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Salinity is an important factor affecting the survival, growth, and metabolism of marine
crustaceans. Low-salt stress will result in the death of swimming crabs. This paper
investigates the metabolic response in the gills of Portunus trituberculatus under short-
term low-salt stress by comparing the metabolic molecules in the four salinity treatment
groups (24%o, 16%o, 12%., and 8%.) by GC-MS technique. In this study, nine common
differential metabolites such as pyruvate, malic acid, and phosphoethanolamine were
found in the gill tissues of crabs. KEGG enrichment analysis revealed that six metabolic
pathways, including the citric acid cycle, pyruvate metabolism, and the HIF-1 signaling
system, were significantly impacted by low salt stimulation. According to the findings,
salinity 12%o is a critical node in crab adaptation to low salinity. In the process of
adaptation to short-term low-salinity environment, amino acids participated in osmotic
regulation, and organic acids such as pyruvate and malic acid were involved in energy
metabolism to ensure their energy supply. This research further enriched the theory of
osmotic regulation and metabolic mechanism of adaptation to low salt in crustaceans,
with the goal of providing guidance for the improvement of culture technique in
Portunus trituberculatus.

Keywords: Portunus trituberculatus, low salt stress, gills, GC-MS technology, metabolic response

INTRODUCTION

Portunus trituberculatus, which belongs to the Crustecea, Malacostraca, Decapoda, Portunidae,
Portunus, is widely distributed in the coastal waters of China, Korea, Japan, and South Asia (Ren
et al, 2013). It is an essential mariculture species in China. And salinity as an important
environmental factor in aquaculture, is closely related to the geographical distribution (Lv et al.,
2019), growth, and reproduction (Chen et al., 2019) of swimming crabs. Although P. trituberculatus
has a certain degree of wide salinity, sudden decrease of salinity in water or low salinity environment
can cause crab death and economic losses (Feng et al., 2019).
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Euryhaline crustaceans can maintain osmotic pressure stability
in vivo through osmoregulation by two mechanisms (Ramaglia
et al, 2018): (a) Anisosmotic extracellular regulation. It regulates
body fluid osmolality through the ion transporter of gill epithelial
cell, including V(H")-ATPase, Na'/K"-ATPase, Na*/K*/2Cl’
cotransporter and so on. (McNamara and Faria, 2012).
(b) Intracellular isosmotic regulation. It controls intracellular
osmolality and maintains the balance between tissues and
hemolymph by adjusting the concentration of osmoregulatory
effectors (Lu et al,, 2015). For example, crustaceans living in low-
salinity environments like estuaries and intertidal zones, can quickly
excrete excess amino acids from muscle tissue to prevent cell
swelling and rupture, as well as compensate for free amino acids
in the hemolymph (Sokolova et al., 2012; Lu et al., 2015). Amino
acids produced by intracellular isosmotic regulation have been
shown to provide energy to the organism by generating glucose
through gluconeogenesis reactions (Ye et al, 2014). Free amino
acids like glycine, taurine, alanine, and arginine have been proposed
as osmoeffectors in crustaceans in previous studies (Augusto et al,,
2007; de Faria et al., 2011).

The study of osmoregulation in P. trituberculatus is vital for its
culture and artificial breeding, and many studies have been
conducted on this topic. The osmotic pressure of crabs decreases
with the salinity decreasing, which is proportional to the salinity
changes, and the activity of ion transporters (Na'/K"-ATPase and
carbonic anhydrase) in gills increases with decreasing salinity (Lu
et al, 2013). The results of gene expression in P. trituberculatus
under salinity stress showed that Na*/K"-ATPase [-subunit was
significantly up-regulated during low salinity challenge, and
metabolism and energy genes were significantly up-regulated
during high salinity challenge (Xu and Liu, 2011). Based on
transcriptome research, Lv et colleagues (Lv et al, 2013) found
that differentially expressed genes of swimming crabs under low salt
stress were involved in ion transport, amino acid metabolism and
synthesis, protein hydrolysis, and carbohydrate metabolism. The
expression of miRNAs under low salt stress was also investigated.
GO enrichment analysis revealed a significant increase in biological
processes such as o-amino acid metabolism and intracellular
protein transport (Lv et al, 2016). The process of crab response
to low salinity could be divided into early (0-12h), middle (12-48h)
and late (48-72h) stages, and the differentially expressed genes in
each stage were related to lipid metabolism, energy metabolism and
signal transduction, respectively (Gao et al., 2019). Previous research
has established that ion transport, amino acid metabolism and
carbohydrate metabolism play an important role in osmoregulation.

Following genomics, transcriptomics, and proteomics,
metabolomics has become a hotspot in biological research, which
can be used to detect the impacts of external environmental stress
on the organism (Mazzarelli et al., 2015; Long et al., 2017).
Differential metabolites related to osmoregulation such as amino
acids, sugars, betaine, and fenugreek were identified in a study for
metabolic changes in the muscles of P. trituberculatus under low salt
stress based on NMR spectroscopy. It was concluded that
swimming crabs responds to low salt stress primarily through
osmotic pressure regulation, amino acid gluconeogenesis, and
energy accumulation (Ye et al., 2014).

In this study, we used the GC-MS technique to compare the
metabolic difference molecules in gills of P. trituberculatus under
four salinity treatments of 24%o, 16%o, 12%o, and 8%o, in order to
investigate the metabolic changes in gills of crabs under short-
term low salt stress, and finally analyzed the metabolic response
of P. trituberculatus gills under short-term low salt stress.

MATERIALS

Animals

Swimming crabs (Portunus trituberculatus) weighing 5 ¢ + 0.5 g
were acclimated in the laboratory (24 %o, 28°C) for one week
before experimental treatments. The crabs were divided into four
groups (each with 60 crabs) and exposed to light hyposalinity
challenge (LC, 16 %o), moderate hyposalinity challenge (MC, 12
%o), severe hyposalinity challenge (SC, 8 %o), and non-challenge
conditions (NC, 24 %o) at 28°C. The aquaculture water in the low-
salt challenge group was a mixture of ordinary seawater and fresh
water. Each treatment was repeated three times with a total of 20
crabs per replicate. As a result, there were 12 buckets in all (4
salinity treatments x 3 repeats). After 48 hours, crabs’ posterior
gills were extracted and quickly frozen in liquid nitrogen, then
stored at -80°C until the metabolic analysis was performed.

Sample Preparation

60 mg of precisely weighed material was put to a 1.5-mL
Eppendorf tube. The tube was then filled with two small steel
balls, 20 pL of internal standard (0.3 mg/mL 2-chloro-1-
phenylalanine methanol solution), and 600 pL of extraction
solvent with methanol/water (V: V=4:1). After 2 minutes at
-80°C, the samples were ground at 60 Hz for another 2 min.
Then 120 pL of chloroform was added, extracted by sonication in
an ice-water bath for 10 min and then left at -20°C for 30 min, and
centrifuged at 13000 rpm, 4 °C for 10 min, and 200 UL of
supernatant was loaded into glass derivatization vials. Quality
control samples (QC) were made by combining aliquots from all
of the samples into a single sample, with the volume of each QC
being the same as the sample. The samples were evaporated with a
centrifugal concentrator and drier, and 80 UL of pyridinium
methoxamine hydrochloride solution (15 mg/mL) was added to
the glass derivatization vial, vortexed and shaken for 2 min, and
then subjected to an oxime reaction in a shaking incubator at 37°C
for 90 min. The samples were removed, and 80 uL of BSTFA
derivatization reagent (with 1% TMCS) and 20 uL of hexane were
added. 10 mL of 11 internal standards were added and vortex
shaken for 2 min (C8/C9/C10/C12/C14/C16, 0.16 mg/mL; C18/
C20/C22/C24/C26, 0.08 mg/mL, all in chloroform configuration).
After 30 min at room temperature, the samples were GC-
MS examined.

GC-MS

The analytical instrument used for this experiment was a 7890B-
5977A GC/MSD gas chromatograph from Agilent Technologies
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Inc. (UAS, CA). The chromatographic conditions were a DB-
5MS capillary column (30 mx0.25 mmx0.25 pm, Agilent J&W
Scientific, Folsom, CA, USA), high purity helium gas (purity not
less than 99.999%), the flow rate of 1.0 mL/min, an inlet
temperature of 260°C, injection volume of 1 UL, no splitting,
and solvent delay of 5 min. Programmed ramp-up: the initial
temperature of the column temperature chamber was 60°C,
maintained for 0.5 min; programmed ramp-up to 125°C at
8°C/min, 210°C at 5°C/min, 270°C at 10°C/min, 305°C at 20°
C/min, maintained for 5 min; mass spectrometry conditions for
electron bombardment ion source (EI), ion source temperature
The scanning mode was full scan mode (SCAN), mass scan
range: m/z 50-500. one QC sample was inserted in every 8
analyzed samples to check the reproducibility of the whole
analysis process.

Data Preprocessing and

Statistical Analysis

The raw data (D format) was converted to.CDF format using
Chem Station (version E.02.02.1431, Agilent, USA) software, and
then the.CDF data were imported into Chroma TOF software
(version 4.34, LECO, St Joseph, MI) for processing. The Fiehn
and NIST databases were used to annotate metabolites. To
produce a “raw data array,” sample information, peak names
(or retention durations and m/z), and peaks were recovered from
raw data by comparing to statistical comparison components in a
3D dataset (.cvs). In all, 1264 peaks were found in all of the
samples. All internal standards, as well as any known false
positive peaks (due to background noise, chromatographic
priming, or BSTFA derivative techniques), were eliminated
from the “data set.” Each sample’s peak area is standardized to
the data, multiplied by 10,000, and the peaks of the same
metabolite are added together. There were a total of 342
metabolites found.

The data were converted using log2, and the resulting data
matrix was then imported into the SIMCA software installation
package (14.0, Umetrics, Ume, Sweden). After mean centering
and unit variance scaling, principal component analysis (PCA)
and orthogonal partial least-squares-discriminant analysis
OPLS-DA were used to illustrate the metabolic differences
across experimental groups. The 95% confidence interval of the
modeled variance is defined by the Hotelling’s T2 area, which
appears as an ellipse in score plots of the models. The overall
contribution of each variable to the OPLS-DA model is ranked
by variable importance in the projection (VIP), and variables
with VIP > 1 are considered relevant for group discrimination.

To avoid overfitting, the default 7-round cross-validation was
used in this investigation, with one/seventh of the samples being
omitted from the mathematical model in each round.

Selection of Differential Metabolites

The selection of differential metabolites was based on statistically
significant threshold of variable influence on projection (VIP)
values derived from the OPLS-DA model and p-values from a
two-tailed Student’s t-test for normalized peak areas of different

groups. VIP values greater than 1.0 and p-values less than 0.05
were considered differential metabolites.

RESULTS

Metabolite Alterations Induced by
Low-Salinity Exposure

To summarize the similarities and differences of metabolic
phenotypes between LCvsNC, MCvsNC, and SCvsNC crabs
separately, we plotted the average metabolic trajectories of
PCA for each crab group in the first three PCA diagrams
(Figures 1A-C). Clearly, compared with LCvsNC groups
under light hyposaline stress, the metabolic responses of
MCvsNC and SCvsNC groups were more significant.
Furthermore, the metabolic alterations in MCvsNC and
SCvsNC were more similar.

The OPLS-DA method was used to show the metabolites in
gill extracts from low salinity treatment group and normal
salinity treatment group (Figures 1D-F). The OPLS-DA
model had an explanatory ability (R2Y(cum)) close to one and
a predictive ability (Q2(cum)) of more than 0.5 for all samples,
showing that the model was stable (Table 1). To avoid model
over-fitting, seven-fold cross-validation and 200 response
permutation testing (RPT) were performed to assess the
model’s quality. In the response ranking test of OPLS-DA
model, except for the LC group, the Q2 values of the MCvsNC
and SCvsNC groups were smaller than 0, indicating that the
OPLS-DA model had high explanatory and predictive power in
the MCvsNC and SCvsNC groups (Figures 1G-I). To ensure the
reliability of the results obtained, further univariate data analysis
was performed on the selected metabolites (Figures 2A-C). The
results showed that most of the changes of metabolic levels were
in agreement with the multivariate data analysis. Finally, only
univariate statistical results were referred to for the screening of
differentials in the LCvsNC group, and both univariate and
multivariate statistical analyses could be referred to for the
screening of differentials in the MCvsNC and SCvsNC groups.

Differential Metabolite Screening at
Various Salinities

The differential metabolites between low salinity treatment
groups (LC, MC and SC) and normal salinity treatment group
(NC) were screened using a combination of multivariate analysis,
univariate analysis, and heat map analysis (Figure 3). The
screening criteria of LCvsNC group were P-value < 0.05 and
VIP value > 1, MCvsNC and SCvsNC groups were P value < 0.05
and VIP value > 1, respectively. The results revealed 18
differential metabolites in the LCvsNC group, including 14 up-
regulated metabolites and 4 down-regulated metabolites
(Table 2), while 36 metabolites changed significantly in the
MCyvsNC group, including 18 up-regulated metabolites and 18
down-regulated metabolites (Table 3). In addition, a total of 46
differential metabolites were found in the SCvsNC group,
including 28 up-regulated metabolites and 18 down-regulated
metabolites (Table 4).
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TABLE 1 | OPLS Models and corresponding parameters of the 3 groups.

Group PRE ORT N R2X(cum) R2Y(cum) Q2(cum) R2 Q2
LCvsNC 1 2 16 0.305 0.997 0.0157 0.995 0.11
MCvsNC 1 2 16 0.31 0.998 0.563 0.996 0
SCvsNC 1 2 16 0.365 0.996 0.721 0.989 -0.09

The parameters are explained as follows:1)PRE: Represents the number of principal components during modeling; 2) ORT: Represents the number of sample during modelings; 3) N:
Represents the number of samples in modeling; 4) R2X(cum): Represents the cumulative interpretation rate of the model in the X-axis direction (or can be understood as the square of the
percentage of the original data information retained in the X-axis direction) during multivariate statistical analysis modeling’s, and cum represents the cumulative result of several principal
components;5) R2Y(cum): Represents the cumulative interpretation rate of the model in the Y-axis direction (or can be understood as the square of the percentage of the original data
information retained in the Y-axis direction);6) Q2(cum): Represents the cumulative prediction rate of the model;7) R2, Q2: Response ranking test parameters, in order to measure whether

the model is over-fitting.

According to the classification of these differential metabolites
(Figure 4), among the up-regulated differential metabolites, the
most abundant categories in the LCvsNC group were hydroxy
acids and derivatives and fatty acyl species (Figure 4A). The
most abundant categories in the MCvsNC group were hydroxy
acids and derivatives, carboxylic acids and derivatives, and
phenols (Figure 4C). And the most abundant categories in the
SCvsNC group were organooxygen compounds, carboxylic acids
and derivatives, and fatty acyl species (Figure 4E). Among the
down-regulated differential metabolites, there were fewer species in
the LCvsNC group (Figure 4B). While the most abundant categories
in the MCvsNC group were organooxygen compounds, carboxylic
acids and derivatives, and fatty acyl species (Figure 4D). And the
most abundant categories in the SCvsNC group were organooxygen
compounds and carboxylic acids and derivatives (Figure 4F).

In summary, the number of differential metabolites increased
with decreasing salinity. The up-regulated differential metabolites
were mainly concentrated in hydroxy acids and their derivatives,
carboxylic acids and their derivatives and fatty acyl groups, while
the down-regulated differential metabolites were mainly
concentrated in organooxygen compounds and carboxylic acids
and their derivatives.

Correlation Analysis of Differential
Metabolites With Salinity Changes
To find the common effects of different levels of low salt stress on the
crab metabolism, we used a Wayne diagram to compare the three
groups of differential metabolites (Figure 5A). The results showed
that there were nine common differential metabolites in the three
different treatments, including six common up-regulated metabolites
and three common down-regulated metabolites. Among them, the
up-regulated metabolites included keto acids and derivatives
(pyruvate), hydroxy acids and derivatives (malic acid), fatty acyl
(2,4-hexadienedioic acid), organophosphate and derivatives
(phosphoethanolamine), imidazopyridine (hypoxanthine) and
other classes [4 -(5-methyl-2-furanyl)-2-butanone]. The three
down-regulated common differential metabolites included
organoxylates (butane-2,3-diol), purine nucleoside (inosine) and
other categories (triacontanol). In addition to the nine common
differential metabolites mentioned above, there were four common
differential metabolites between the LCvsNC and MCvsNC groups
and 14 common differential metabolites between the MCvsNC and
SCvsNC groups (Figure 5A).

Among the nine differential metabolites commonly contained in
the three groups, there was a certain potency relationship between the

expression of metabolites and salinity. The FC values of the up-
regulated differential products like pyruvate, malic acid,
phosphoethanolamine, hypoxanthine, and 4 -(5-methyl-2-furanyl)-
2-butanone increased with decreasing salinity (Figure 5B), that is, the
expression of up-regulated differential metabolites increased. The FC
values of malic acid and ethanolamine phosphate increased greatly
with decreasing salinity, from 2.08 to 4.14 for malic acid and from
2.54 to 4.67 for ethanolamine phosphate. With the decrease of
salinity, the FC values of the three common down-regulated
differential metabolites decreased, among which the FC value of the
triacontanol decreased greatly, and their FC values decreased from
0.46 to 0.20.

The researchers discovered that when salinity reduced, the
contents of pyruvate, malic acid, ethanolamine phosphate,
hypoxanthine, and 4 -(5-methyl-2-furanyl)-2-butanone increased,
while the levels of butane-2,3-diol and inosine decreased (Figure 5C).
These results suggest that the aforementioned compounds serve as
osmoregulators in the gills to help swimming crabs adapt to
low salinity.

Analysis of Metabolic Pathways

Related to Differential Metabolites

at Different Salinities

Metabolic spectrum can reveal individual differential metabolites
as well as provide a comprehensive understanding of metabolic
pathway induced by salinity reductions.

The metabolic pathway enrichment analysis of the differential
metabolites, combined with the p-values obtained from the
enrichment analysis and the pathway impact values obtained
from the topological analysis, revealed that the LCvsNC group
enriched 46 metabolic pathways, of which 17 were significantly
affected (p<0.05) and 29 were non-significantly affected. The
metabolic pathways that were significantly affected included
citric acid cycle (TCA cycle), glucagon signaling pathway,
pyruvate metabolism, and purine metabolism (Figure 6A). The
MCvsNC group has 60 metabolic pathways, 21 of which were
significantly impacted (p<0.05). The significantly affected
metabolic pathways included citric acid cycle (TCA cycle),
glucagon signaling pathway, glyoxylate and dicarboxylic acid
metabolism, glycolysis/gluconeogenesis, pyruvate metabolism,
pentose phosphate pathway, HIF-1 signaling pathway glycine,
serine and threonine metabolism, etc. (Figure 6B). A total of 62
metabolic pathways were enriched in the SCvsNC group, of
which 20 metabolic pathways were significantly affected
(p<0.05), overlapping with most of the metabolic pathways in
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the MC group. The significantly affected metabolic pathways
included glucagon transmission, citric acid cycle (TCA cycle),
glycolysis/gluconeogenesis, galactose metabolism, pyruvate
metabolism, glycine, serine and threonine metabolism, alanine,
aspartate and glutamate metabolism, and HIF-1 signaling
pathway (Figure 6C).

The metabolic pathways significantly affected in the 3 groups
were analyzed by Wayne diagram (Figure 7B), and 6 common
differential metabolic pathways were found, including citric acid
cycle (TCA cycle), glucagon signaling pathway, HIF-1 signaling
pathway, and pyruvate metabolism. These pathways were related
to carbohydrate metabolism and signal transduction in P.
trituberculatus. When the salinity decreased from 16 to 12, the
enrichment factors of citric acid cycle (TCA cycle), pyruvate
metabolism, glucagon signaling, and HIF-1 signaling pathway
increased (Figures 6A, B), indicating that the enrichment of
energy-related metabolic pathways deepened when the salinity
decreased from 16 to 12. When the salinity decreased from 12 to
8, 16 metabolic pathways in the SCvsNC group were the same as
those in the MCvsNC group (Figure 7B) indicating that the
metabolic pathway species of swimming crabs changed little after
the salinity decreased to 12. The 16 significantly different
metabolic pathways contained five carbohydrate metabolisms
and three amino acid or other amino acid metabolisms. The
former included TCA cycle, pyruvate metabolism, glyoxylate and
dicarboxylic acid metabolism, glycolysis/gluconeogenesis, and
pentose phosphate pathways, and the latter included alanine,
aspartate and glutamate metabolism, phenylalanine metabolism,
glycine, serine and threonine metabolism.

The above results showed that the number of differential
metabolic pathways increased with decreasing salinity. The
significantly affected differential metabolic pathways in the
three experimental groups included TCA cycle and pyruvate
metabolism, mainly involving differential metabolites such as
citric acid, malic acid, pyruvate and so on. The results imply that
TCA cycle and pyruvate metabolism serving as energy supply
provided an extremely important role in the osmotic regulation
of swimming crabs.

DISCUSSION

Several reports have shown that salinity and its potential changes
will affect the survival of aquatic organisms (Charmantier, 1998).
Aquatic crustaceans adapt to different salinity environments
mainly through the process of osmotic regulation (Romano
and Zeng, 2012), and gills are the main sites for the regulation
of osmotic pressure and blood ion concentration in crustaceans
(Shen et al., 2020). In this study, we used GC-MS techonolgy to
investigate the metabolic response of osmotic regulation in gills
of P. trituberculatus under short-term low salt stress. The result
showed that a total of 64 difference metabolites were extracted
from gill tissue of swimming crabs using non-targeted
metabolomics techniques. And the number of differential
metabolites increased significantly with decreasing salinity.
According to the results of metabolic pathway enrichment
analysis, the number of differential metabolic pathways also

Frontiers in Marine Science

www.frontiersin.org

April 2022 | Volume 9 | Article 881016


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wang et al.

Metabolic Response to Low-Salt Stress

B e

Class

Levoglucosan 2
Glycolic acid

Dodecanol 1

Pyruvic acid

5-thymidylic acid o
Lkynurenine o
Xanthosine

7-hydroxynicotinic acid B

4-(5-methyl-2-furanyl)-2-butanone

Hypoxanthine
[ Phosphoethanolamine

Malic acid

2,4-hexadienedioic acid
3,4-dihydroxyphenylacetic acid
Inosine

Pseudo uridine
Triacontanol
Butane-2,3-diol

Class
Glycine
Altrose
Phenylalanine
3-ureidopropionate

© Butane-2,3-diol
Isocitric acid
Aconitic acid
Gluconic acid
Glucose
Arachidic acid
Inosine
Behenic acid
Triacontanol

© Phenylethylamine
Pimelic acid
Arabitol
Alloxanoic acid
Xanthurenic acid
0O-phosphoserine
Hypoxanthine
Phosphoethanolamine
4-(5-methyl-2-furanyl)-2-butanone
Pyruvic acid
2,4-hexadienedioic acid
L-lactic acid
Digitoxose
Homovanillic acid
Malic acid
3,4-dihydroxyphenylacetic acid
2-hydroxybutanoic acid
Glycolic acid
Nicotinamide
5-thymidylic acid
Levoglucosan
Citric acid
3-phosphoglycerate

b o O omoN oW

Behenic acid
Inosine
Lactose
Lactulose
2-monoolein
Galactonic acid
3-deoxyhexitol -1
Gluconic acid

. class |

o m N ow

~

Pentitol
Butane-2,3-diol 3
Altrose
Glycine
Phenylalanine
Isocitric acid
Citrulline
Xanthurenic acid
Triacontanol
Phenylethylamine
Capric acid
Hexitol
3-dehydroshikimic acid
Erucic acid
Glycerol 3-phosphate
L-threonic acid
Mannose 6-phosphate
2.3-dinydroxypyridine
2-hydroxybutanoic acid
2,4-hexadienedioic acid
| ~ Llactic acid
Glucose-1-phosphate
Creatinine
6-phosphogluconi
5-hydroxymethyl-2-furoic acid
Tranexamic acid
Pyruvic acid
Hypoxanthine
Homovanillic acid
4-(5-methyl-2-furanyl)-2-butanone
Phosphoethanolamine
O-phosphoserine
Beta-hydroxymyristic acid
Maleimide
Conduritol-beta-epoxide
Citric acid
Malic acid

3-phosphoglycerate

FIGURE 3 | Heat map of differential metabolites in LCvsNC group (A), MCvsNC group (B), SCvsNC group (C). Each gill sample is visualized in a column, and each
metabolite is represented by a row. Blue indicates a lower metabolite concentration, while red indicates a higher metabolite level (refer to color scale).
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TABLE 2 | Significantly differential metabolites in gills of LCvsNC group.

Up/Down-regulated

Up-regulated

Down-regulated

Metabolites

Hypoxanthine
7-hydroxynicotinic acid
2,4-hexadienedioic acid

Malic acid
3,4-dihydroxyphenylacetic acid
Levoglucosan
4-(5-methyl-2-furanyl)-2-butanone
Pyruvic acid

Glycolic acid

5-thymidylic acid
Phosphoethanolamine
Dodecanol

Xanthosine

L-kynurenine

Triacontanol

Butane-2,3-diol

Inosine

Pseudo uridine

RT(min)

21.48
16.45
18.49
14.79
2212
19.49
8.58
6.45
6.89
21.28
21.02
16.70
32.71
28.03
37.92
6.18
32.10
29.99

P-Value

0.026809
0.005188
0.014524
0.000007
0.039541
0.002588
0.000350
0.031253
0.001358
0.009561
0.083279
0.034167
0.024001
0.033677
0.001262
0.023958
0.025091
0.043347

FC (LC/NC)

2.54
2.59
2.68
2.08
4.05
1.99
1.78
2.07
1.63
1.84
1.83
1.84
1.42
1.27
0.46
0.54
0.77
0.68

AVG (LC)

30.89
0.03
0.03

25.24
1.08
0.05

28.09

12.71
9.69
0.19
2.74
1.13
0.09
0.23
0.36
9.76
0.39
0.10

AVG (NC)

1217
0.01
0.01

12.16
0.27
0.03

156.82
6.13
5.93
0.10
1.50
0.61
0.06
0.18
0.78

18.17
0.50
0.15

RT (min): P-value is used to evaluate whether the difference between the two groups of samples is significant, and the P < 0.05 indiicates significant difference, and the P < 0.01 indicates
highly significant difference. FC: The ratio of the average expression of metabolites in the two groups of samples, and FC>1 indicates up-regulated metabolites, and FC<1 indicates down-

regulated metabolites.

TABLE 3 | Significantly differential metabolites in gills of MCvsNC group.

Up/Down-regulated Metabolites RT(min) VIP P-Value FC (MC/NC) AVG (MC) AVG (NC)

Up-regulated Citric acid 21.79 2.79 0.048516 2.69 1.63 0.61
Hypoxanthine 21.48 2.65 0.000149 3.87 47.03 1217
Malic acid 14.79 2.49 0.000049 3.66 44.55 12.16
Pyruvic acid 6.45 2.37 0.004059 3.45 21.16 6.13
3,4-dihydroxyphenylacetic acid 2212 2.23 0.002898 3.18 0.85 0.27
3-phosphoglycerate 21.63 2.20 0.013732 4.31 0.10 0.02
Homovanillic acid 20.73 2.20 0.000408 2.63 0.30 0.12
Phosphoethanolamine 21.02 1.86 0.003715 2.32 3.47 1.50
2,4-hexadienedioic acid 18.49 1.72 0.018092 2.19 0.03 0.01
4-(5-methyl-2-furanyl)-2-butanone 8.68 1.68 0.001227 1.97 31.21 15.82
L-lactic acid 6.62 1.65 0.049747 2.71 109.65 40.50
Digitoxose 16.98 1.47 0.016367 1.93 0.39 0.20
O-phosphoserine 21.72 1.41 0.047674 2.10 0.56 0.27
Glycolic acid 6.89 1.37 0.001359 1.59 9.45 5.93
2-hydroxybutanoic acid 7.75 1.33 0.013613 1.86 0.22 0.12
5-thymidylic acid 21.28 1.30 0.014141 1.68 0.17 0.10
Levoglucosan 19.49 1.26 0.023880 1.94 0.05 0.03
Nicotinamide 14.81 1.06 0.015932 1.41 17.20 1217

Down-regulated Triacontanol 37.92 2.54 0.000025 0.27 0.21 0.78
Butane-2,3-diol 6.18 2.52 0.000241 0.26 4.66 18.17
Phenylalanine 17.90 2.50 0.041504 0.14 0.13 0.93
Phenylethylamine 16.61 2.49 0.000400 0.26 0.42 1.57
Glycine 7.68 2.16 0.000002 0.39 71.76 182.93
Alloxanoic acid 28.94 2.06 0.001375 0.37 0.07 0.19
3-ureidopropionate 17.90 2.06 0.025677 0.27 0.23 0.84
Isocitric acid 21.50 2.02 0.011684 0.29 0.32 1.1
Aconitic acid 19.87 1.81 0.047042 0.47 1.87 4.01
Altrose 23.20 1.69 0.008798 0.38 0.23 0.60
Gluconic acid 25.08 1.69 0.035230 0.30 0.19 0.64
Arachidic acid 31.27 1.67 0.032462 0.49 0.18 0.37
Xanthurenic acid 29.02 1.58 0.000351 0.57 0.11 0.20
Glucose 23.19 1.46 0.027423 0.35 0.79 2.26
Arabitol 19.59 1.41 0.014513 0.54 0.06 0.11
Behenic acid 32.72 1.40 0.008819 0.61 0.87 1.43
Pimelic acid 17.38 1.29 0.019016 0.62 0.17 0.27
Inosine 32.10 1.13 0.026999 0.69 0.35 0.50

RT (min): retention time. VIP is from OPLS DA model, and the larger the VIP, the greater the contribution of the variable to the grouping.
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TABLE 4 | Significantly differential metabolites in gills of SCvsNC group.

Up/Down-regulated Metabolites RT(min)

Up-regulated Hexitol 25.67
Hypoxanthine 21.48
Citric acid 21.79
Malic acid 14.79
Beta-hydroxymyristic acid 25.16
Homovanillic acid 20.73
5-hydroxymethyl-2-furoic acid 15.97
Maleimide 7.22
Capric acid 14.24
Erucic acid 32.55
3-phosphoglycerate 21.63
3-dehydroshikimic acid 20.75
Pyruvic acid 6.45
L-lactic acid 6.62
4-(5-methyl-2-furanyl)-2-butanone 8.58
2,4-hexadienedioic acid 18.49
Phosphoethanolamine 21.02
Creatinine 16.22
O-phosphoserine 21.72
Conduritol-beta-epoxide 24.24
Glycerol 3-phosphate 17.34
6-phosphogluconic acid 30.69
2,3-dihydroxypyridine 11.02
Tranexamic acid 19.19
L-threonic acid 15.96
2-hydroxybutanoic acid 7.75
Glucose-1-phosphate 20.78
Mannose 6-phosphate 30.14

Down-regulated Giluconic acid 25.08
Triacontanol 37.92
Phenylethylamine 16.61
Galactonic acid 25.05
Phenylalanine 17.90
3-deoxyhexitol 21.67
Isocitric acid 21.50
Butane-2,3-diol 6.18
Lactulose 32.89
Lactose 33.13
Citrulline 20.25
Xanthurenic acid 29.02
Pentitol 19.00
Altrose 23.20
Glycine 7.68
2-monoolein 33.16
Behenic acid 32.72
Inosine 32.10

increased with the decrease in salinity. Especially when the
salinity was reduced from 16 to 12, the number of differential
metabolic pathways increased greatly, but when the salinity was
reduced from 12 to 8, the number and species of differential
metabolic pathways did not change obviously. It is suggested that
salinity 12 may be an important node for P. trituberculatus to
adapt to low salinity.

Free amino acids (FAAs) are important cellular osmotic
substances and sources of energy supply. They are involved in
the regulation of osmotic pressure in aquatic organisms (Sun
et al,, 2021). Among the differential metabolites screened in this
study, the down-regulated amino acids included phenylalanine,
glycine, and citrulline. This result may be explained by the fact
that low salt stress induced glycine catabolic processes in

VIP P-Value FC (SC/NC) AVG (SC) AVG (NC)
2.51 0.018776 3.91 0.02 0.01
2.42 0.000001 4.67 56.81 1217
2.34 0.021288 5.47 3.31 0.61
2.23 0.000047 4.14 50.38 12.16
2.13 0.002150 3.68 0.03 0.01
2.1 0.000008 3.22 0.37 0.12
2.09 0.001948 3.87 0.11 0.03
2.05 0.032375 4.73 2.48 0.52
1.88 0.042038 2.16 1.42 0.65
1.82 0.035789 14.86 1.02 0.07
1.78 0.019984 7.27 0.16 0.02
1.67 0.038776 3.14 0.16 0.05
1.65 0.004107 3.14 19.23 6.13
1.56 0.043715 3.01 121.90 40.50
1.50 0.000127 1.95 30.91 156.82
1.49 0.022887 2.19 0.03 0.01
1.44 0.005738 2.00 3.00 1.50
1.39 0.015904 3.31 0.58 0.17
1.39 0.008458 2.23 0.59 0.27
1.34 0.028471 1.91 0.01 0.01
1.21 0.022762 1.96 0.12 0.06
1.20 0.012460 1.69 0.09 0.05
1.20 0.026383 1.91 0.18 0.09
1.19 0.012207 1.79 0.26 0.14
1.19 0.014146 1.72 0.77 0.45
1.19 0.017492 2.27 0.27 0.12
1.16 0.038741 1.93 1.47 0.76
1.14 0.017228 1.85 0.26 0.14
2.97 0.004849 0.06 0.04 0.64
2.47 0.000007 0.20 0.15 0.78
2.47 0.000095 0.19 0.30 1.57
2.46 0.007331 0.12 24.72 207.89
2.42 0.036436 0.12 0.11 0.93
1.83 0.018792 0.36 0.84 2.35
1.79 0.011526 0.29 0.32 1.1
1.77 0.002570 0.38 6.92 18.17
1.69 0.026607 0.25 16.25 64.42
1.62 0.016234 0.21 12.81 62.01
1.56 0.006935 0.52 4.91 9.37
1.56 0.000057 0.50 0.10 0.20
1.58 0.045742 0.37 0.10 0.26
1.49 0.007852 0.39 0.23 0.60
1.48 0.000075 0.54 98.81 182.93
1.40 0.023222 0.31 3.23 10.54
1.30 0.005296 0.57 0.82 1.43
1.10 0.036592 0.66 0.33 0.50

P. trituberculatus (Lv et al., 2013). This result is similar to the
conclusion of Nile tilapia and Litopenaeus vannamei. In Nile
tilapia, the content of phenylalanine increased under acute
salinity stress (Liu et al., 2018). And in Litopenaeus vannamei,
the content of organic osmolytes such as phenylalanine and
glycine increased under salinity stress (Gomez-Jimenez et al.,
2004). It is suggested that phenylalanine and glycine play a
significant role in osmotic regulation. In phenylalanine
metabolic pathway (Figure 7A), phenylalanine can be
metabolized into acetyl-CoA and succinyl-CoA for the TCA
cycle, and indirectly participates in energy metabolism. Glycine
is the most basic amino acid found in animals, and it is involved
in energy metabolism processes such as glycan metabolism and
the TCA cycle. Hence, it could be hypothesized that glycine and
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phenylalanine are used for energy metabolism in osmotic
regulation, causing a decrease in their content in the gills.
Several reports have shown that osmoregulation in
crustaceans is an energy-consuming process (Charmantier,
1998; Ye et al, 2009; Mazzarelli et al., 2015; Ramaglia et al.,

2018; Huang et al., 2019) and its main modalities include ion
transport in gill epithelial cell (Ramaglia et al., 2018),
intracellular proteolysis and amino acid release (Sokolova et al.,
2012). In comparison to the control NC group, the LC, MC, and
SC groups had nine same identical different metabolites, among
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FIGURE 5 | Association analysis of differential metabolites in the three groups:
Venn diagram of mutual differential metabolites (A); FC figures of mutual up-
regulated metabolites (B) and down-regulated metabolites (C) in gills. In a,
Green circle represents SCvsNC group, red circle represents MCvsNC group,
blue circle represents LCvsNC group; the number in the figure represents the
amount of different metabolites after intersection.

which pyruvate, malic acid, and phosphoethanolamine were up-
regulated. The degree of up-regulation increased as salinity
decreased. Thus, these organic molecules were essential
indicators for gill metabolism of P. trituberculatus in response
to low salt stress. Furthermore, both the MCvsNC and SCvsNC
groups exhibited a significantly different metabolite, lactate,
which is the embodiment of cell anaerobic respiration.
Pyruvate is oxidatively decarboxylated to produce acetyl-CoA,
which links the metabolism of the three major nutrients: sugar,
fat and amino acids. Pyruvate and lactate are also jointly
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FIGURE 6 | Significantly differential metabolic pathways associated with
differential metabolites (p<0.05): LCvsNC group (A), MCvsNC group (B) and
SCvsNC group (C).

involved in the glycolysis/gluconeogenesis process. Glycolysis
is an irreversible reaction that produces pyruvate and lactate,
which increases their levels in the tissues. These findings
suggest that the increase of pyruvate and lactate levels is
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linked to the energy supply of osmotic regulation. Malic acidis ~ of malic acid metabolism in crustaceans has not been reported.
also an important intermediary in the TCA cycle, and it had the ~ Pyruvate, lactic acid, and malic acid are critical intermediates of
highest VIP value of all the up-regulated organic acids in our  sugar metabolism, which may play a role in the adaptation of P.
study, confirming that malic acid is an essential osmoregulatory  trituberculatus to low salt.

agent for crabs. It has been found that the content of malic acid Pyruvate and derivatives have been proven to be essential
increases significantly under salinity stress in plants  endogenous ROS scavengers with the potential to reduce
(Derakhshani et al., 2020; Panda et al., 2021), but the change  inflammation and prevent illnesses induced by oxidative stress
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(Ktadna et al., 2015). Under low salt stress, the activity of electron
transport chain enzymes in the gill mitochondria of Scylla serrata
is reduced (Paital and Chainy, 2012), and electrons will escape
from the electron transport chain to create ROS (Kim et al., 2006;
Kumar et al., 2017), causing oxidative cellular damage
(Lushchak, 2011). HIF-1 signaling has been found to accelerate
glycolysis, resulting in the massive synthesis of pyruvate, to
prevent producing toxic ROS and maintain ATP levels in the
body (Kim et al., 2006). Thus, it is proposed that crabs under low
salt stress will boost glycolysis by stimulating the HIF-1 signaling
pathway, increase the content of pyruvate and lactate levels in
tissues and prevent the body from being poisoned by ROS.
Besides, among up-regulated differential metabolites, o-
phosphatidylserine, a precursor of phosphatidylserine (PS), and
phosphoethanolamine increased with decreasing salinity. In the
Kennedy pathway, phosphoethanolamine can manufacture the
two most prevalent phospholipids in the cell membrane,
phosphatidylethanolamine (PE) and phosphatidylcholine (PC)
(Fontana et al., 2020). In extensively saline crustaceans, PS can be
decarboxylated to form PE, which is further methylated to PC,
altering the cell membrane structure for rapid adaptation
(Zwingelstein et al., 1998). A considerable rise in PC content
was detected in the gills of Scylla paramamosain during acute
hyposaline stress (Yao et al., 2021). The increased amount of o-
phosphoserine and phosphoethanolamine in the gills of
P.trituberculatus is thought to boost the production of cell
membrane phospholipid and protect the osmoregulation
function of cell membranes.

CONCLUSION

In this study, the metabolic response in the gills of Portunus
trituberculatus under various short-term low salinity stress were
analyzed, and the number of differential metabolites increased
with decreasing salinity. Among the nine common differential
metabolites, six metabolites including pyruvate, malic acid and
ethanolamine phosphate were up-regulated and three
metabolites such as inosine were down-regulated. KEGG
enrichment analysis of differential metabolites showed that the
number of differential metabolic pathways increased with
decreasing salinity. There were 6 common differential
metabolic pathways, including pyruvate metabolism, citric acid
cycle (TCA cycle), glucagon signaling pathway, and HIF-1
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