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Metabolic Changes in Scylla paramamosain During Adaptation to an Acute Decrease in Salinity
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The mud crab Scylla paramamosain is an important euryhaline mariculture species. However, acute decreases in salinity seriously impact its survival and can result in large production losses. In this study, we evaluated metabolic changes in S. paramamosain exposed to an acute salinity reduction from 23 psu to 3 psu. After the salinity decrease, hemolymph osmolality declined from 726.75 to 642.38 mOsm/kg H2O, which was close to the physiological equilibrium state. Activities of osmolality regulation-related enzymes in the gills, including Na+-K+-ATPase, CA, and V-ATPase all increased. Using LC-MS analysis, we identified 519 metabolites (mainly lipids). Additionally, 13 significant metabolic pathways (P < 0.05) were identified via enrichment analysis, which were mainly related to signal pathways, lipids, and transportation. Our correlation analysis, which combined LC-MS and previous GC-MS data, yielded 28 significant metabolic pathways. Amino acids and energy metabolism accounted for most of these pathways, and lipid metabolism pathways were insignificant. Our results showed that amino acids and energy metabolism were the dominant factors involved in the adaptation of S. paramamosain to acute salinity decrease, and lipid metabolites played a supporting role.
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INTRODUCTION

Changes in salinity impact the growth (Nurdiani and Zeng, 2007), immunity (Péqueux, 1995), and disease status (Parado-Estepa and Quinitio, 2011) of crustaceans. Osmotic regulation is the main way by which crustaceans adapt to salinity change. Inorganic ions and amino acids are the main factors that impact osmolality in crustaceans (Pan et al., 2007; Romano and Zeng, 2012; Long et al., 2018).

The gill is the main organ responsible for osmotic regulation, including hemolymph ion concentration, in crustaceans (Whiteley, 2011; Leone et al., 2015), and this regulation occurs mainly by ion transport via Na+/K+-ATPase (exclusively basolaterally located), Na+/K+/2Cl−cotransporters (both basolaterally and apically located), vacuolar-type (V-type) H+-ATPase (apically located), Cl−/[image: image](apically located), Na+/[image: image](apically located), and Na+/H+exchanger (apically located) (Henry, 2001; Weihrauch et al., 2004; Tsai and Lin, 2007; Freire et al., 2008). Muscle is the main source of amino acids (Dooley et al., 2000; Mcnamara et al., 2004), which are the main substances responsible for maintaining cellular osmolality. Therefore, they play an important role in the process by which crustaceans adapt to changes in salinity (Shinji et al., 2012; Lv et al., 2013). Previous studies have shown that the amino acids produced in muscle supplemented the hemolymph to help maintain the osmolality balance in a hypotonic environment (Lu et al., 2015).

The mud crab Scylla paramamosain is a euryhaline crustacean that is widely distributed from the Indian Ocean to the western Pacific region, including along the southeast coast of China (Vay et al., 2007). It is still extremely sensitive to sudden reductions in salinity, especially sharp falls (10 psu based on production data), in our team's previous research we found that under acute low-salt stress, 3 psu is an adaptable lower salinity; under the stress of a sudden drop from 23 to 3 psu, individual scylla crabs can adapt to the environment after the stress for 120 h (Wang et al., 2018a,b). Portunid Crab Scylla serrate live in saltwater and/or saltwater estuaries, and mature females migrate offshore to reproduce (Hill, 1994). Such regions are susceptible to heavy rains or large-scale changes to the aquatic environment, which lead to acute decreases in salinity (Scavia et al., 2002). Large salinity decreases may exceed the capability of S. paramamosain to regulate osmolality, which can lead to death (Anger et al., 2000; Xu et al., 2017; Wang et al., 2018b). Therefore, the environment used to culture S. paramamosain should avoid large changes in salinity.

In previous studies of osmotic regulation in S. paramamosain, ions involved in osmotic regulation were identified (Xu et al., 2017; Huang et al., 2019), as were proteases that regulate these ions (Chung and Lin, 2006). Related signal pathways were also discovered (Wang et al., 2018b). Yao et al. (2020) reported that taurine, glycine, and glutamic acid and their related metabolic pathways were crucial for regulation in S. paramamosain. These studies focused mainly on the substances that affected osmolality. Other researchers evaluated genes related to amino acid synthesis regulation and protein translation (Chung and Lin, 2006; Lu et al., 2015; Wang et al., 2019). (Wang et al. 2018a,b, 2019) reported that osmolality regulation by S. paramamosain consumes energy. We previously used gas chromatography-mass spectrometry (GC-MS) to study the biological mechanism used by S. paramamosain to adapt to acute salinity decreases (Yao et al., 2020). To further explore this mechanism, we used correlation analysis of liquid chromatography-mass spectrometry (LC-MS) and GC-MS data in this study.



MATERIALS


Animals

A total of 300 randomly selected crabs with a bodyweight of (30 ± 3.1 g) were selected and kept in a natural water environment with a salinity of 23 psu and a temperature of ~20°C. Crabs were randomly into six groups of fifty, housed in six cement pools under identical physical and chemical conditions. The salinity of the seawater for three of the groups was adjusted to 3 psu from 23 psu, a drop of 20 psu. These three groups were defined as the LS (low salinity) group. The other three groups were defined as the CK groups, where the salinity of seawater was kept at 23 psu. All other conditions were the same as the LS group (Wang et al., 2018a,b,c, 2019).



Chemicals

All chemicals and solvents were analytical or HPLC grade. Water, methanol, acetonitrile, and formic acid were purchased from CNW Technologies GmbH (Düsseldorf, Germany). L-2-chlorophenylalanine was from Shanghai Hengchuang Bio-technology Co., Ltd. (Shanghai, China).



Determination of Serum Osmolality and Enzyme Activity in Gills

Following the method developed by Long et al. (2018), serum samples from S. paramamosain were thawed at room temperature, homogenized with an IKA homogenizer (Staufen, Germany) for 30 s, and centrifuged at 4°C and 12,000 rpm for 20 min. The supernatant (hemolymph) was then used for the measurement of osmolality. The osmolality of serum and water samples was measured using a Fiske 210 (ADVANCED, USA) osmometer. For the analysis, 0.1 g of rear gill tissue was diluted with saline (1:9) and homogenized for 1 min in an ice-water bath using an IKA micro-homogenizer. The homogenate was centrifuged for 10 min at 4°C and 3,000 rpm. The supernatant was collected, and an ELISA assay kit (Qiaodu Biomart Inc., Shanghai, China) was used to measure Na+-K+-ATPase, V-ATPase, and CA activities.



Sample Preparation

A measure of 30 mg of accurately weighed sample was transferred to a 1.5 mL Eppendorf tube. Two small steel balls were added to the tube. Then, 20 μL internal standard (2-chloro-lphenylaln-ine in methanol, 0.3 mg/mL, LysoPC17:0,0.01 mg/mL) and 400 μL extraction solvent with methanol /water (4/1, v/v) were added to each sample. Samples were stored at −20°C for 2 min and then ground at 60 HZ for 2 min, ultrasonicated by ice-water bath for 10 min, and stored at −20°C for 20 min. The extract was centrifuged at 13,000 rpm, 4°C for 10 min. The supernatants (200 μL) from each tube were collected using crystal syringes, filtered through 0.22 μm microfilters, and transferred to LC vials. The vials were stored at −80°C until LC-MS analysis.

QC samples were prepared by mixing aliquots of all samples to be a pooled sample.



LC-MS

A Dionex 3000 UHPLC system fitted with Q-Exactive plus an Orbitrap mass spectrometer equipped with a heated electrospray ionization (ESI) source (Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the metabolic profiling in both ESI positive and ESI negative ion modes. Chromatographic separation of samples was performed using an ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 × 100 mm). The mobile phase consisted of (A) water (containing 0.1% formic acid, v/v) and (B) acetonitrile (containing 0.1% formic acid, v/v), and separation was achieved using the following gradient: 0–1 min holding at 5% B, 5–100% B over 1–11 min, the composition was held at 100% B for 2 min, 100% B over 11–13 min, then 13–13.1 min, 100% to 5% B, and 13.1–15 min holding at 5% B. The flow rate was 0.35 mL/min and the column temperature was 50°C. All the samples were kept at 4°C during the analysis. The injection volume was 5 μL.

The mass range was from m/z 70 to 1,000. The resolution was set at 70,000 for the full MS scans and 17,500 for HCD MS/MS scans. The collision energy was set at 20 and 40 eV. The mass spectrometer operated as follows: spray voltage, 3,800 V (+) and 3,000 V (–); sheath gas flow rate, 35 arbitrary units; auxiliary gas flow rate, 8 arbitrary units; capillary temperature, 320°C.

The QCs were injected at regular intervals (every 10 samples) throughout the analytical run to provide a set of data from which repeatability can be assessed.



Data Preprocessing and Statistical Analysis

The acquired LC-MS raw data were analyzed by the Progenesis QI software (Waters Corporation,Milford, USA) using the following parameters: Precursor tolerance was set 5 ppm, fragment tolerance was set 10 ppm, and retention time (RT) tolerance was set 0.02 min. Internal standard detection parameters were deselected for peak RT alignment, isotopic peaks were excluded for analysis, and noise elimination level was set at 10.00, the minimum intensity was set to 15% of base peak intensity. The Excel file was obtained with three-dimensional data sets including m/z, peak RT and peak intensities, and RT–m/z pairs were used as the identifier for each ion. The resulting matrix was further reduced by removing any peaks with a missing value (ion intensity = 0) in more than 50% of samples. The internal standard was used for data QC (reproducibility).

Metabolites were identified by progenesis QI (Waters Corporation, Milford, USA) Data Processing Software, based on public databases such as http://www.hmdb.ca/; http://www.lipidmaps.org.

The positive and negative data were combined to produce a combined data set which was imported into the SIMCA software (version 14.0, Umetrics, Umeå, Sweden) package. Principle component analysis (PCA) and (orthogonal) partial least-squares discriminant analysis (O)PLS-DA were carried out to visualize the metabolic alterations among experimental groups, after mean centering (Ctr) and Pareto variance (Par) scaling, respectively. The Hotelling's T2 region, shown as an ellipse in score plots of the models, defines the 95% confidence interval of the modeled variation. Variable importance in the projection (VIP) ranks the overall contribution of each variable to the OPLS-DA model, and those variables with VIP > 1 are considered relevant for group discrimination. In this study, the default 7-round cross-validation was applied with one-seventh of the samples being excluded from the mathematical model in each round, in order to guard against overfitting.



Identification of Differential Metabolites

The differential metabolites were selected on the basis of the combination of a statistically significant threshold of variable influence on projection (VIP) values obtained from the OPLS-DA model and p-values from a two-tailed Student's t-test on the normalized peak areas from different groups, where metabolites with VIP values larger than 1.0 and p-values < 0.05 were considered as differential metabolites.




RESULTS


Impact of Acute Salinity Decrease on Hemolymph Osmolality

After the salinity dropped from 23 to 3 psu, the hemolymph osmolality of S. paramamosain began to drop rapidly, and reached its lowest point of 606.50 mOsm/kg H2O at 6 h, then began to rise, reaching its highest at 24 h, before it slowly decreased and stabilized after 48 h (Figure 1A). The osmolality (D2) of seawater with a salinity of 23 psu was 601.75 mOsm/kg H2O, while the osmolality (C2) of the hemolymph of S. paramamosain in this environment was 726.75mOsm/kg H2O (Figure 2B); when the seawater salinity dropped to 3 psu, the osmolality (D1) of seawater was 77.18 mOsm/kg H2O, but the osmolality (C1) of S. paramamosain was 642.38 mOsm/kg H2O (Figure 2B). It can be seen that the osmolality of S. paramamosain is always higher than the osmolality of seawater in the environment of 3–23 psu, and the osmolality of S. paramamosain will not decrease greatly with the rapid decrease of seawater osmolality.


[image: Figure 1]
FIGURE 1. Effect of salinity on hemolymph osmolality of S.paramamosainn; (A) shows the changes in osmolality of S.paramamosainn under the change of salinity; (B) is the osmolality isotonic map of S.paramamosainn and seawater. In the (B), D1 and C1 are the hemolymph osmolality in S.paramamosain at the salinity 23 and 3, respectively, and C2 and D2 are the seawater osmolality at the 23 and 3 psu, respectively.
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FIGURE 2. Effect of salinity on the ion transportation enzyme activity in the gills of S.paramamosain. * means significant difference in ion transport enzyme activity with different salinity at the same time.




Impact of Acute Salinity Decrease on the Activities of Osmolality Regulation-Related Enzymes in the Gill

Many enzymes were involved in osmolality regulation of S.paramamosain. When salinity decreased from 23 to 3 psu, Na+-K+-ATPase activity increased to 31.53 U/mL after 6 h, and this value was significantly higher than that of the CK group. The activity gradually decreased after 24 h and eventually reached an equilibrium state at 24.28 U/mL (Figure 2A). CA activity increased during the first 6 h and stayed at this stable state thereafter. Moreover, CA activity of the LS group (16.54 U/mL) was significantly (1.8 times) higher than that of the CK group. V-ATPase activity increased during the first 6 h to reach 21.88 U/mL, and then it stabilized (Figure 2).



Metabolite Alterations of S. paramamosain Gills Induced by Salinity Sudden Drop

Previous studies showed the S. paramamosainreached an adaptive state after 120 h, when the seawater salinity dropped suddenly from 23 to 3 psu (Wang et al., 2018a,b,c, 2019). Therefore, LC-MS was adopted to detect the metabolome changes of gills between CK and LS crabs. Base peak chromatograms of QC (quality control sample) in positive ion ESI (+) (Figure 3A) mode and QC in negative ion ESI (–) (Figure 3B) mode indicated that the instrument analysis of all samples has strong signal strength, large peak capacity and good reproducibility of retention time. After data processing, 16,261 mass spectrum features were detected, and 4,023 metabolites were identified. The detectable metabolites of gill extracts contain Fatty Acyls, Carboxylic acids and their derivatives, Glycerophospholipids, and so on. In order to specifically explore the changes in the sudden drop in salinity, these LC-MS data were analyzed with multivariate data and univariate data.


[image: Figure 3]
FIGURE 3. BPC of gills sample from QC sample in ESI (+) (A) and ESI (–) (B); PCA scores plot (C), OPLS-DA scores plots (D), and response permutation testing (E) for CK and LS of the S.paramamosain.


One of the most important steps of this study was to examine the quality of the data. The use of quality control (QC) samples is required to obtain reliable and high-quality results (Stefanuto et al., 2015; Araújo et al., 2018). The principal component analysis (PCA) showed that with the exception of one outlier sample, all the other samples are within the confidence interval of 95%. Quality control (QC) sample aggregation indicates the obtained data is reliable and stable. The cumulative interpretation rate [R2X (cum)] is up to 0.672, indicating that the PCA model can be obtained to show the actual distribution of the sample. Therefore, the PCA result reveals the CK group and the LS group had a relatively obvious distribution rule (Figure 3C; Supplementary Table 1). Meanwhile, OPLS-DA model shows the difference between the two groups is significant (x-axis orientation), and all sample points are within the 95% confidence interval (Figure 3D; Supplementary Table 1). Through the fitting examination of the OPLS-DA model, it can be found that the interpretation ability of the model [R2Y (cum)] and predictive ability [Q2 (cum)] for the samples were 0.992 and 0.944, respectively. Besides, the slope of the straight line is large, and the intercept of Q2 is −0.646, indicating that the OPLS-DA model does not exceed the fitting (Figure 3E and Supplementary Table 1). In conclusion, the OPLS-DA model has good interpretation and prediction ability and can reflect the difference between different sample groups in real response. All of the above results showed that the metabolites of S. paramamosain gills at 3 psu seawater have changed obviously, comparing to 23 psu.



Screening of Differential Metabolites

Through multi-dimensional analysis, single-dimensional analysis, and volcano map analysis (Figure 4A), the differential metabolites between the LS and CK groups were screened. The screening criteria were P < 0.05 and VIP > 1. As a result, a total of 519 different metabolites in the LS group were screened, including 288 up-regulated metabolites (Table 2) and 231 down-regulated metabolites (Table 3).


[image: Figure 4]
FIGURE 4. Volcano map of differential metabolites in LS and CK groups (A), the red origin represents the differential metabolites that are significantly up-regulated, the blue origin represents the differential metabolites that are significantly down-regulated, and the gray origin represents the insignificant differential metabolites; The pie chart of the differential metabolite classification of CK and LS in the gill tissue of S.paramamosain: Up-regulated differential metabolite (B) and up-regulated differential metabolite (C).


Up-regulated differential metabolites were found to include: phosphatidylcholine (PC) (18:0/20:4) (VIP = 23, log2(FC) = 0.47), phosphatidylserine (PS) (O-20:0/18:1) (VIP = 13.49, log2(FC) = 0.37), and PC (15:0/20:5) (VIP = 12.41, log2(FC) = 0.55) etc. 28 Glycerophospholipids, PC (18:0/20:4) is the highest VIP among all up- regulated metabolites, and its VIP value reaches 23; 2-Methylbutyroylcarnitine (VIP = 12.49, log2(FC) = 2.33), 12(S)-HETrE (VIP = 9.45, log2(FC) = 0.82) and Vaccenyl carnitine (VIP = 7.36, log2(FC) = 0.76) etc. 54 Fatty Acyls; Betaine (VIP = 10.6, log2(FC)= 0.39), gamma-Glutamylleucine (VIP = 4.12,log2(FC) = 1.03) and Threoninyl-Glycine (VIP = 3.97, log2(FC) = 1.04) etc. 34 Carboxylic acids and derivatives; 1-Kestose (VIP = 9.28, log2(FC) = 1.23), Chrysophanol 1-tetraglucoside (VIP=7.19, log2(FC) = 7.82) and Galactaric acid (VIP = 4.40, log2(FC) = 2.5) etc. 22 Organooxygen compounds; (23S,24S)-17,23-Epoxy-24,29-dihydroxy-27-norlanost-8-ene-3,15-dione (VIP = 3.76, log2(FC) = 0.81), (-)-Cassaic acid (VIP = 3.14, log2(FC) = 0.56) and Limonene-1,2-diol (VIP = 2.39, log2(FC) = 0.93) etc.13 Prenol lipids; in addition,it also contains Dihydroprudomenin (VIP = 12, log2(FC) = 1.42), Galactosy-lceramide (d18:1/14:0) (VIP = 9.5, log2(FC) = 0.97) and Butyryl-L-carnitine (VIP = 8.75, log2(FC) = 3.27) etc. 137 differential metabolites (Table 1; Figure 4B).


Table 1. Up-regulated metabolites in gills of S.paramamosain response to sudden drop in salinity from 23 to psu.

[image: Table 1]

The down-regulated differential metabolties included: lysophosphatidyl-choline (LysoPC) (20:5) (VIP = 6.85, log2(FC) = −0.99), PC(o-22:1) (VIP = 5.31, log2(FC) = −4.50) and LysoPC(22:4) (VIP = 4.38, log2(FC)= −2.06) etc. 47 Glycerop-hospholipids; 10Z-Tricosene (VIP = 9.99, log2(FC) = −4.96), O-hexanoyl-R-carnitine (VIP = 7.46, log2(FC) = −4.88), Hexyl 3-mercaptobutanoate (VIP = 5.93, log2(FC) = −6.37) etc.35 Fatty Acyls; L-isoleucyl-L-proline (VIP = 4.93, log2(FC) = −1.50), Perindopril Acyl-beta-D-glucuronide (VIP = 4.61, log2(FC) = −2.05), 2-Pentanamido-3-phenylpropanoic acid (VIP= 4.33, log2(FC)= −1.54) etc. 15 Carboxylic acids and derivatives; 1 Fluocinolone acetonide (VIP=3.65, log2(FC)= −8.33), 6alpha,9alpha- Difluoroprednisolone-17-butyrate (VIP= 3.15, log2(FC)= −9.13) and 12-Ketodeoxy-cholic acid (VIP = 2.33, log2(FC) = −0.92) etc.10 Steroids and steroid derivatives; N,N'-diacetylchitobiose (VIP = 2.14, log2(FC) = −2.01), Semilepidinoside A (VIP = 1.90, log2(FC) = −1.89) and DHAP(18:0e) (VIP = 1.86, log2(FC) = −1.26) etc. 8 Organooxygen compounds; in addition,it also contains (-)-2,7-Dolabelladiene-6beta, 10alpha,18-triol (VIP=23.11, log2(FC)= −1.1.9), 15-deoxy-δ-12,14-PGD2 (VIP = 18.58, log2(FC) = −0.58) and phosphatidylethanolamine (PE) (16:0/0:0) (VIP = 17.12, log2(FC) = −0.36) etc. 109 other down-regulated differential metabolites were found (Table 2; Figure 4C).


Table 2. Down-regulated metabolites in gills of Scylla paramamosain response to sudden drop in salinity from 23 to 3psu.
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Analysis of Metabolic Pathways of Different Metabolites

A total of 63 metabolic pathways were obtained by the analysis of the metabolic pathway enrichment of differential metabolites, of which 13 showed significant enrichment (P < 0.05) and 50 showed non-significant enrichment (P > 0.05). The 13 significant enrichment metabolic pathways are classified into amino acid metabolism/Metabolism of other amino acids (Histidine metabolism; beta-Alanine metabolism; Taurine and hypotaurine metabolism), Signal transduction (FoxO signaling pathway; mTOR signaling pathway), Carbohydrate metabolism (Pentose phosphate pathway), Metabolism of cofactors and vitamins (Pantothenate and CoA biosynthesis); Nucleotide metabolism (Purine metabolism); Membrane transport (ABC transporters); Nucleotide metabolism (Pyrimidine metabolism); Signaling molecules and interaction (Neuroactive ligand-receptor interaction); Lipid metabolism (Glycerophospholipid metabolism); and Translation (Aminoacyl-tRNA biosynthesis) (Figures 5A,C; Supplementary Table 2).


[image: Figure 5]
FIGURE 5. Class of Metabolic pathway pie chart in the gill tissues of the S.paramamosain adapting to low salinity: significant enrichment (A) and non-significant enrichment (B); The metabolome view map of top 20 metabolic pathways in gills for S.paramamosain adapting to low salinity (C).


Another 50 enrichment metabolites pathways were classified as non-significant, including: Amino acid metabolism/Metabolism of other amino acids (Glutathione metabolism; Arginine biosynthesis; Alanine, aspartate, and glutamate metabolism, etc.), Carbohydrate metabolism (Butanoate metabolism; Galactose metabolism; Inositol phosphate metabolism, etc.), Metabolism of cofactors and vitamins (Nicotinate and nicotinamide metabolism; Vitamin B6 metabolism; Thiamine metabolism, etc.), Lipid metabolism (Sphingolipid metabolism; Synthesis and degradation of ketone bodies; Arachidonic acid metabolism, etc.), Energy metabolism (Oxidative phosphorylation; Nitrogen metabolism; Sulfur metabolism), Signal transduction (Phosphatidylinositol signaling system), Transport and catabolism (Autophagy - other; Lysosome; Autophagy - animal), Xenobiotics biodegradation and metabolism (Drug metabolism - other enzymes; Drug metabolism - cytochrome P450), Glycan biosynthesis and metabolism (Glycosylphosphatidylinositol (GPI)-anchor biosynthesis), Metabolism of terpenoids and polyketides (Terpenoid backbone biosynthesis), Biosynthesis of other secondary metabolites (Caffeine metabolism), Endocrine and metabolic disease (AGE-RAGE signaling pathway in diabetic complications), Other class (Carbon metabolism; Biosynthesis of amino acids; 2-Oxocarboxylic acid metabolism, etc.) (Figure 5B; Supplementary Table 3).

From the above classification, it is found that both significant metabolic and non-significant pathways are related mainly to amino acids, signal transduction, and energy metabolism. The top significant differential metabolic pathways are Purine metabolism (ADP; Adenosine monophosphate; Inosinic acid, etc.), FoxO signaling pathway (ADP; Adenosine monophosphate; L-Glutamate), mTOR signaling pathway (Adenosine monophosphate; L-Arginine), Pantothenate and CoA biosynthesis (Uracil; L-Histidine; Pantothenic Acid, etc.), Histidine metabolism (ADP; L-Glutamate; Taurine, etc.), beta-Alanine metabolism (Uracil; L-Histidine; Pantothenic Acid, etc.), ABC transporters (L-Glutamate; L-Arginine; L-Histidine, etc.), Taurine and hypotaurine metabolism (L-Glutamate; Taurine; Taurocyamine), Pyrimidine metabolism (Uracil; Thymine; Thymidine, etc.), and Neuroactive ligand-receptor interaction (ADP; L-Glutamate; Taurine, etc.) (Table 3). From the above result, Amino acid metabolism/Metabolism of other amino acids accounted for the highest proportion, reaching 23.08%, which are mainly involved in the regulation of metabolic differences of ADP, L-Glutamate, Taurine, 2-Arachidonylglycerol, Uracil, L-Histidine, Pantothenic Acid, D-4′-Phosphopantothenate, Taurocyamine; Signal transduction, and Carbohydrate metabolism also play an important role, such as participating in the regulation of ADP, Adenosine monophosphate, L-Glutamate, L-Arginine, D-Glyceraldehyde 3-phosphate, Gluconic acid, and Deoxyribose 5-phosphate.


Table 3. Significantly enriched metabolic pathways identified in significantly different metabolites.
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Correlations Analysis by GC-MS/LC-MS

Earlier, we revealed the metabolic mechanism of S. paramamosain adapting to a low salinity base on GC-MS (Yao et al., 2020). Due to differences in the properties of metabolites detected by GC-MS and LC-MS, in order to more fully reveal the metabolic mechanism of the adaptation of S. paramamosain to low salinity, correlation analysis was performed between the two. In this study, Betaine, taurine, asparagine, and aspartic acid are all amino acids related to osmotic regulation, they are all up-regulated and there is a strong positive correlation between them. In addition, these four amino acids are combined with fumaric acid, 6-phosphogluconic acid, PC(15:0/20:5), PE(18:2), PS[O-20:0/18:1(9Z)], and other metabolites are positively correlated with LysoPC(20:4), LysoPC(18:1), LysoPC(20:5), glycolic acid, and urocanic acid, etc., they are all down-regulated, and show a strong negative correlation (Figure 6).


[image: Figure 6]
FIGURE 6. Correlation analysis chart of the top 50 different metabolites; The correlation analysis graph represents a correlation between the expression levels of different substances, the red one represents the positive correlation, and the blue one represents the negative correlation. The darker the color, the larger the dot, and the higher the correlation value.


A total of 76 pathways were screened by correlation analysis, including 28 significant differential metabolic pathways (P < 0.05). These included Amino acid metabolism (Arginine biosynthesis; Glycine, serine and threonine metabolism; Alanine, aspartate, and glutamate metabolism, etc.), Carbohydrate metabolism (Pentose phosphate pathway; Glyoxylate and dicarboxylate metabolism; Galactose metabolism, etc.), Metabolism of cofactors and vitamins (Pantothenate and CoA biosynthesis; Nicotinate and nicotinamide metabolism; Vitamin B6 metabolism), Nucleotide metabolism (Purine metabolism; Pyrimidine metabolism), Translation (Aminoacyl-tRNA biosynthesis), Signal transduction (FoxO signaling pathway), Signaling molecules and interaction (Neuroactive ligand-receptor interaction), Energy metabolism (Oxidative phosphorylation), Membrane transport (ABC transporters), and others (Biosynthesis of amino acids; Carbon metabolism; 2-Oxocarboxylic acid metabolism) (Figures 7A,C, Table 4) and 48 non-significant differential metabolic pathways (P < 0.05) (Figure 7B).


[image: Figure 7]
FIGURE 7. Class of Metabolic pathway pie chart in the gill tissues of the S.paramamosain adapting to low salinity: significant enrichment (A) and non-significant enrichment (B) in correlation analysis; the metabolome view map of top 20 significant enrichment metabolic pathways in the gill tissues of the S.paramamosain adapting to low salinity (C) in correlation analysis.



Table 4. Classification of metabolic pathways significantly enriched in correlation analysis.
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Through correlation analysis, Amino acid metabolism accounted for the highest proportion, reaching 32.14%; followed by Carbohydrate metabolism, accounting for 17.86%. The top 10 significant differential metabolic pathways (P < 0.01) are Biosynthesis of amino acids (Pyruvic acid; L-Glutamate; alpha-ketoglutaric acid, etc.), ABC transporters (Phosphate; L-Glutamate; Glycine, etc.), Arginine biosynthesis (L-Glutamate; alpha-ketoglutaric acid; aspartic acid, etc.), Carbon metabolism (Pyruvic acid; L-Glutamate; alpha-ketoglutaric acid, etc.), Purine metabolism (ADP; Adenosine 5-monophosphate; Glycine, etc.), Glycine, serine and threonine metabolism (Pyruvic acid; Glycine; aspartic acid, etc.), Pentose phosphate pathway (Pyruvic acid; ribose-5-phosphate; D-Glyceraldehyde 3-phosphate, etc.), Aminoacyl-tRNA biosynthesis (L-Glutamate; Glycine; lysine, etc.), Alanine, aspartate and glutamate metabolism (Pyruvic acid; L-Glutamate; alpha-ketoglutaric acid, etc.), and Pantothenate and CoA biosynthesis (Pyruvic acid; aspartic acid; Uracil, etc.) (Supplementary Table 5).




DISCUSSION

Our results showed that the osmolality of S. paramamosain did not continuously decrease with declining environmental salinity during the adaptation process. Similar results were reported for Scylla serrate stressed by low salinity (Hulathduwa et al., 2007; Romano et al., 2014). After reaching osmotic balance, the osmolality of S. paramamosain was higher than that of the environment, likely due to a significant difference of osmotic regulator between the S. paramamosain and the environment (Chen and Chia, 1977). In our study, Na+-K+-ATPase, CA and V-ATPase activities increased in the LS group, which confirmed the effect of Na+-K+-ATPase and CA as regulators of osmotic balance in S. paramamosain (Towle and Weihrauch, 2001; Chung and Lin, 2006). Towle and Mangum (1985) previously reported that CA activity increased with increasing Na+-K+-ATPase activity, and V-ATPase has been shown to promote the osmotic balance in freshwater crustaceans, amphibians, and fish (Nelson and Harvey, 1999; Wieczorek et al., 1999; Kirschner, 2004; Beyenbach and Wieczorek, 2006). Together, the data suggested that Na+-K+-ATPase, CA, and V-ATPase were related to osmolality regulation in S. paramamosain.

This study focused on the metabolic mechanism responsible for osmolality regulation in the gills of S. paramamosain during adaptation to an acute decrease in salinity. The LC-MS results showed that glycerophospholipids accounted for most of the metabolites involved in the process, thus they putatively played a leading role in osmolality regulation. Glycerophospholipid is one type of phospholipid; it is the key component of the cell lipid phospholipid bilayer, and it plays important roles in energy metabolism and signaling conduction (Fahy et al., 2005). Other phospholipids include phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylcholine (PC) (Murru et al., 2013), which perform various functions (Coutteau et al., 2000; Wang et al., 2006; Thomas et al., 2010; Hochreiter-Hufford et al., 2013). In response to salinity change, Bhoite and Roy (2013) found that the lipid composition and the intra-/intercellular ion concentration of S. serrata changed significantly. The total phospholipid content also increased significantly in the rear gills of Eriocheir sinensis after a change in salinity (Chapelle et al., 1976). Previous studies have shown that S. paramamosain transports Na+, K+, and Cl− into cells via cotransporters to regulate osmolality (Gagnon et al., 2003; Gamba, 2005; Xu et al., 2017). After the salinity decreased from 23 psu to 3 psu in our study, the metabolites of PC, PA, PE, and PS in the LS group changed significantly. These results suggested that membrane components of gill cells as well as ion transportation and amino acids were correlated with osmolality regulation in S paramamosain. However, the mechanism still requires further study.

Free amino acids are known to play a key role in adaptation to acute low salinity in S. paramamosain (Yao et al., 2020). In our study, betaine was up-regulated. Betaine is an N-methylated free amino acid that plays an important role in intracellular osmolality regulation (Lokhande et al., 2010). It also improves the osmotic regulation capability of various aquatic animals (Deaton, 2001; Saoud and Davis, 2005; Ye et al., 2014). In plants, betaine can effectively inhibit the damage to cell membranes caused by salinity (Wang et al., 2009), although this effect has not yet been reported for osmotic regulation in S. paramamosain.

In this study, 63 metabolic pathways were identified through KEGG (http://www.genome.jp/KEGG/pathway.html) enrichment analysis, and 13 pathways showed significant differences (P < 0.05). Amino acid metabolism/metabolism of other amino acids was mainly involved in the regulation of taurine, L-glutamate, L-histidine, and pantothenic acid. Glycerophospholipid metabolism was mainly involved in the regulation of PC, PE, LysoPC, and phosphocholine. The changes in betaine and taurine were mainly controlled by ABC transporters. In this study, PC was the most up-regulated phospholipid and had the highest VIP, which indicated that PC played a key role in the osmolality regulation in S. paramamosain. PC is also closely correlated with cholesterol (Brzustowicz et al., 2002), which regulates phospholipid in the membrane (Finegold, 1993; Mcmullen and Mcelhaney, 1996). Therefore, our results suggested that PC played important roles in regulating the membrane during osmolality regulation in S. paramamosain. Glycerophospholipid metabolites directly regulate the synthesis and metabolism of PC. ABC transporters belong to one of the largest protein families, and their main function is to regulate the transport of small molecules such as amino acids, ions, and sugars in biological membranes (Dawson, 2006; Hollenstein et al., 2007). Therefore, our results suggested that upon acute low salinity stress, S. paramamosain regulated the structural changes of biomembranes via glycerophospholipid metabolites, followed by transportation of amino acids and carbohydrates through biomembranes via ABCs to achieve osmotic balance inside and outside cells.

Our correlation analysis of GC-MS and LC-MS data identified 57 metabolic pathways. Among them, 28 showed significant differences (P < 0.05), and they were mainly amino acid and energy metabolic pathways Figure 7C). However, differences in glycerophospholipid metabolism pathways, such as arachidonic acid metabolism and alpha-linolenic acid metabolism, were all insignificant (Supplementary Table 4). Osmolality regulation in crustaceans is mainly regulated by amino acids and inorganic ions, and inorganic ions account for 80–90% of the regulation (Chen and Chia, 1977; Onken and Putzenlechner, 1995). Amino acid transportation includes free diffusion, assisted diffusion, and active transport, and ion transport includes free diffusion and active transportation, neither of which require protein carriers. This implies that osmolality in S. paramamosain is regulated mainly via the adjustment of concentrations of ions and amino acids. Amino acids are mostly freely diffused out of cells to maintain the osmotic equilibrium state.

Many significant metabolic pathways related to sugar metabolism and energy metabolism were identified using regardless of GC-MS/LC-MS correlation technology to study the biological mechanism by which S. paramamosain adapts to acute low salinity stress. These metabolic pathways include butanoate metabolism, galactose metabolism, inositol phosphate metabolism, fatty acid degradation, glycolysis/gluconeogenesis, citrate cycle, pyruvate metabolism, oxidative phosphorylation, nitrogen metabolism, and sulfur metabolism. Therefore, these energy metabolism pathways are likely involved in osmolality regulation in S. paramamosain.



CONCLUSION

In this study, S paramamosain were exposed to an acute decrease in salinity from 23 psu to 3 psu. Hemolymph osmolality decreased to 642.38 mOsm/Kg and reached the physiological equilibrium state. Na+-K+-ATPase activity in the gills, which is responsible for osmolality regulation, continuously increased from 0 to 6 h to reach 31.53 U/mL and then decreased from 24 h to reach the physiological equilibrium state (24.28 U/mL). CA and V-ATPase activities increased, reaching 16.54 U/mL and 21.88 U/mL, respectively. Using LC-MS technology, we identified 519 differential metabolites (mainly lipids), and 63 metabolic pathways were identified by KEGG enrichment analysis of differential metabolites. Thirteen of these pathways showed significant differences (P < 0.05), including the FoxO signaling pathway, glycerophospholipid metabolism, and ABC transporters as well as signaling pathways, lipids, and transport-related pathways. Numerous studies have shown that lipids play a key role in osmolality regulation in S. paramamosain, and energy metabolism involving carbohydrates provides sufficient energy to adapt to an acute decrease in salinity. We conducted correlation analysis with combined LC-MS and GC-MS data (Yao et al., 2020) and found that 28 of 57 metabolic pathways showed a significant difference (P < 0.05). These pathways included arginine biosynthesis, pentose phosphate, and ABC transporters. Among them, amino acids and energy metabolism accounted for the largest proportion, whereas lipid metabolism was absent. These results showed that amino acids and energy dominated the process by which S. paramamosain adapted to an acute decrease in salinity and that lipid metabolites played only a supportive role.

In this study, we explored the role and relationship of lipids and amino acids in the adaptation of S. paramamosain to an acute decrease in salinity. For the first time, we elucidated the mechanism of cellular osmolality regulation, which occurred via the transport of substances through the cell membrane. Our results can be used to devise an emergency strategy to respond to acute salinity reduction in the culture environment and to improve aquaculture technology in inland low salinity environments. Therefore, in the process of breeding S. paramamosain, enriching the feed with a certain amount of taurine and betaine or enhancing the metabolic pathways through related products may improve the ability of S. paramamosain to adapt to acute low salt.
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“represents the log2(FC) value of the metabolite.
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Metabolites Formula miz RT(min)  lon mode 3 P-value 10g2(FC)
LysoPC18:1(97)] CosHeNOIP 52236 972 pos 23.11 37E-05 —125
LysoPC[20:5(52.82,112,142,172) CogHigNOP 54232 866 pos 18.58 0.00013 -099
LysoPC{22:6(42,72,10Z,132,162,192)) CaoHsoNOZP 56834 9.12 pos 17.12 0.00028 ~1.06
LysoPC[20:4(52.82,11Z,142)] CosHsoNOP 54434 9.13 pos 11.41 0.00154 -093
LysoPC(16:0) CosHeoNOP 49634 9.42 pos 10.42 9.9E-05 —132
LysoPE[0:0/22:6(4,72,10Z,18Z,16Z,19Z)) CorHuNOP 52620 9.08 pos 9.99 0.0004 -092
LysoPE[0:0/20:5(62,82,112,142,172)) CosHaNOTP 50028 858 pos 855 0.03255 -039
LysoPE[0:0/20:4(82,112,142,172)] CosHuNOP 502,20 9.04 pos 7.46 0.00162 -091
18R-HEPE CaoHa003 319.23 9.86 pos 6.90 1.5E-05 -0.87
2-Ethylacrylylcarnitine C12H21NO4 24415 6.03 pos 6.856 1.2E-10 -5.47
LysoPC(18:0) CosHsNOP 52437 10.78 pos 659 0.00021 ~0.45
LysoPE[22:6(4Z,72,107,13Z,16Z,192)/0:0) CorHuNOIP 52629 9.16 pos 623 0.03887 ~0.81
LysoPC[22:5(47,72,10Z,13Z,167)) CaoHe2NOP 57036 960 pos 615 000038 ~154
PS[20:5(62,82,112,142,172/0:0] CosHiNOGP  542.25 847 neg 598 0.03315 —222
Ribose-1-arsenate CsHiAsOs 27296 0.60 neg 531 2.1E06 —102
S-[1-{2-(Acetyloxylethylbuty] ethanethioate CioHie0sS 263.10 628 neg 498 4.4E-05 -524
8R-HEPE CaoHaoOs 317.21 9.87 neg 493 23605 -088
Eicosapentaenoic acid Caoix002 303.23 1097 pos 484 0.00046 -1.04
LysoPC[22:4(7Z,102,132,162)] CaoHsNO7P 572.37 9.87 pos 472 5.9E-05 -2.06
PC(17:1(102)/0:0) CosHsoNOP 508.34 923 pos 461 0.00078 —1.24
Nadolol Ci7H27NOs 310.20 8.82 pos 4.38 1.6E-06 -5.70
(4E.d14:1) sphingosine CiaHaoNO; 244.23 7.08 pos 433 4.9E-06 -120
N-Chioroacetyl-2,6-diethytaniline CiHiONO 449,18 654 neg 421 00002 -6.03
Docosahexaenoic acid CaoH0, 320.25 1132 pos 407 0.00048 -082
Glucinol CrzHz2O11 323.10 595 neg 408 1E-07 -3.86
11-nitro-1-undecene Ci1HziNO; 244.16 666 neg 399 6.2E-08 -520
Glutamylhisticine CiHiNiOs 28310 7.45 neg 393 0.00314 -4.03
LysoPC[20:3(5Z,82,112)] CosHeNOIP 546,36 9.47 pos 387 0.00079 ~125
LysoPC16:1(92)/0:0] CosHigNOP 53832 876 neg 383 0.00154 -0.80
Kanzonol Z CasHasOs 387.16 635 neg 368 3E-06 -550
Gluten exorphin CooHsNsOr2  685.44 13.94 pos 365 0.00793 ~1.43
Trigonelline C7HNO, 160.04 074 pos 3.65 8E-05 ~0.96
LysoPE[0:0/22:5(7,102,137,162,192)] CorHagNOP 528,31 927 pos 368 9.7E06 -2.04
LysoPE[22:5(7Z,10Z,13Z,16Z,192)/0:0] CorHagNOZP 528.31 952 pos 361 0.00084 -150
11-deoxy-PGE2 CaoH04 319.23 884 pos 359 5.9E-06 ~156
11E, 13- Tetradecadienal CiaHaiO 226.22 7.03 pos 352 5.1E-06 ~1.18
O-hexanoyl-R-camitine CigHasNOs 260.19 7.24 pos 3.47 4.4E-06 —4.88
PS(0-16:0/21:0) CugHgsNOgP 83057 12.76 pos 3.44 00372 ~064
MG(0:0/20:5(52,82,11Z,14Z,172)/0:0) CasHs04 377.27 1041 pos 327 1E-06 ~163
PGA1 CaoHs204 335.22 885 neg 327 2905 —107
Thymine CsHeN202 127.05 1.30 pos 3.15 5.8E-07 -1.01
Dyphyline CioHiaNeOs 29910 581 neg 3.13 23608 -3.09
PC(14:0/0:0) CoHigNOP  468.31 8.44 pos 311 0.00023 —152
C16 Sphingosine CigHagNO; 272.26 7.92 pos 300 7.4E:07 —157
licifolinoside A Ci1H2007 300.12 801 neg 301 0.00084 -594
12,15-Epoxy-13,14-dimethyleicosa-12,14,16- Crohis0s 349.27 10.48 pos 290 1.36:05 —144
trienoic:

acid

D-erythro-Sphingosine C-15 CisHasNO; 258.24 7.47 pos 289 5.7E-06 ~131
20-HDOHE [N 345.24 1025 pos 286 25606 -093
4-O-Methylbavachalcone CooH2aOs 35317 571 pos 282 0.00562 —371
PC[14:0/18:1(112)] CaoHgNOgP  754.54 12.76 pos 2.81 0.02601 —0.84
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Metabolites Formula mz RT(min) lon mode viP P-value 10g2(FC)

PO[18:0/20:4(57,87, 10, 142)(120H[S]))  CasHesNOsP 808.58 1097 pos 23.99 003813 0.47
PS[0-20:0/18:1(92)] CasHesNOoP 786.60 1097 pos 13.49 00214 037
2-Methylbutyroylcarnitine CrzHzsNOs 246.47 4.00 pos 12.49 27E-06 233
PO[15:0/20:5(52,82,11Z,142,17Z)) CasHoNOgP 76654 11.69 pos 12.41 0.00356 055
Dihydroprudomenin CasHasOr2 539.14 0.69 neg 12,00 6.6E-06 1.42
PC[15:0/22:2(137,162)) CasHesNOsP 822,60 1097 pos 1159 000016 058
Betaine CsHiiNO, 118.09 075 pos 10.60 0.00265 039
Galactosylceramide (d18:1/14:0) CaghrsNOg 672.54 13.46 pos 9.50 0.00571 097
12(S)-HETE CaoH3403 305.25 10.12 pos 9.45 0.00026 0.82
8(S)HETIE CaoHa0s 32124 10.11 neg 9.32 0.00027 087
1-Kestose CigHzO16 527.16 0.68 pos 9.28 00002 1.23
Butyryl-L-carnitine Ci1H2iNOs 232.15 2.93 pos 875 2605 327
PC[18:0/22:4(72,102,132,162) CasHesNOsP 82062 1097 pos 853 6.7E-05 059
(6R)-6,19-epidioxy-1alpha,25- CorHasOs 466.35 838 pos 8.44 6.7E-05 1.43
dihydroxy-6,19-

dihydrovitamin

DB/(6R)-6, 19-epidioxy- Talpha,25-

dihydroxy-6, 19-dihydrocholecalciferol

GleCer(d14:1/18:0) CagHr3NOs 71653 13.46 neg 809 000055 1.49
MG([24:6(6Z,9Z,127,1562,182,212)/0:0/0:0] Cp7H4204 44834 9.37 pos 753 0.00015 1.16
PE[(18:2(92,122)/24:1(152))) CarHesNOgP 848,61 1197 pos 7.42 0.00795 090
Vaccenyl camitine CasHa7NO, 426.36 9.86 pos 7.36 00013 076
PI[16:0/22:5(42,72,10Z,13Z,162)] CarHerO1aP 83353 11.57 neg 7.31 43E-10 1.45
Chrysophanol 1-tetraglucoside CaoHsoOzs 94124 3.46 pos 719 1.1E-08 782
8(R)-HETE CaoH20s 319.23 9.61 neg 7.10 003356 037
PS[24:0/24:1(152)) CsiHisNOWP  940.73 3.46 pos 6.98 9.8E07 8.02
6-((8,8-climethyl-2-0xo-4-phenyl- CzgH2:010 541.14 069 neg 6.97 6.7E-06 1.45
2H,8H-pyranof2,3-]

chromen-5-yljoxy)-3,4,5-

trihydroxyoxane-2-carboxylic

acid

35,7,9,11-dodecapentaenoic acid CioHiaO, 208.13 2.86 pos 675 85E-05 288
L-Tryptophan CiiHieNzOz 205.10 3.30 pos 6.26 001579 058
Acetyicarnitine CoHi7NO; 204.12 1.11 pos 6.12 6.9E-09 1.30
3-amino-2-naphthoic acid C11HoNO, 188.07 3.30 pos 6.07 001546 059
Hidgardtene CaiHz00s 32115 434 pos 592 9.7E-05 331
3-0-(Glch)-6-O-(Glch)-(25R)-Salpha- CaoHesO1s 806.49 3.46 pos 570 4.5E-06 804
spirostan-

3beta,6alpha,23S-triol

hydroxyisovaleroyl carnitine CroHzsNOs 279.19 072 pos 554 9.26:07 220
L-Palmitoylcarnitine CzsHasNOs 400.34 9.67 pos 5.30 0.00058 076
8-iso-PGF2 Caoh40s 387.24 6.81 pos 5.24 89E-07 1.8
ent-Prostaglandin F2a CaoH340s 353.23 683 neg 522 6E-06 1.51
Tetradecanoylcamitine CarHaNOs 37231 887 pos 482 1.3E-05 1.07
1-Acetoxy-2-hydroxy-16- CioHa4Os 34428 8.02 pos 480 5.6E-05 1.07
heptadecen-4-one

2-Hydroxy-8-methoxyestrone CosHaNOs 42434 9.39 pos 47 0.00017 1.44
ent-Prostaglandin E2 CzoH3205 351.22 6.96 neg 467 32E-08 073
Phosphocholine CsHiaNOsP 184.07 085 pos 466 65E-10 237
talpha,22-dihydroxy-23,24,25,26 27~ CzzHa4Os 345.24 1004 neg 453 003571 0.40
pentanorvitamin

D3/1alpha, 22-dlhydroxy-

28,24,05,26,27-

pentanorcholecalciferol

O-palmitoleoylcarnitine CzsHisNOs 398.33 9.12 pos 4.42 0.00024 083
Galactaric acid GeHioOs 191.02 086 neg 4.40 32605 250
Stearoylcamitine CasHioNOs 42837 1041 pos 428 001168 053
Ineketone Cz0H3003 319.23 6.81 pos 4.19 9.6E-07 1.54
Lotepredinol CaiHzrCIOs 806.34 3.46 pos 419 28E-06 9.43
gamma-Glutamylleucine Ci1H20N205 261.14 351 pos 4.12 4.1E-07 1.08
Mealtotriose Cigha2O16 54313 0.68 pos 405 9.1E-07 204
Threoninyl-Glycine CeHiaNz05 150,08 0.82 pos 398 63E-05 104
ADP CioHisNsOioP, 426,02 091 neg 3.92 9.2E05 300
3-Methyl sulfolene CsHg0,8 150.06 089 pos 387 000131 096
Pantothenic Acid CoHi7NOs 220.12 258 pos 381 9.8E-07 080

RT (min): retention time. VIP is from OPLS DA mode, and the larger the VIP, the greater the contribution of the variable to the grouping. P value is used to evaluate whether the difference
between the two groups of samples is signiicant, and the P < 0.05 indicates significant diference, and the p<0.01 indicates highly significant diference.; Log2(FC): The ratio of
the average expression of metabolites in the two groups of samples, and positive value indicates up-regulated metabolites, and negative value indicates down-regulated metabolites,
similarly hereinafter (Same below).
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