified: myristic acid: C14:0; palmitic
acid, C16:0; oleic acid, C18:1; eicosenoic acid, C20:1; eicosadienoic
acid, C20:2; dodecanoic acid, C22:1and eicosapentaenoic acid, C20:5
(EPA); docosahexenoic acid, C22:6(DHA). The relative content of FAs in
head, meat, viscera of Pacific saury showed that SFAs, MUFAs, and
PUFAs accounted for 21.28%-22.68%, 36.24%-44.52% and 33.14%-—
41.08%, respectively. PUFAs were significantly higher than that in head,
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Fig. 1. Nutritional components and physicochemical indexes of different parts of Cololabis saira. A) approximate composition, B) acid value, C) iodine value, D)
peroxide value. Different superscripts a, b, ¢ values in the same row with different letters differ significantly (P < 0.05).

MUFAs were significantly lower compared to meat and viscera(p<0.05).
The SFAs, MUFAs, and PUFAs in Burchell’s shoulder-hole Antarctic fish
(Trematomus bernacchii) accounted for 19.4%, 54.4% and 26.0%,
respectively (Araujo et al., 2021), while in king salmon (Oncorhynchus
tshawytscha) accounted for 18%-25%, 28%-51%, and 20%-25%,
respectively (Ahmmed et al., 2021).

PUFAs are recognized for their vital nutritional value and regulation
of oxidative stress, including modulation of lipid metabolism, mitigation
of neurotoxicity and improvement of cognitive performance (Ahmmed
et al., 2020). EPA and DHA could promote neural development, improve
neurocognitive cell activity (Manual Kollareth et al., 2020), reduce
blood lipids, and exhibit cardiovascular and anti-tumor physiological
functions (Cheng et al., 2020). The DHA content was significantly higher
in head (26.23%) than that in meat (20.91%) and viscera (19.28%), and
the EPA content was also significantly higher in viscera (6.97%) and
head (6.75%) than that in meat (6.12%)(p<0.05). Particularly, the EPA
+ DHA content (32.98%) and the total n-3 PUFAs content in head
(34.58%) were significantly higher than that in meat and viscera
(p<0.05). Therefore, the quality of FAs in head was better than viscera
and meat. Moreover, lipids had favorable health effects when the UFA/
SFA ratio was higher than 0.7(Rincon-Cervera et al., 2019). The UFA/
SFA of the head, meat and viscera were 3.42, 3.71 and 3.48, respec-
tively, which were much higher than 0.7, proving that Pacific saury is a
good source of active lipids.

3.3. Lipidomic profile of fish oil

The LC-MS analysis technique is used to detect the subclasses of lipid
compounds as well as the composition of lipid molecular species in fish
oil in both positive and negative ion modes, which ensures the
completeness and reliability of the lipidomic data. The detection of QC
samples could generally respond to the lipid composition of crude fish
oil from three different parts, and the total ion flow diagrams and the
lipid composition of fish oil are shown in Fig. 2. The results showed that
the density and corresponding intensity of the peaks in the positive-ion
mode and negative-ion mode, and the different lipid compounds could
be exuded and separated and recognized within 24 min. A total of 6 lipid
classes and 42 lipid subclasses, amounting to 5752 lipid molecular
species, were detected from the three parts.

Lipids composition analysis allowed an overall examination of the
range of major lipid composition and content distribution of the sam-
ples. The lipid contents of the three parts of Pacific saury were shown
(Fig. 2B) as followed: GL (65.07%-79.35%), GP (13.85%-27.90%), SP
(3.64%-8.63%), FA (0.72%-1.54%), ST (0.06%-0.29%) and PreL
(0.03%-0.14%). Besides, the numbers of each lipid classes were shown
(Fig.S1) as followed: GP (2622 lipids, 45.58%), GL (1975 lipids,
34.34%), SP (1019 lipids, 17.72%), FA (103 lipids, 1.79%), ST (30
lipids, 0.52%), and PreL (3 lipids, 0.05%). There were five classes that
GL (50.54-60.75%), GP (19.25%-26.53%), SP (10.94%-12.86%), SL
(4.72%-5.85%) and FA (4.34%-6.04%) were identified in the meat,
head and viscera of tilapia (Oreochromis niloticus), respectively (He et al.,
2021). A total of 615 lipids were detected in turbot fillets, of which the
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Table 1
Fatty acid composition in different parts of Cololabis saira (%).
FAs tissue
Head Meat Viscera
C14:0 Myristic Acid 6.43 + 7.13 + 7.44 +
0.44° 0.33° 0.22°
C15:0 Pentadecanoic Acid 0.66 + 0.58 + 0.60 +
0.07* 0.04* 0.02%
C16:0 Palmitic Acid 12.43 + 11.03 + 11.60 +
0.13% 0.52% 0.30°
Cl6:1 Palmitoleic Acid 2.60 + 2.48 + 2.71 +
0.14* 0.15% 0.10?
C17:0 Heptadecanoic Acid 0.55 + 0.46 + 0.49 +
0.09% 0.02% 0.017
C18:0 Stearic Acid 2.39 £ 1.86 + 197 +
0.43% 0.117 0.03*
C18:1N9C Oleic Acid 4.69 + 3.78 £ 4.21 +
0.83% 0.16* 0.13*
C18:2N6C Linoleic Acid 1.59 + 1.54 + 1.68 +
0.07% 0.08% 0.04%
C20:0 Arachidonic Acid 0.22 + 0.22 + 0.23 +
0.02° 0.01° 0.00?
C18:3N3 Linolenic Acid 1.31 + 215 + 1.43 +
0.06% 1.54% 0.05%
C20:1 Eicosenoic Acid 10.83 + 15.11 + 15.17 +
3.11° 1.54° 0.37°
C20:2 Eicosadienoic Acid 375+ 3.00 + 3.10 +
0.23% 2.41° 2.48%
C20:3 N3 Eicosatrienoic Acid 0.29 + 0.22 + 0.28 +
0.07% 0.05% 0.01%
C20:4 N6 Arachidonic Acid 0.46 + 0.32 + 0.36 +
0.12% 0.02% 0.01*
c22:1 Dodecanoic Acid 17.60 + 21.14 + 22.08 +
3.597 1.14% 0.82%
C22:2 Docosadienoic Acid 0.70 + 0.69 + 0.05 +
0.54% 0.59% 0.05%
C20:5 Eicosapentaenoic 6.75 + 6.12 + 6.97 +
(EPA) Acid 0.532 0.35° 0.19%
C24:1 Nervonic Acid 0.52 + 1.25 + 0.35 +
0.35% 0.76% 0.36"
C22:6 Docosahexenoic 26.23 + 20.91 + 19.28 +
(DHA) Acid 4.25° 1.33° 0.54°
Saturated Fatty Acids (SFA) 22.68 + 21.28 + 22.34 +
1.58% 1.00° 0.55%
Unsaturated Fatty Acids (UFA) 77.32 £ 78.72 £ 77.66 £
1.587 1.00* 0.55%
Monounsaturated Fatty Acids 36.24 + 43.76 + 44.52 +

(MUFA) 6.10° 1.40% 1.19°

Polyunsaturated Fatty Acids (PUFA) 41.08 + 34.96 + 33.14 +
4,547 2.34%0 1.75°
n-3 Fatty Acids 34.58 + 29.40 + 27.95 +
4.91° 1.59" 0.78%°
n-6 Fatty Acids 2.06 + 1.86 + 2.04 +
0.19° 0.10° 0.05°
UFA/SFA 3.42 + 371 + 3.48 +
0.32° 0.22° 0.11°
EPA + DHA 32.98 + 27.03 + 26.25 +
4.78° 1.68" 0.73°

Different superscripts a, b, ¢ values in the same row with different letters differ
significantly (P < 0.05).

Note: C18:1N9C, cis-9-Octadecenoic acid methyl ester; C18:2N6C, Cis-9.12-
Octadecedienoic Methyl ester.

most numerous was GL (208 lipids, 33.82%) (Xu et al., 2022). GL and GP
in oyster Crassostrea gigas was account for 64.08%-78.92% and 11.46%—
29.28% of the whole lipid (Liu, Zhao, et al., 2022). It could be seen that
GL were the predominant lipid in other aquatic products while GP were
the most abundant lipid in Pacific saury.

The relative content of GP subclasses in head, meat and viscera of
Pacific saury were shown(Fig. 2C) as followed: 10.90%, 7.38%, and
6.00% of PC; 5.64%, 3.59%, and 2.69% of phosphatidylethanolamine
(PE); 4.45%, 1.67%, 2.07% phosphatidylglycerol (PG); 3.07%, 0.92%,
1.21% phosphatidylserine (PS); 2.24%, 1.23%, 1.03% phosphatidyli-
nositol (PI); 1.41%, 1.07%, 0.52% lysophosphatidylcholine (LPC);
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0.09%, 0.30%, 0.25% lysodimethylphosphatidylethanolamine (LPE);
0.06%, 0.03%, 0.05% (phosphatidic acid, PA) and 0.01%, 0.01%, 0.03%
lysophosphatidylserine (LPS), respectively. 1699 lipids of 32 classes
lipids were detected in the hepatopancreas of Penaeus vannamei by LC-
MS/MS analysis. Among them, 28.21% PC and 11.60% PE were con-
tained (Duan et al., 2022). PC 14.30 mg/g, PE 8.20 mg/g, P1 1.60 mg/g,
and PS 9.83 mg/g were identified in pike crab (Zhang, Zhang, et al.,
2022). In addition, it is worthwhile to point out that lysophospholipids
(LPLs), such as LPC, LPE, LPG, LPA, LPS were found in different parts of
Pacific saury, which was less reported in previous studies of aquatic
product. LPL is single-chain fatty acyl phospholipid derivatives resulting
from the hydrolysis or enzymatic hydrolysis of phospholipid Sn-1 or Sn-2
position (Xie et al., 2020). LPLs have better emulsifying properties and
special biological activities compared with PLs, could participate in
signaling processes in physiological functions, regulate the physiological
metabolism of the body and improve lipid metabolism and related dis-
eases (Yuan et al., 2024).

3.4. Differential expression of lipid molecules

When performing significance analysis different groups of samples,
commonly used univariate statistical analysis methods include Fold
Change Analysis and t-test. In order to further compare the differences
between the lipid molecular species of the three parts of Pacific saury,
this test was based on univariate analysis of variance for all detected
lipid molecules. The differential lipids in the results of this test were
determined by simultaneously satisfying p < 0.05 in the t-test and
Variable Importance Projection (VIP) > 1 in the OPLS-DA model, and
Pagj < 0.05 and logzFold Change >1 were used as criteria for significance
of differences in the volcano plot.

Venn plots is performed to visualize how many significant difference
lipid molecules change across different comparison groups, which could
help to screen key lipid molecule modules related to biological processes
(Deng et al., 2022). As shown in Fig. 3A, 132 differential lipids were
simultaneously present in the three comparison groups. Among them,
there were 101 differential lipids specific to the head_vs_meat group,
which turned out to be similar to the 110 in the meat_vs_viscera group,
and both were higher than the 57 in the head_vs_viscera group. In
addition, a total of 294 differential lipids were expressed in both
head_vs_meat and head_vs_viscera group, 139 differential lipids were
expressed in both head_vs_viscera and meat_vs_viscera group and 83
differential lipids were expressed in both head_vs_ and meat_vs_viscera
group. This suggests that there exist differential lipid molecules of three
parts, with smaller differences in the lipid molecules of meat and viscera
representing a more similar lipid composition between two groups,
while greater variability in the lipid composition of head.

Bubble map is also a form of expressing significant difference lipid
molecules. As shown (Fig. 3B) that the differential lipids in the head_-
vs_meat group were mainly triacylglycerol (TG) and diacylglycerol (DG)
in the GL; PC, PE, PS, PI, PG in the GP and hexosyl ceramide (Hex1Cer)
in the SP. In the head_vs_viscera group the differential lipids were mainly
TG and DG in the GL; PC, PE, PG, PS in the GP and Hex1Cer in the SP. In
the meat_ys_viscera group, the differentiated lipids were mainly TG and
DG in the GL; PC, PE in the GP and Ceramides (Cer) in the SP. In sum-
mary, TG, PC, and PE being the most significantly differentiated lipids
present in all tissue.

As shown in Fig. 3C, a total of 2705 differential lipids were shown in
the head_vs_meat group, of which 1859 were up-regulated and 846 were
down-regulated. The results showed that the lipids with the most sig-
nificant differences between the two sites are mainly the PC and PE in
GP. A total of 2481 differential lipids are shown in the head_vs_viscera
group, of which 1258 are up-regulated and 1223 are down-regulated.
The most significant difference between the two sites was the PC in
GP. A total of 2263 differential lipids were shown in the meat_vs_viscera
group, of which 642 were up-regulated and 1621 were down-regulated.
The most significant differences between the two sites were Cer in SP
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and PE in GP. Combined with the previous lipid subclass content in each
part (Fig. 2B), this may be due to the fact that heads contain higher
levels of PC and PE, and viscera contain higher levels of Cer.

It was concluded that PC is the main differential lipid in fish oil.
Therefore, analyzing and identifying PC molecular species in fish oil
from different parts of Pacific saury may help to obtain comprehensive
information of lipid profiles. Non-targeted histological analyses are
numerous and complex, and multivariate analysis is a common method
for screening key markers (Rocchetti et al., 2018). Orthogonal Partial
Least Squares Discrimination Analysis (OPLS-DA) combines orthogonal
signal correction technique on the basis of PLS—DA, which helps

filtering out the noise that is not related to the classification information,
and improve the parsing ability and effectiveness of the model (Boccard
& Rutledge, 2013). The OPLS-DA model (Fig. 3D) showed that the in-
formation of the samples in head, meat and viscera groups could be
clearly separated, indicating that there is a significant difference be-
tween different parts of the Pacific saury. Among them, meat and viscera
were closer to each other, representing a similar lipid composition,
which provided a basis for subsequent lipidomic analysis.

In order to further express the differential PC molecules in the three
parts, differential lipids were screened out the by building discriminant
models. The VIP values of the first principal component of OPLS-DA are
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presented in Fig. 3D, and the results show that there were 97,73 and 47
significantly different lipids contained in the three comparison groups,
respectively.

This study also enumerated the top 15 characteristic PC in terms of
VIP value score, and the results are shown in the Table.S1 and Fig.S2
Among them, PC (14:0_14:0) (VIP = 7.5898), PC (15:0_22:6) (VIP =
7.2120), PC (16:1_16:1) (VIP = 6.1232), PC (16:1_14:0) (VIP = 5.5671),
PC (16:0_18:1) (VIP = 5.4759) are significantly characteristic PC in the
head_vs_meat group; PC (20:3_.22:6) (VIP = 10.431), PC (14:0_14:0)
(VIP = 8.5753), LPC (22:6) (VIP = 8.4392), PC (16:1.14:0) (VIP =
6.2686), PC (10:0_16:0) (VIP = 5.1730) are significantly characteristic
PC in the head_vs_viscera group; PC (20:3_22:6) (VIP = 12.101), LPC

(22:6) (VIP = 8.6255), PC (15:0_22:6) (VIP = 8.3446), PC (19:0_14:3)
(VIP = 5.2403), PC (15:0_18:1) (VIP = 3.2473) are significantly char-
acteristic PC in the meat_ys_viscera group. For the purpose of avoiding
overfitting of the supervised model in the modeling process, the Per-
mutation test was used to test the model to ensure the validity of the
model (Malzahn et al., 2022). Fig. 3-D showed (R? = 0.0,0.451), (Q? =
0.0, —0.627) in head_vs_meat group; (R? = 0.0,0.546), (Q2 =
—0.774) in head_vs_viscera group; (R2 =0.0,0.501), (Q2 = 0.0, —0.948)
in meat_vs_viscera group. In brief, with the replacement retention
gradually decreasing, the R and Q2 of the stochastic model are both
gradually decreasing, which indicates that the original model does not
have the phenomenon of overfitting, the model is well robust.
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The top 50 PC in terms of relative contents were listed in Table 2, the
result showed that three parts of the Pacific saury were not exactly the
same but all of them had the characteristics of linking the long-chain
fatty acids, especially the DHA/EPA. The most abundant lipid mole-
cule species in both head and body meat was PC (20:3_22:6), containing
14.59% and 19.60%, respectively, and its content in viscera was the
second highest, containing about 10.01%. This PC molecule links C20:3
N3 (Eicosanoid) and C 22:6 (DHA), both n-3 fatty acids. It has been
shown that most of EPA and DHA in Atlantic salmon oil is esterified to
the Sn-2 position (Ruiz-Lopez et al., 2015); the n-3 fatty acid content at
the Sn-2 position in king salmon roe is also significantly higher than in
the skin and head (Ahmmed et al., 2021). The bio-accessibility of fatty
acids is related to their positions in the molecular structure of linked
phospholipids, and the Sn-2 position is more beneficial to the digestion
and absorption of fatty acids compared to the Sn-1,3 position (Yalagala
et al., 2019).

Table 2
PCs with their relative content of different parts (%).
Head Meat Viscera

PC (20:3_22:6) 14.59 + 1.98 19.60 + 2.36 10.01 + 2.14
LPC (22:6) 9.43 +£1.39 11.06 + 0.53 6.33 £ 0.63
PC (44:12) 6.25 £ 7.40 5.38 £9.29 4.17 £ 7.00
PC (42:2) 5.51 + 4.79 0.01 £+ 0.00 N.D.
PC (10:0_6:0) 3.77 £ 0.60 2.20 £+ 0.42 2.74 +£ 0.3
PC (20:1_22:1) 3.31 +£2.82 N.D. N.D.
PC (16:0_22:6) 3.21 £1.10 3.13 £ 0.39 4.23 £ 0.64
PC (16:0_18:1) 2.59 £ 0.51 0.47 £ 0.11 1.51 + 0.03
PC (18:0_.16:0) 2.29 £ 0.38 0.83 £+ 0.02 1.83 £ 0.21
PC (20:2_22:6) 1.61 +£1.37 0.01 £ 0.00 0.02 £ 0.00
PC (14:0_14:0) 1.51 £ 0.28 8.63 £+ 3.46 14.29 +1.33
PC (16:0_20:5) 1.26 + 0.29 0.86 + 0.14 1.99 + 0.04
PC (18:1_24:1) 1.14 £ 0.10 0.16 £ 0.03 0.08 £ 0.00
PC (16:0_20:1) 1.07 £ 0.25 0.4 £+ 0.08 0.70 £ 0.09
PC (22:6_22:6) 1.01 + 0.23 1.13 £ 0.17 0.57 £ 0.07
PC (18:1_24:0) 0.87 £0.18 0.12 £ 0.02 0.03 £ 0.00
PC (20:1_20:5) 0.75 £ 0.14 0.64 £+ 0.09 0.73 £ 0.03
PC (16:0_20:5) 0.72 £ 0.11 0.60 + 0.07 1.57 £ 0.26
PC (35:1.9:0) 0.70 £+ 0.44 0.05 £+ 0.01 0.06 £+ 0.04
LPC (16:0) 0.69 £ 0.14 0.27 £0.13 0.39 £ 0.04
PC (16:1_16:1) 0.67 £+ 0.08 5.06 £+ 1.55 4.24 £ 0.12
PC (16:1_14:0) 0.65 £ 0.14 4.46 £+ 2.09 7.32 £ 0.35
PC (16:0_16:1) 0.64 £ 0.14 0.10 £ 0.03 0.27 £ 0.01
PC (38:5e) 0.64 £ 0.11 0.12 £+ 0.02 0.41 £ 0.09
PC (16:1_16:1) 0.55 + 0.21 0.08 + 0.03 0.25 £+ 0.05
PC (34:3e) 0.53 £ 0.07 0.24 £ 0.04 0.24 £ 0.19
PC (20:2e_23:0) 0.50 £ 0.18 1.44 £ 0.80 1.09 + 0.06
PC (18:1.18:1) 0.49 £+ 0.07 0.10 £+ 0.02 0.32 £ 0.02
PC (20:5_22:6) 0.46 £+ 0.61 0.57 £ 0.55 0.47 £ 0.32
PC (32:1_22:6) 0.45 £ 0.10 N.D. 0.02 £+ 0.00
PC (40:9) 0.43 £ 0.07 0.52 £+ 0.05 1.14 £ 0.22
PC (18:1_22:6) 0.43 £ 0.08 0.33 £ 0.06 0.59 £+ 0.01
PC (18:1_22:1) 0.43 £0.12 0.07 £ 0.01 0.07 £ 0.00
PC (20:1e_22:6) 0.43 £ 0.05 0.03 £ 0.01 0.03 £ 0.00
PC (16:0_24:1) 0.41 £ 0.10 0.04 + 0.01 0.04 £+ 0.00
PC (18:0e_18:1) 0.40 £ 0.09 0.02 £ 0.00 0.02 £ 0.01
PC (16:0_16:0) 0.38 £ 0.06 0.05 £+ 0.02 0.29 £ 0.01
PC (16:1_20:5) 0.38 + 0.07 0.18 + 0.04 0.82 £ 0.01
PC (18:2e_22:6) 0.37 £0.12 0.02 £ 0.00 0.05 £ 0.00
PC (19:0_14:3) 0.36 £ 0.03 2.86 £ 0.56 0.81 £ 0.06
PC (18:1_22:6) 0.35 £+ 0.09 0.18 £ 0.01 0.24 £ 0.01
PC (20:5_22:6) 0.34 £ 0.06 0.53 £+ 0.08 0.64 £+ 0.02
PC (16:0e_18:1) 0.34 £ 0.08 0.02 £ 0.00 0.05 £ 0.00
PC (36:4) 0.33 £ 0.06 0.17 £+ 0.00 0.53 £ 0.01
PC (42:7) 0.32 £ 0.28 0.77 £1.29 0.02 £ 0.02
PC (38:5e) 0.32 £ 0.04 0.26 £+ 0.03 0.43 £ 0.06
PC (15:0_22:6) 0.31 £ 0.04 5.95 £ 0.81 0.51 £ 0.07
PC (16:1_22:6) 0.30 £+ 0.06 0.18 + 0.04 0.53 £ 0.01
PC(17:1.18:1) 0.30 £+ 0.06 0.02 £+ 0.00 0.03 £ 0.00
PC (16:0_14:0) 0.30 £ 0.06 0.05 £+ 0.02 0.28 £ 0.01

Note: Relative Content: R. C.
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3.5. Correlation analysis

Different fatty acids were linked to the phospholipid skeleton
constituting different PC molecules, and in order to further investigate
the effect of differences in microscopic molecular composition on
macroscopic properties (AV, IV, POV), correlation analysis was applied
to investigate the connection among them. The correlation heatmap of
characteristic PC molecules in different comparison groups (Fig. 4A)
showed that the relative abundance of characteristic PC molecules in
meat was lower than that in the head and viscera. Meanwhile the
characteristic PC molecular species had the highest abundance in the
head_vs_viscera group.

Fig. 4B visualizes their correlation by constructing a neural network
diagram. Most of these indicators were only associated with three parts
of Pacific saury (head, meat and viscera), however, it is worth pointing
out that PC (18:1_22:6), PC (16:1_20:5), PC (16:0_20:5), PC (16:1_16:1),
PC (18:2_16:0), PC (36:4), PC (38:5) have higher degree coefficients.
The Person correlation analysis method was further performed to
analyze their correlations (Fig. 4C), this study additionally enumerates
PC-DHA/EPA, result showed that PC (18:1_22:6) had significant positive
correlation with PC36:4 (R = 0.9986), PC (16:1_20:5) (R = 0.9954), AV
(R = 0.9918) while significant negative correlation with C20:5 (R =
—0.9689). PC (16:0_20:5) has significant positive correlations with PC
(18:1.22:6) (R = 0.9989), PC (16:1.20:5) (R = 0.9987), AV (R =
0.9967), PC (36:4) (R = 0.99516), and significant negative correlations
existed with C20:5 (R = —0.9565). PC (16:1_20:5) showed significant
positive correlation with AV (R = 0.9994) and significant negative
correlation with C20:5 (R = —0.9410). It may be concluded that PC-
DHA/EPA may be associated with AV.

4. Conclusion

This study detected the Pacific saury’s FAs composition and lipid
profiles by using GC and UPLC-ESI-MS/MS. Head had a low lipid yield,
but nutritionally rich in PUFAs (especially EPA and DHA); meat and
viscera could be further exploited due to the high contents of lipids and
FAs. GP were the most numerous fraction (45.58%) in Pacific saury
lipids, with PC being the main differential subclass. 18 characteristic
differential lipids in the head and meat were identified, 15 of which
were differential lipids in the head and viscera. PC (14:0_14:0), PC
(15:0_22:6) and PC(16:1_16:1) were the characteristic PC in the head_-
vs_meat group; PC (20:3_22:6), PC (14:0_14:0) and LPC (22:6) were
characteristic PC in the head_vs_viscera group; PC (20:3_22:6), LPC
(22:6) and PC (15:0_22:6) were the characteristic PC in the meat_vs_-
viscera group. The characteristic PC had the highest abundance in the
head_vs_viscera group. PC-DHA/EPA may be associated with AV. This
study provides an in-depth exploration of lipid profiles of Pacific saury,
which could provide theoretical basis for further processing of its by-
products and lipid utilization.
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head_ys_viscera group, meat_vs_viscera group), B) Neural network diagram, C) Correlation heat map. *Note: The shade of the icon color represents the level of degree

coefficient and the thickness of the line reflects the level of content.
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