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Lipid molecules and fatty acids were analyzed using lipidomics to understand the change of lipid structure and
metabolism in the hepatopancreas of Chinese mitten crab (Eriocheir sinensis). The crabs fed diets with four oil
sources (palm oil, olive oil, safflower seed oil and purple perilla oil) for 8 weeks. Palmitic acid, oleic acid, linoleic
acid, and linolenic acid were the most abundant fatty acids in these oil types, respectively. Sixteen lipid classes
were identified in the hepatopancreas. Triglycerides, phosphatidylcholines, diacylglycerols, and phosphatidyl
ethanolamines in hepatopancreas were analysis deeply in this study. The relative contents of main lipid classes in
the hepatopancreas were all significantly influenced by dietary oil sources. A similar pattern of lipid metabolism
was observed in the E. sinensis fed palm oil and olive oil diets with an increasing quantity of C18:2n-6 in sn-1, 3 of
triglycerides. Polyunsaturated fatty acids were distributed mainly in the sn-1, 3 position in triglycerides and in
the sn-2 position in diacylglycerols and phospholipids. The abundance of C18:3n-3 in the diet could not
significantly increase the contents of EPA and DHA in the hepatopancreas. Meanwhile, there was no C18:3n-3 at
the sn-1 and no C18:0 at the sn-2 positions in phosphatidylcholines. This study was the first attempt on using
lipidomics in crustaceans to understand the impact of dietary oil source on the structure of lipids stored in
crustaceans. It provides a new insight and theoretical basis to understand the mechanism on the difference in
lipid composition in the diet and in the tissue of crustaceans.

1. Introduction
As a major nutrient component in aquatic feed, lipid can provide
twice as much energy as protein or carbohydrate per unit of weight.
Dietary lipid can supply diverse fatty acid species to maintain metabolic
and physiological functions of the organism such as the cell membrane
fluidity and integrity, osmotic regulation, and enzymatic reactions
(Spector and Yorek, 1985). The profile and structure of different fatty
acids represent the nutritional value of the edible part of aquatic ani
mals. The balanced n-3/n-6 ratio of polyunsaturated fatty acids (PUFAs)
in feed is important to human health and disease prevention (Simo
poulos, 2016; Simopoulos et al., 2001). The n-3 PUFAs, especially
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), can

suppress lipogenesis and increase protecting generation, ultimately
leading to reduction of inflammation (Siriwardhana et al., 2012). On the
contrary, n-6 PUFAs can stimulate the formation of prostaglandin E2 to
induce proinflammation (Schmitz and Ecker, 2008). Obviously, there is
a close relationship between fatty acid profile and health status of an
organism.
Lipid source of a diet can significantly influence fatty acid compo
sition in aquatic animals. In Nile tilapia Oreochromis niloticus, the source
of dietary oils can significantly change the nutritional value of fillet
through regulation of fatty acid composition and the binding position on
glycerol in fatty acids (Liu et al., 2019). The compositions of fatty acids
in fillet and liver reflect the fatty acid profile in Japanese sea bass
Lateolabrax japonicus and brook charr Salvelinus fontinalis (Guillou et al.,
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1995; Xue et al., 2006). The Pacific white shrimp Litopenaeus vannamei
has a significantly higher PUFAs content in the whole body when fed
with soy oil and rapeseed oil for 8 weeks (Zhou et al., 2007). A similar
result was also reported on swimming crab Portunus trituberculatus (Han
et al., 2015). However, the nutritional value of different food oils is not
only related to the fatty acid composition, but is also dependent on their
binding positions on the glycerol backbone (Karupaiah and Sundram,
2007; Renaud et al., 1995). Meanwhile, each natural oil has a special
distribution of fatty acids on the glycerol backbone of TG. For instance,
in lard, C16:0 is located exclusively at the sn-2 position, with an un
saturated fatty acid at sn-3 (Kubow, 1996). In most vegetable oils,
C18:1n-9 and C18:2n-6 are exclusively at the sn-2 position in TG
(Kubow, 1996). Due to digestion and absorption, the positional distri
bution of dietary fatty acids can be recombination and esterified to new
lipid molecule structure in organism (Sternby et al., 1983). However, no
research has investigated how the type of dietary lipids can modify the
composition and structure of fatty acids in crustacean.
In an organism, lipids include a diverse group of molecules such as
TG, diacylglycerol (DG), phosphatidylcholine (PC) and phosphatidyl
ethanolamine (PE) (Gray and Yardley, 1975). TG is a major neutral lipid
for energy storage in the adipose tissue (Albert et al., 2014). PC and PE
are the major polar lipids to regulate membrane integrity, fluidity and
signal transduction between cells (Tocher, 2003). In the native TG
molecule, fatty acids are esterified to three stereospecific positions on
the glycerol backbone, which are numbered using their stereospecific
numbering (sn) as sn-1, sn-2 and sn-3. By convention, the hydroxyl
group of the second carbon of glycerol (sn-2) is on the left on a Fischer
projection. The numbering follows the glycerophospholipids, being sn-1
the carbon at the top and sn-3 the one at the bottom. The stereospeci
ficity and chain lengths of fatty acids, at the sn-1, sn-2 and sn-3 positions
in TG species determine the metabolic fate of dietary oil during digestion
and absorption (Small, 1991; Decker, 1996). The triglycerides (TG) with
medium chain fatty acids in the sn-1and sn-3 positions and a long chain
fatty acid in the sn-2 position (e.g., 2-linoleoyl-1, 3-dioctanoyl glycerol
and 2-oleoyl-1, 3-dioctanoyl glycerol) show faster hydrolysis efficiency
than the TG comprising long chain fatty acids in rats (Jandacek et al.,
1987). Meanwhile, human milk fat can be absorbed and utilized better
by infant due to the more distribution of C16:0 at sn-2 in TG than bovine
milk (Innis et al., 1994). However, nutritionists in aquaculture have paid
little attention on this issue. It is worth paying attention to compare the
response of aquaculture animals to the difference of lipid in the diet from
the perspective of lipid metabolism and nutrition.
The hepatopancreas is the main organ to store lipids in crustacean,
which is different from the storage tissue of adipose in vertebrates
(Arrese and Soulages, 2010). The Chinese mitten crab Eriocheir sinensis is
an important species in aquaculture and its production reached 812 180
tonnes in 2016 (FAO, 2017). In the past, research of lipid on crab has
focused on the use of single source of lipid with different concentrations
(Chen et al., 2016; Xu et al., 2018, 2019) and comparison of immune
response and metabolism of crab to different lipid sources (Ma et al.,
2017, 2018; Chen et al., 2018). In crab, the lipid composition in hepa
topancreas can reflect the nutritional value of crab for consumers.
Lipidomics research involves the identification and quantification of
cellular lipid molecules and it examines the content, structure and
composition of different lipid molecules (Hyötyläinen et al., 2013;
Wenk, 2005). Lipid molecules with various length, degree of unsatura
tion and configuration can be accurately classified by the metabolomics
analysis and the result of lipidomics can diagnose metabolic disorders.
Therefore, this study aims to explore the mechanism of lipid metabolism
and nutrition in E. sinensis fed different source of lipid using lipidomics
analysis. These results would provide a new insight to understand the
response of lipid composition to diet types and improve the nutritional
value of crab in aquaculture.

Table 1
Ingredient formulation (g/kg dry basis) and proximate composition (%) of the
four experimental diets fed to E. sinensis.
Content (g/kg dry basis)

Ingredients
Casein
Gelatin
Oil mixturea
Lecithin
Cholesterol
Corn starch
Vitamin premixb
Mineral premixc
Attractantd
Carboxymethyl cellulose
Choline chloride
Cellulose
Butylated hydroxytoluene
Total
Analysed proximate composition
Moisture
Crude protein
Crude lipid
Ash

PA

OA

LA

LNA

400
80
60
5
5
250
40
30
30
20
5
75
0.05
1000

400
80
60
5
5
250
40
30
30
20
5
75
0.05
1000

400
80
60
5
5
250
40
30
30
20
5
75
0.05
1000

400
80
60
5
5
250
40
30
30
20
5
75
0.05
1000

13.8
41.28
7.20
4.20

14.0
41.30
7.13
3.88

13.8
41.44
7.22
4.32

14.0
41.36
7.18
3.97

Note: PA, Palm oil (Palmitic acid). OA, Olive oil (Oleic acid). LA, Safflower oil
(Linoleic acid). LNA, Purple perilla seed oil (Linolenic acid).
a
Oil mixture: Plant oil source and refined fish oil (v: v = 9: 1). Percentages of
EPA and DHA in refined fish oil are 34.29 % and 48.75 %, respectively. In PA,
palm acid content was adjusted by adding purified palmitic acid (A600497,
Sangon Biotech Co., Ltd, Shanghai, China) and palm oil.
b
Vitamin premix (per 100 g premix): retinol acetate, 0.043 g; thiamin hy
drochloride, 0.15 g; riboflavin, 0.0625 g; Ca pantothenate, 0.3 g; niacin, 0.3 g;
pyridoxine hydrochloride, 0.225 g; para-aminobenzoic acid, 0.1 g; ascorbic acid,
0.5 g; biotin, 0.005 g; folic acid, 0.025 g; cholecalciferol, 0.0075 g; α-tocopherol
acetate, 0.5 g; menadione, 0.05 g; inositol, 1 g. All ingredients are filled with
α-cellulose to 100 g.
c
Mineral premix (per 100 g premix): KH2PO4, 21.5 g; NaH2PO4, 10.0 g; Ca
(H2PO4)2, 26.5 g; CaCO3, 10.5 g; KCl, 2.8 g; MgSO4⋅7H2O, 10.0 g; AlCl3⋅6H2O,
0.024 g; ZnSO4⋅7H2O, 0.476 g; MnSO4⋅ 6H2O, 0.143 g; KI, 0.023 g; CuCl2⋅2H2O,
0.015 g; CoCl2⋅6H2O, 0.14 g; Calcium lactate, 16.50 g; Fe- citrate, 1 g. All in
gredients are diluted with α-cellulose to 100 g.
d
Sangon Biotech, Ltd., Shanghai, China.

Table 2
Fatty acid composition (%) of four experimental diets.
Fatty acid
C16:0
C16:1
C18:0
C18:1n-9c*
C18:2n-6c*
C18:3n-3
C20:0
C20:1n-9
C20:2
C20:4n-6
C20:5n-3
C22:5n-3
C22:6n-3
∑
SFAs
∑
MUFAs
∑
PUFAs
∑
HUFAs

Fatty acid composition (total fatty acids %)
PA

OA

LA

LNA

78.23
0.05
1.44
10.62
4.38
1.00
0.07
0.03
0.12
0.11
2.14
0.19
1.48
79.75
10.69
5.49
4.03

12.83
0.54
3.13
69.63
6.09
0.80
0.32
0.21
0.17
0.86
2.91
0.24
1.89
16.28
70.39
7.05
6.06

6.10
0.08
2.58
11.48
71.88
0.45
0.36
0.28
0.23
0.17
3.15
0.25
1.97
9.04
11.83
72.55
5.76

6.64
0.17
2.08
13.85
14.52
56.25
0.09
0.09
0.21
0.18
3.16
0.26
2.01
8.81
14.11
70.99
5.82

∑
Note:
: Summation of fatty acids; SFAs: Saturated fatty acids; MUFAs:
Monounsaturated fatty acids; PUFAs: Polyunsaturated fatty acids; HUFAs:
Highly unsaturated fatty acids.
Values are means ± SE (n = 3).
*
C18: 1n9c and C18: 2n6c means cis-fatty acids.
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2. Materials and methods

Table 3
The gradient eluotropic program of mobile phase in lipidomics.

2.1. Experimental diets
Four isonitrogenous diets (40 % crude protein provided by casein
and gelatin) were formulated with different types of plant oil including
palm oil, olive oil, safflower oil and purple perilla oil. The major fatty
acids in these four types of oil included palmitic acid (PA), oleic acid
(OA), linoleic acid (LA) and linolenic acid (LNA), respectively. The ratio
of PA was adjusted by adding pure palmitic acid (A600497, Sangon
Biotech Co., Ltd, Shanghai, China) to a similar percentage of OA, LA and
LNA. Refined fish oil was supplemented with the ratio of 1: 9 (v: v,
refined fish oil: plant oil) to balance the ratio of EPA and DHA in the
diets. Butylated hydroxytoluene (BHT) was supplemented at a concen
tration of 0.05‰ as the antioxidant to reduce lipid oxidation (Ma et al.,
2017). Raw materials were ground and sieved through a 60-μm mesh.
All dry ingredients were grinded finely and mixed thoroughly before
different-premixed oils were added. The mixture was dissolved by
adding deionized water (70 mL/kg diet) and then wet-extruded into
2.0-mm-diameter pellets using a double helix plodder (F-26, SCUT in
dustrial factory, Guangdong, China). The pellets were dried by blowing
air at room temperature. Pellets were sorted to various sizes by 14, 12
and 10 mesh sieves and stored at -20 ℃ until use. Ingredient and
proximate composition of the four experimental diets are given in
Table 1. The composition of fatty acids in each diet is presented in
Table 2.

Time (min)

Mobile phase A (%)

Mobile phase B (%)

0
2
20
40
40.01
45

70
70
0
0
70
70

30
30
100
100
30
30

velocity was 0.4 mL/min. Mobile phase A was acetonitrile/water (v: v =
60: 40) including 10 mmol/L ammonium acetate and 0.1 % formic acid.
Mobile phase B was acetonitrile/isopropanol (v: v = 10: 90) including
10 mmol/L ammonium acetate and 0.1 % formic acid. The injection
sample volume was 4 μL and the temperature of automatic injector was
4 ℃. The gradient of mobile phase was shown in Table 3. Two detection
modes were performed as follows: ESI+: heater temperature 300 ℃;
sheath gas flow rate, 45 arb; Aux gas flow rate, 15 arb; sweep gas flow
rate, larb; spray voltage, 3.0 KV (ESI_: 3.2 KV); capillary temperature
350 ℃; 30 % (ESI_: 60 %) S-lens RF level.
2.4. Data processing and identification
The original data of LC–MS were obtained and preprocessed by Lipid
Search software (v4.0.20, Thermo, Wilmington, USA) and then
normalized and edited into two-dimensional data matrix by excel 2010
software including LipidIon, class, fatty acid chain (fatty acid, FA1, FA2,
FA3), CalcMz, IonFormula, retention time (RT) and peak intensity. The
data under ESI + and ESI- after editing were performed Multivariate
Analysis (MVA) using SIMCA-P+ 12.0 (Umetrics AB, Umea, Sweden)
including principal component analysis (PCA) (Fig. 2, A and B) and
orthogonal partial least squares discrimination analysis (OPLS-DA) (Su
et al., 2013). Lipids qualitative analysis was carried out by Lipid Search
(v4.0.20, Thermo, Wilmington, USA) including lipid types, the length of
carbon chain and the number of unsaturated double bonds. The variable
importance in the projection (VIP) values and t-test were combined to
screening for significantly different lipid molecules by the standard of
VIP > 1 and P < 0.05. The four main lipid types, TG (top 100), PC, DG
and PE, in this study were presented in heatmap (Fig. 12) to reflect the
difference among four treatments. The clustering heatmaps were made
by the online software https://software.broadinstitute.org/morpheus/.

2.2. Experimental animal management and sample collection
Juvenile E. sinensis were obtained from a local crab farm (Chongm
ing, Shanghai, China). After 2-week acclimation in a cement pond (4 ×
2.5 × 1 m) fed with a commercial diet (9810, Harmony feed, Co, Ltd,
Shanghai, China), 720 healthy crabs (0.20 ± 0.01 g) were randomly
assigned to 24 tanks (300 L). There were four treatments with six rep
licates each, and 30 crabs were used in each replicate. During the
experiment, crabs were hand-fed twice daily at 09:00 and 17:00 h with
the daily ration of 4% body mass for 8 weeks. Uneaten diets were
removed by siphon at two hours after feeding. The exchange rate of
incoming water was 50 % of the water volume. During the whole
cultivation period, the environmental condition was maintained at 28 ±
3 ℃ water temperature, 7.6–7.8 pH, ≤ 0.05 mg/L ammonia nitrite and ≥
6.7 mg/L dissolved oxygen. At the end of the 8-week study, crabs were
anesthetized in slurry ice and the hepatopancreas was extracted rapidly
and stored at -80 ℃ for lipidmoics analysis.

2.5. Statistical analyses
Statistical analysis was carried out with SPSS statistics 20 (IBM,
Armonk, NY, USA). All data are presented as mean ± standard errors
(SE). One-way analysis of variance (ANOVA) was used to compare the
significant difference of fatty acid types (TG, PE, PC and DG) and fatty
acid molecules (C16:0, C18:0, C18:1n-9, C18:2n-6, C18:3n-3, C20:4n-6,
C20:5n-3, C22:6n-3) among four experimental treatments. The position
distribution of fatty acids in TG, PE, PC and DG was determined by using
a Student’s t-test. Differences were regarded as statistically significant at
P < 0.05 (*) and extremely significant at P < 0.01 (**).

2.3. Lipid extraction and separation
Four hepatopancreas samples were collected randomly for lipid
extraction in lipidomics analysis (n = 4). The total lipid in hepatopan
creas was extracted by chloroform/methanol (v: v = 2: 1) using the
method described previously (Folch et al., 1951). The hepatopancreas
(50 mg) in each individual was used to extract total lipid with 1.5 mL
chloroform/methanol (v: v = 2: 1) and then added 0.5 mL ultrapure
water and vortexed for 1 min. After the samples were centrifuged at
3000 rpm for 15 min, the organic phase was transferred to a clean glass
tube (5 mL). The organic phase was centrifuged for concentration and
then resuspended with isopropanol/methanol (v: v = 1: 1) for liquid
chromatography/tandem mass spectrometry (LC–MS) (Thermo, Ulti
mate 3000LC, Orbitrap Elite) analysis (Want et al., 2010; Xiao et al.,
2012).
The LC separation was conducted with a reversed phase of 100 × 2.1
mm Kinetex C18 column with 1.9 μm particles kept at 45 ℃. Flow

3. Results and discussion
3.1. Data reliability analysis of lipidomics by TIC and PCA
Total ion flow chromatograms (TIC) of quality control (QC) samples
were overlapped, indicating that the instrument was stable and the re
sults were reliable due to high reproducibility of retention time (Fig. 1, A
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Fig. 1. The total ion chromatogram (TIC) of QC of ESI+ (A) and ESI- (B). These two TIC figures show the reproducible retention time of detecting instrument which
indicate that the instrument is stable and the data is reliable of lipidomics.

4
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Fig. 2. The PCA scores plot of all ESI+ (A) and ESI- (B). These two PCA analysis figures reflect a small variation within one treatment and significant difference
among different treatments. QC: quality control; 1, PA treatment; 2, OA treatment; 3, LA treatment; 4, LNA treatment.
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3.2. Responses of lipid classes in hepatopancreas to the type of dietary oil

Table 4
Lipid composition (100 %) in hepatopancreas of E. sinensis fed diets with four
lipid sources based on lipidomics analysis.
Lipid
TG
PC
DG
PE
LPC
SM
Cer
PS
PI
LPE
So
PMe
PEt
MG
LPS
PG

In the study, a total of 16 lipid classes were detected by LC–MS-based
lipidomics approach (Table 4). The relative amount of all lipid classes
had been detected except for phosphatidylglycerol (PG) in the hepato
pancreas of E. sinensis fed PA and LA. Among all lipid classes, the four
lipid classes (TG, PC, DG and PE) were analyzed deeply in the study. As
one of the most vital organs in crustaceans, the hepatopancreas is the
main location for lipid storage in the form of lipid droplets (Gibson and
Barker, 1979; Fraser, 1989). The relative contents (86.95 %–91.97 %) of
TG were significantly higher than other lipid classes among all
treatments.
Dietary oil sources showed significant influence on relative contents
of TG, PC, DG and PE (Fig. 3). TG relative contents in the hepatopancreas
of crabs fed four oil sources showed an opposite trend with DG (Fig. 3. A
and C). The DG is a key element in signaling lipid and intermediate in
lipid metabolism and has closely related to TG biosynthesis and catab
olism (Carrasco and Mérida, 2007). The relative content of TG was least
in the hepatopancreas of crabs fed OA and the second least relative
content of TG was found in the PA treatment. It agrees with previous
study that both C16:0 and C18:1n-9 are suitable substrates to provide
energy in fish and crustacean (Liu et al., 2019). In mammals, HUFAs can
suppress fatty acid synthesis, increase fatty acid β-oxidation, and reduce
TG synthesis (Al-Hasani and Joost, 2005). In fish, n-3 HUFAs can reduce
lipid accumulation in the white adipose tissue (Todorcević et al., 2009).
However, in this study, relative contents of TG in crabs fed LA and LNA
were significantly higher than those in the other two treatments, and the
TG relative content in the LNA treatment was significantly higher than
that in the LA treatment. As a freshwater species, there was a lower
requirement for n-3 HUFAs and low ability to elongate and desaturate in
E. sinensis (Guo et al., 2013; Yang et al., 2013). In this study, the relative
contents of PC and PE in the hepatopancreas of crabs were significantly
decreased with the increase of unsaturated dietary oil in various sources
(Fig. 3. B and D). It indicates that the oil type with a high ratio LA and
LNA in diets may be more likely to convert into TG for storage than for
catabolism or glyceryl phosphatide synthesis in the hepatopancreas.
Similar results were found in research of muscle tissue of Nile tilapia fed
diets with different oil sources by lipidomics (Liu et al., 2019). However,
environmental factor changing, such as salinity, can induce a different
result of polar lipids in muscle and gill of Litopenaeus vannamei (Huang
et al., 2019).

Hepatopancreas (100 %)
PA

OA

LA

LNA

87.94 ± 0.24b
6.29 ± 0.15c
4.78 ± 0.14c
0.434 ± 0.005d
0.476 ± 0.004c
0.0517 ±
0.0006c
0.0136 ±
0.0001c
0.0089 ±
0.0004b
0.0022 ±
0.0000c
0.0022 ±
0.0000d
0.0024 ±
0.0001b
0.0018 ±
0.0000b
0.0017 ±
0.0000d
0.0007 ±
0.0000a
0.0001 ±
0.0000a
0.0000a

86.90 ± 0.54a
6.35 ± 0.44c
5.89 ± 0.14d
0.390 ± 0.009c
0.379 ± 0.009b
0.0611 ±
0.0007d
0.0106 ±
0.0003b
0.0089 ±
0.0006b
0.0028 ±
0.0000d
0.0014 ±
0.0000b
0.0023 ±
0.0000b
0.0018 ±
0.0001b
0.0016 ±
0.0000c
0.0007 ±
0.0000b
0.0001 ±
0.0000a
0.0006 ±
0.0001b

89.53 ± 0.11c
5.30 ± 0.10b
4.25 ± 0.01b
0.346 ± 0.006b
0.504 ± 0.009d
0.0442 ±
0.0006b
0.0080 ±
0.0001a
0.0090 ±
0.0002b
0.0010 ±
0.0000b
0.0017 ±
0.0000c
0.0026 ±
0.0002b
0.0014 ±
0.0000a
0.0013 ±
0.0000b
0.0008 ±
0.0000c
0.0005 ±
0.0001b
0.0000a

91.79 ± 0.15d
3.91 ± 0.18a
3.69 ± 0.05a
0.284 ± 0.005a
0.254 ± 0.005a
0.0416 ±
0.0009a
0.0075 ±
0.0002a
0.0072 ±
0.0003a
0.0008 ±
0.0000a
0.0009 ±
0.0000a
0.0018 ±
0.0000a
0.0034 ±
0.0001c
0.0003 ±
0.0000a
0.0006 ±
0.0000a
0.0001 ±
0.0000a
0.0093 ±
0.0003c

Note: TG, triglycerides; PC, phosphatidylcholines; DG, diacylglycerols; PE,
phosphatidylethanolamines; LPC, lysophosphatidylcholines; SM, sphingomye
lins; Cer, ceramides; PS, phosphatidylserine; PI, phosphatidylinositols; LPE,
lysophosphatidylethanolamines; So, sphingoshines; PMe, phosphatidylmetha
nol; PEt, phosphatidylethanol; MG, monoglyceride; LPS, lysophosphatidylser
ine; PG, phosphatidylglycerol.
Values are means ± SE (n=4) and values within a row with different superscript
letter are significantly different (P < 0.05).

and B). Meanwhile, the composition of all lipid classes in the hepato
pancreas of crabs fed with PA, OA, LA and LNA was distinguished by
total PCA analysis. The lipid classes in hepatopancreas of crabs fed four
oil sources showed clear discrimination (Fig. 2, A and B).
However, the composition of lipid classes in the PA and OA treat
ments was always tightly clustered and showed a similar lipid molecular
characteristic in the hepatopancreas of E. sinensis fed PA and OA.
Similarly, the clustering phenomenon in the composition of lipid mol
ecules between palm oil and olive oil was also found in the muscle of
Nile tilapia (Liu et al., 2019). The C16:0 and C18:1n-9 are two top fatty
acids in the composition of hepatopancreas fatty acids, and C16:0 and
C18:0 can be desaturated to monounsaturated fatty acids (MUFAs) by
△9-fatty acids desaturase (Guo et al., 2013; Yang et al., 2013). Mean
while, this may have a close connection with early dietary intake with
rotifers and Artemia which contain high levels of short chain saturated
and monounsaturated fatty acids (Lavens and Sorgeloos, 1996). They
are both two good substrates for β-oxidation which can be utilized
efficiently for organisms (Henderson and Sargent, 1985; Torstensen
et al., 2000). During starvation, C16:0 and C18:1n-9 can be utilized
firstly in E. sinensis (Wen et al., 2006). In contrast, the composition of
lipid molecules in the hepatopancreas of E. sinensis fed LA and LNA
showed significant distinction due to different metabolic patterns be
tween n-3 and n-6 PUFAs (Sprecher, 2000). Therefore, from PCA anal
ysis, lipid molecules showed unique responses to dietary LA and LNA in
the hepatopancreas.

3.3. Key fatty acids distribution of TG, PC, DG and PE in the
hepatopancreas
To further investigate the position and distribution of fatty acids in
TG, PC, DG and PE, the relative contents of eight major fatty acids were
analyzed and compared between the sn-1, 3/sn-1 (sn-1, 3 in TG; sn-1 in
PC, DG and PE) and sn-2 (Figs. 4–7). For the TG in the hepatopancreas,
eight fatty acids were all detected in three connective positions on the
glycerol backbone. C20:4n-6 (ARA) and DHA were not presented in sn-1,
but were found in the sn-3 and sn-2 positions of TG. There were also
good retentions of C16:0, C18:1n-9, C18:2n-6 and C18:3n-3 in the sn-1,
and sn-3 positions in response to dietary PA, OA, LA and LNA (Fig. 4, A).
It can provide a reference for the improvement of nutritional value
during the rapid development of ovaries in E. sinensis due to the rapid
transfer of PUFAs from the hepatopancreas to sexual glands (Ying et al.,
2006). The percentage contents of ARA, EPA and DHA in crabs fed OA
showed the lowest values among four treatments both in sn-1, 3 and sn-2
positions of TG. Similar results were also found in the percentage con
tents of ARA, EPA and DHA in the sn-1 of PC when fed with OA. It
suggests that MUFAs are not an effective precursor for the biosynthesis

6

C. Xu et al.

Aquaculture Reports 19 (2021) 100596

Fig. 3. Relative contents of TG (A), PC (B), DG (C) and PE (D) in hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are
mean ± SE (n = 4). Values with different letters are significantly different (P < 0.05).

Fig. 4. The distribution of C16:0, C18:0, C18:1n9, C18:2n6, C18:3n3, C20:4n6, C20:5n3 and C22:6n3 in sn-1, 3 (A) and sn-2 (B) of TG molecule, respectively, in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). Values with different letters are significantly
different (P < 0.05).
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Fig. 5. The distribution of C16:0, C18:0, C18:1n9, C18:2n6, C18:3n3, C20:4n6, C20:5n3 and C22:6n3 in sn-1 (A) and sn-2 (B) of PC molecule, respectively, in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). Values with different letters are significantly
different (P < 0.05).

of PUFAs in E. sinensis. In the sn-2 position of TG, the percentage content
of C18:2n-6 showed the highest value in E. sinensis fed LNA, instead of
the LA treatment (Fig. 4, B). There was no significant increase of EPA
and DHA percentage contents, although sufficient C18:3n-3 was sup
plied as the precursor fatty acid in crabs fed LNA. The contents of ARA in
percentage were both highest in the sn-1, 3 and sn-2 position of TG when
ingesting a diet rich in LA. It indicates that C18:3n-3 is not the dominant
form for the biosynthesis of long chain polyunsaturated fatty acids
(LC-PUFAs) in TG, whereas the presence of LA plays an important role in
ARA biosynthesis in TG. ARA can promote the synthesis of prostaglan
dins, 4-dioxane coagulation and leukotriene which can accurately
participate in immune metabolism pathway and immune regulation
process of organisms (Buczynski et al., 2009; Funk, 2001).
In the results of PC, there was no C18:3n-3 in sn-1 and no C18:0 in sn2 despite the change of oil sources in the diet (Fig. 5, A and B). LA diet
showed a good C18: 2n-6 deposition in sn-1 of PC in hepatopancreas of
crab. LNA diet also showed a good C18: 3n-3 deposition in sn-2 of PC in
hepatopancreas of crab. Crabs fed PA showed significantly higher per
centage contents of ARA, EPA and DHA than the other three oil sources
in the sn-1 of PC, although the percentage contents of these three fatty
acids in sn-1 were significantly lower than those in the sn-2 of PC. The
increase of percentage contents of LC-PUFAs in PC has a good potential
to improve fluidity of cell membranes (Pamplona et al., 2010). Likewise,
the contents of EPA and DHA in sn-2 of PE in crabs fed PA were also
higher than those in crabs fed other three oil types. It indicates that PA is
a potential substrate for biosynthesis of EPA and DHA of phospholipid in

E. sinensis. However, the proportion of saturated fatty acids (SFAs) in the
diet is critical because the PA-enriched diet can increase protein
degradation and lipid accumulation-induced lipotoxicity in E. sinensis
(Ma et al., 2018). In the results, there was no ARA, EPA and DHA in sn-1
and no C18:0 in sn-2 of PE (Fig. 7, A and B). Furthermore, C18:1n-9,
C18:2n-6 and C18:3n-3 showed good reservation both in sn-1 and sn-2
of PE in crabs fed with OA, LA and LNA, respectively. In phospholipid
(PL), especially in PC and PE, PUFAs mainly exist in the sn-2 position.
The relative content of PUFAs in the sn-2 position of PL is closely related
with function of membrane proteins (Mitchell et al., 1992). In the sn-2 of
PC and PE, the content of EPA was lowest among four treatments when
fed LA. It suggests that the dietary LA supply cannot significantly in
crease the PUFAs content, but can decrease the EPA content in
hepatopancreas.
For the distribution of fatty acids in DG, ARA and DHA was not found
in sn-1 and C18: 0 was not found in sn-2 (Fig. 6, A and B). Four fatty
acids were deposited in sn-2 of DG in crabs fed PA, OA, LA and LNA.
However, in the sn-1 position, only C18:3n-3 in the hepatopancreas
corresponded to dietary LNA in E. sinensis.
3.4. Comparative analysis of fatty acids distribution between sn-1, 3/ sn1 and sn-2 in hepatopancreas
To distinguish the distribution characteristics of each fatty acid be
tween sn-1, 3/sn-1 and sn-2 position, data were represented in
Figs. 8–11. Regardless of the source of dietary oil, C16:0 and C18:0
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Fig. 6. The distribution of C16:0, C18:0, C18:1n9, C18:2n6, C18:3n3, C20:4n6, C20:5n3 and C22:6n3 in sn-1 (A) and sn-2 (B) of DG molecule, respectively, in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). Values with different letters are significantly
different (P < 0.05).

always tended to be on the outer positions of the glycerol backbone in all
four lipid classes, which is similar to the finding on the muscle of Nile
tilapia fed different oil types (Liu et al., 2019). Due to the correlation
between fatty acids position distribution and their availability in energy
metabolism, SFAs in the sn-1 or sn-3 position are preferred to be
catabolized by lipase (Mattson and Volpenhein, 1962). Meanwhile, the
lower distribution of SFAs in the sn-2 position in TG can be safer for
consumers due to low risk of atherogenesis (Karupaiah and Sundram,
2007).
In PC, DG and PE, the contents of both MUFA and PUFAs were
significantly higher in the sn-2 position than those in the sn-1 position,
except for the C18:1n-9 of PC in the OA and LA treatments (Fig. 9, C) and
C18:3n-3 of PE in LA and LNA treatments (Fig. 11, E), which is similar to
a previous report on Salmo salar (Ruizlopez et al., 2015). In contrast, the
distribution of PUFAs in TG was significantly higher in sn-1, 3 than those
in sn-2 (Fig. 8, D–H). It indicates that there are significant differences in
fatty acid distribution between neutral lipid (TG) and polar lipids (PC
and PE). This is in agreement with the common generalization that
PUFAs are preferentially esterified in the sn-2 position of PL (Tocher,
2003; Tocher et al., 2008). Although some fatty acids in the crab can be
influenced by dietary fatty acid composition such as C18:1n-9, C18:2n-6
in TG, C18:1n-9 in PC and C18:3n-3, the distribution of most fatty acids,
especially SFAs and PUFAs, were not significant influenced by dietary

oil sources in E. sinensis. The ratio of n-6 PUFAs/n-3 PUFAs is thought to
be closely related to many diseases such as cardiovascular disease and
stroke (Simopoulos, 2016). In the distribution of C18:2n-6 in TG, per
centage contents in the sn-1, 3 position were significantly higher than
that in the sn-2 position in E. sinensis fed PA and OA. Regarding utili
zation priority, the C18:2n-6 at sn-1, 3 positions could be easily released
from TG for energy supply and increase the risk of inflammation
(Naughton et al., 2016). By contrast, a high distribution of C18:2n-6 in
the sn-2 is more beneficial to the health in crabs fed LNA. Similarly, no
significant difference was found in the distribution of C18:3n-3 between
sn-1 and sn-2 in crabs fed PA and OA (Fig. 11, E), which is at odds with
the result of a previous study in Nile tilapia where a high distribution of
C18:3n-3 was found at the outer position (sn-1) in PE (Liu et al., 2019).
Studies of PLs indicated that they can regulate membrane protein ac
tivity and membrane morphology especially the exist of PUFAs (Vance
et al., 2013; Yeagle, 1989). Therefore, dietary richness of PA or OA is
unlikely to improve the physiological performance in E. sinensis.
4. Conclusion
The in-depth analysis of lipidomics in crabs reveals five major find
ings. 1. Relative contents of four main lipids in hepatopancreas can be
influenced significantly by dietary oil type. 2. The C16:0 and C18:1n-9
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Fig. 7. The distribution of C16:0, C18:0, C18:1n9, C18:2n6, C18:3n3, C20:4n6, C20:5n3 and C22:6n3 in sn-1 (A) and sn-2 (B) of PE molecule, respectively, in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). Values with different letters are significantly
different (P < 0.05).
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Fig. 8. The positional distribution of C16:0 (A), C18:0 (B), C18:1n9 (C), C18:2n6 (D), C18:3n3 (E), C20:4n6 (F), C20:5n3 (G) and C22:6n3 (H) in TG molecule in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). “*” (P < 0.05) and “**” (P < 0.01) means
significant and extremely significant difference between values in sn-1, 3 and sn-2.

11

C. Xu et al.

Aquaculture Reports 19 (2021) 100596

Fig. 9. The positional distribution of C16:0 (A), C18:0 (B), C18:1n9 (C), C18:2n6 (D), C18:3n3 (E), C20:4n6 (F), C20:5n3 (G) and C22:6n3 (H) in PC molecule in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). “*” (P < 0.05) and “**” (P < 0.01) means
significant and extremely significant difference between values in sn-1, 3 and sn-2.
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Fig. 10. The positional distribution of C16:0 (A), C18:0 (B), C18:1n9 (C), C18:2n6 (D), C18:3n3 (E), C20:4n6 (F), C20:5n3 (G) and C22:6n3 (H) in DG molecule in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). “*” (P < 0.05) and “**” (P < 0.01) means
significant and extremely significant difference between values in sn-1, 3 and sn-2.
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Fig. 11. The positional distribution of C16:0 (A), C18:0 (B), C18:1n9 (C), C18:2n6 (D), C18:3n3 (E), C20:4n6 (F), C20:5n3 (G) and C22:6n3 (H) in PE molecule in
hepatopancreas of E. sinensis fed diets with four lipid sources of PA, OA, LA and LNA. Values are mean ± SE (n = 4). “*” (P < 0.05) and “**” (P < 0.01) means
significant and extremely significant difference between values in sn-1, 3 and sn-2.

are two suitable substrates in the crab diet and the ratio of C18:2n-6/
C18:3n-3 may be increased by the dietary intake of PA and OA. 3.
Abundant dietary supply of C18:3n-3 cannot significantly increase the
contents of EPA and DHA in the hepatopancreas. 4. There is a significant
difference in the distribution of fatty acids at sn-1, 3/sn-1 and sn-2 po
sition between TG and PL in hepatopancreas. 5. Not all types of fatty
acids are linked at the glycerol backbone in PC, PE and DG in crabs.
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Fig. 12. Clustering heatmap of TG, PC, DG and PE molecules in hepatopancreas of E. sinensis fed diets with four oil sources with major fatty acid of PA, OA, LA and
LNA. Colors from dark blue to red indicate the contents of lipid molecules from min to max within a row.
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Todorcević, M., Kjaer, M.A., Djaković, N., Vegusdal, A., Torstensen, B.E., Ruyter, B.J.C.
B., Biochemistry, P.P.B., Biology, M., 2009. N-3 HUFAs affect fat deposition,
susceptibility to oxidative stress, and apoptosis in Atlantic salmon visceral adipose
tissue. Comp. Biochem. Physiol. B 152, 135–143. https://doi.org/10.1016/j.
cbpb.2008.10.009.
Torstensen, B.E., Lie, Ø., Frøyland, L.J.L., 2000. Lipid metabolism and tissue composition
in Atlantic salmon (Salmo salar L.) & mdash; effects of capelin oil, palm oil, and oleic
acid-enriched sunflower oil as dietary lipid sources. Lipids 35, 653–664. https://doi.
org/10.1007/s11745-000-0570-6.
Vance, J.E., Tasseva, G., Lipids, C.B.O., 2013. Formation and function of
phosphatidylserine and phosphatidylethanolamine in mammalian cells. BBA-Mol.
Cell. Biol. Lipids 1831, 543–554. https://doi.org/10.1016/j.bbalip.2012.08.016.
Want, E.J., Wilson, I.D., Gika, H., Theodoridis, G., Plumb, R.S., Shockcor, J., Holmes, E.,
Nicholson, J.K., 2010. Global metabolic profiling procedures for urine using UPLCMS. Nat. Protoc. 5, 1005–1018.
Wen, X., Chen, L., Ku, Y., Zhou, K., 2006. Effect of feeding and lack of food on the
growth, gross biochemical and fatty acid composition of juvenile crab, Eriocheir
sinensis. Aquaculture 252, 598–607. https://doi.org/10.1016/j.
aquaculture.2005.07.027.
Wenk, M.R., 2005. The emerging field of lipidomics. Nat. Rev. Drug Discov. 4, 594–610.
https://doi.org/10.1038/nrd1776.
Xiao, J.F., Zhou, B., Ressom, H.W., 2012. Metabolite identification and quantitation in
LC-MS/MS-based metabolomics. Trac-Trend Anal Chem. 32, 1–14.
Xu, C., Li, E.C., Liu, S., Huang, Z.P., Qin, J.G., Chen, L.Q., 2018. Effects of α-lipoic acid on
growth performance, body composition, antioxidant status and lipid catabolism of
juvenile Chinese mitten crab Eriocheir sinensis fed different lipid percentage.
Aquaculture 484, 286–292. https://doi.org/10.1016/j.aquaculture.2017.09.036.
Xu, C., Wang, X.D., Han, F.L., Qin, J.Q., Li, E.C., Guo, J.L., Qi, C.L., Chen, L.Q., 2019.
α-Lipoic acid regulate growth, antioxidant status and lipid metabolism of Chinese
mitten crab Eriocheir sinensis: Optimum supplement level and metabonomics
response. Aquaculture 506, 94–103. https://doi.org/10.1016/j.
aquaculture.2019.03.029.
Xue, M., Luo, L., Wu, X., Ren, Z., Gao, P., Yu, Y., Pearl, G., 2006. Effects of six alternative
lipid sources on growth and tissue fatty acid composition in Japanese sea bass
(Lateolabrax japonicus). Aquaculture 260, 206–214. https://doi.org/10.1016/j.
aquaculture.2006.05.054.
Yang, Z., Guo, Z., Ji, L., Zeng, Q., Wang, Y., Yang, X., Cheng, Y., 2013. Cloning and tissue
distribution of a fatty acyl Δ6-desaturase-like gene and effects of dietary lipid levels
on its expression in the hepatopancreas of Chinese mitten crab (Eriocheir sinensis).
Comp. Biochem. Phys B 165, 99–105. https://doi.org/10.1016/j.cbpb.2013.03.010.
Yeagle, P.L., 1989. Lipid regulation of cell membrane structure and function. FASEB J. 3,
1833–1842. https://doi.org/10.1096/fasebj.3.7.2469614.
Ying, X.P., Yang, W.X., Zhang, Y.P., 2006. Comparative studies on fatty acid composition
of the ovaries and hepatopancreas at different physiological stages of the Chinese
mitten crab. Aquaculture 256, 617–623. https://doi.org/10.1016/j.
aquaculture.2006.02.045.
Zhou, Q.C., Cc, L.I., Liu, C.W., Chi, S.Y., Yang, Q.H., 2007. Effects of dietary lipid sources
on growth and fatty acid composition of juvenile shrimp, Litopenaeus vannamei.
Aquacult Nutr. 13, 222–229. https://doi.org/10.1111/j.1365-2095.2007.00470.x.
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