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PtP38 May Increase the Immune Ability of Portunus trituberculatus Stimulated by LPS Imitating a Gram-Negative Bacterial Infection
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The P38 mitogen-activated protein kinase (MAPK) signal transduction pathway is widespread in organisms and plays important roles in immune activities. The infection mechanism of environmental gram-negative bacteria on crustaceans is an important scientific problem. In this study, the cDNA full-length sequence of Portunus trituberculatus P38 (PtP38) was cloned and its structure was analyzed by bioinformatics methods. To study the function of the PtP38 gene after a Gram-negative bacterial infection, we injected P. trituberculatus with LPS to activate the immune response instead of directly infecting with Gram-negative bacteria. With LPS stimulation, the expression of the PtP38 gene in different tissues increased significantly. At the same time, the expression of immune-related genes (ALF and crustin) in the hepatopancreas, activities of antioxidant enzymes [superoxide dismutase (SOD), catalase (CAT), and inducible nitric oxide synthase (iNOS) enzymes], and expression of apoptosis-related genes (caspase2 and caspase3) were increased significantly. To further conform the function of PtP38 in the immune response, we injected P. trituberculatus with P38 inhibitor and subsequently injected with LPS. The results showed that the expression of immune-related genes was inhibited, the activity of antioxidant enzymes was decreased, and the expression of apoptosis-related genes were inhibited. Thus, we speculated that PtP38 may increase the immune ability by improving the expression of antimicrobial peptides, increasing the activity of oxidative stress-related enzymes, and promoting cell apoptosis in infected P. trituberculatus. This study also laid the foundation for further study of the P38 MAPK signaling pathway and immune mechanism of P. trituberculatus.
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INTRODUCTION

P38 mitogen-activated protein kinase (MAPK) is one of the important signaling pathways in the body (Seger and Krebs, 1995). It is widely present in various eukaryotes from yeast to humans (Lake et al., 2016) and can participate in inflammatory reactions, cell growth, cell differentiation, cell cycle, and cell death (Keshet and Seger, 2010). The P38 kinase activation site contains a conserved TGY (Thr-Gly-Tyr) motif (Ono and Han, 2000). Various extracellular stressors, such as UV, osmotic pressure, radiation, inflammatory cytokines, growth factors, and shock, as well as double phosphorylation of serine and threonine in the TGY motif, through the highly conserved “MAPKKK-MAPKK-MAPK” pathway, activate P38 MAPK (Cuenda and Rousseau, 2007; Yokota and Wang, 2016). Activated P38 MAPK directly or indirectly affects the activity of various transcription factors, specifically regulating the expression of multiple genes and, in turn, the cellular response.

In mammals, an activated P38 pathway promotes the production of inflammatory factors, such as TNF-a, IL-1, IL-4, IL-6, IL-8, and IL-12 (Guan et al., 1998), increases COX-2, iNOS, VCAM-1, and other proteins related to inflammation (Badger et al., 1998), promotes the proliferation and differentiation of immune cells (e.g., GM-CSF, EPO, CSF, and CD40) (Da Silva et al., 1997), and plays an important role in the immune mechanism of the organism. Intrathecal injection of the P38 MAPK antagonist SB203580 activated glucocorticoid receptors and decreased NF-κB, resulting in pain relief 3 days post-operation in spared nerve injury rats (Shao et al., 2018). Activation of the P38 MAPK stress response pathway can regulate insulin signaling and clear mitochondrial-produced ROS (Allahham et al., 2016). Relying on the P38 MAPK signal transduction, placental growth factor induces apoptosis and reduces gastric cancer cell migration (Akrami et al., 2016). The levels of P38 MAPK and P-P38 (Phosphorylated-P38) MAPK in the peripheral blood mononuclear cells of patients with pancreatitis were closely associated with the severity of illness and duration of disease (Wang and Li, 2016). P38 MAPK–hyaluronan-dependent reprogramming of the tumor microenvironment plays a critical role in driving lung tumorigenesis, while blocking this process could have far-reaching therapeutic implications (Brichkina et al., 2016).

Invertebrates rely mainly on the innate immune system to fight disease (Ren et al., 2017). The immune function of P38 in invertebrates is still in the preliminary research stage. LPS stimulation induces P38 protein phosphorylation in Drosophila, regulating the expression of various immune genes (Han et al., 1998). P38 mutant Drosophila is more susceptible to pathogenic bacteria and exhibits immunodeficiency (Chen et al., 2010; Chakrabarti et al., 2014; Cara et al., 2018). Pacific oyster Crassostrea gigas P38 is involved in the immune response by regulating the expression of inflammatory cytokines (Sun et al., 2019). After the in vivo infection with Vibrio splendidus, P38 mRNA expression in sea cucumber Apostichopus japonicus was significantly up-regulated (Zhan et al., 2018). After stimulation with Staphylococcus aureus, Vibrio harveyi, and White Spot Syndrome virus, the expression levels of Scylla paramamosain and Fenneropenaeus chinensis P38 MAPK were up-regulated (Yu et al., 2017). Additionally, knockdown of P38 by RNA interference (RNAi) resulted in a reduced expression of MKK3 (one of the P38 MAPKK) and ATF-2 (one of the P38 MAPK effector proteins) in Fenneropenaeus chinensis (He et al., 2018). However, no relevant study has been conducted on Portunus trituberculatus.

To study the roles of PtP38 in immune ability, PtP38 MAPK gene was cloned and characterized from P. trituberculatus. We detected the expression of antimicrobial peptides, activity of oxidative stress-related enzymes, and expressions of apoptosis related genes at the groups of LPS stimulation and P38 inhibitor and LPS stimulation. The results will lay the foundation for the further study of the P38 MAPK signaling pathway and immune mechanism in P. trituberculatus.



MATERIALS AND METHODS


Laboratory Animals, Stimulation, and Sampling

The healthy P. trituberculatus used in this experiment was purchased from the Choupijiang Aquaculture Farm in Fenghua District, Ningbo City, Zhejiang Province, China, and weighed 250 (± 100) g. One hundred twenty crabs were randomly divided into three groups of 40 each, and they were housed in three indoor cement ponds. The natural seawater was continuously oxygenated. The water was regularly changed by replacing 1/3 of the original water. Feed bait was added regularly and dead crabs were removed. The crabs were acclimated for 1 week before the experiments.

LPS (Biyuntian Company) and the P38 inhibitor SB203580 (Biyuntian Company) were prepared as 2 and 1 mg/mL solutions in sterile PBS, respectively. The first group of crabs was weighed and then injected with 0.2 mL of LPS per 100 g of crab body weight from the soft membrane of the fourth step base (LPS group). The second group was injected with 0.2 mL of PBS per 100 g of crab body weight (control group). The third group was injected with 0.1 mL of SB203580 per 100 g of crab body weight 1 h ahead and then with 0.2 mL of LPS per 100 g of crab body weight as the SB203580 + LPS group (Yu et al., 2017). The culture conditions remained the same. Each group of crabs was sampled at 0, 3, 6, 12, 24, 48, 72, and 96 h after injection. Three crabs were taken at each time point. The heart, hepatopancreas, gills, muscles, and other tissues were collected and stored in liquid nitrogen.



Gene Cloning

The TRIzol method was used to extract the total RNA of P. trituberculatus. Agarose gel electrophoresis was used to detect the RNA integrity. The RNA concentration was measured using a nucleic acid quantifier. The extracted RNA was stored in a refrigerator at −80°C. First-strand cDNA was synthesized by reverse transcription, referring to the instructions of the Cwbio HiFiScript cDNA Synthesis Kit, and the product was stored at −20°C for future use.

Degenerate primers (Table 1) were designed and used in PCR of the first-strand cDNA. The PCR products were separated by gel electrophoresis and recovered by tapping. The purified product was ligated with the PMD18-T vector and transformed into E. coli DH5α competent cells. Flat, positive clones were picked by blue and white spot screening. After identification by M13F/M13R PCR, the bacterial solution was sent to a sequencing company to obtain the intermediate sequence of the gene.


TABLE 1. Sequences of the primers used in this study.
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After obtaining the intermediate fragment of the target gene, the full length of the target gene was obtained by RACE using 5′ RACE and 3′ RACE kits. Specific primers were designed based on the intermediate fragments (Table 1), and PCR was performed after reverse transcription. The 5′ and 3′ PCR products were separated by gel electrophoresis and were recovered by tapping. The purified product was ligated with the PMD18-T vector and transformed into E. coli DH5α competent cells. Flat, positive clones were picked by blue and white spot screening. After identification by M13F/M13R PCR, the bacterial solution was sent to a sequencing company to obtain the 5′ and 3′ ends of the target gene, thereby obtaining the full length of the P38 gene.



Bioinformatics Analysis

The ORF Finder1 website was used to predict the open reading frame of the P. trituberculatus P38 gene. The open reading frame was translated into amino acid sequences using the EMBL2 website. The SMART3 website was used to predict the P. trituberculatus P38 protein domain. The amino acid sequences of the P38 proteins from other species were obtained from the NCBI4 website, and multiple sequence alignments were performed using the Vector NTI software. A phylogenetic tree of the P38 protein from P. trituberculatus and other species was constructed using the MEGA5.1 software. The I-TASSER5 website was used to predict the secondary and tertiary structure of the P. trituberculatus P38 protein.



Quantitative PCR (qPCR) Analysis

RNA from the heart, hepatopancreas, gills, muscles, and other tissues of the control group at 0 h was extracted and used to analyze the tissue distribution of the PtP38 mRNA. RNA from the hepatopancreas, gills, and muscle tissues at each sampling time point of each experimental group was extracted for LPS stimulation experiments. Each group of samples was repeated in triplicate, and the quality and concentration of RNA were detected by agarose gel electrophoresis and nucleic acid quantifier. Referring to the Takara PrimeScriptTM RT reagent kit instruction manual, reverse transcription was performed to synthesize cDNA.

Based on the cDNA sequence of the PtP38 gene, fluorescent-specific primers were designed and synthesized (Table 1). Using GAPDH as an internal reference, PtP38 gene expression in each tissue was analyzed by qPCR using cDNA from the heart, hepatopancreas, gill, muscle, and other tissues of the control group at 0 h as the template.

Using the cDNA from the hepatopancreas, gills, and muscle tissues of each experimental group at each sampling time point as the template, qPCR was performed using GAPDH as an internal reference to detect the PtP38 gene expression after LPS stimulation.

The cDNA sequences of ALF, crustin, caspase2, and caspase3 were searched from the NCBI, and specific primers were designed and synthesized (Table 1). cDNA from the hepatopancreas was used as the template, and GAPDH was used as an internal reference. qPCR was used to detect the expression of ALF, crustin, caspase2, and caspase3 after LPS stimulation.

The qPCR reaction system comprised 5 μL of cDNA template, 1 μL each of forward and reverse primers, 10 μL of a 2X mastermix, and 3 μL of RNase-free water. The reaction procedure was as follows: 95°C for 2 min, followed by for 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Each sample was run in triplicate. The relative mRNA expression level was calculated using the 2–Δ Δ Ct method.



Enzyme Activity Test

The hepatopancreas tissue of each experimental group was accurately weighed at each sampling time point, and then, nine times the volume of normal saline was added according to the mass (g):volume (mL) ratio of 1:9. Under ice-water bath conditions, a 10% tissue homogenate was prepared. The homogenate was then subjected to centrifugation at 2,500 rpm for 10 min, and the supernatant was collected. The protein concentration was measured using the Cwbio BCA Protein Assay Kit.

SOD, CAT, and iNOS enzyme activity test kits (Nanjing Jiancheng Company) were used to detect the enzyme activities after LPS stimulation. Each sample was run in triplicate, and the corresponding enzyme activities were calculated according to the manufacturer’s instructions.



Data Analysis

Data analysis was performed using the SPSS 20.0 software. Independent sample t-test and Duncan’s multiple comparison test was used to analyze the significance of the data. P < 0.05 was considered to be statistically significant. All the data were expressed as the means ± standard deviations.



EXPERIMENTAL RESULTS


P38 Gene Cloning

The full-length cDNA of PtP38 comprises a 5′ untranslated region of 119 bp, a 3′ untranslated region of 849 bp, and an open reading frame of 1,116 bp. Its coding region encodes 372 amino acids. The PtP38 amino acid sequence contains a S_TKc domain with a conserved TGY phosphorylation site and an ATRW substrate binding site (Figures 1A,B).
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FIGURE 1. Sequence and domain architecture of PtP38. (A) Full-length cDNA of PtP38. The corresponding amino acid sequence is shown above the nucleotide. The figure shows that the full-length cDNA of PtP38 consists of a 119-bp 5′ untranslated region, an 849-bp 3′ untranslated region, and a 1,116-bp open reading frame. The coding region encodes 372 amino acids. The gray-highlighted sequence represents the S_TKc domain, and the underlined sequences denote the conserved TGY motif and ATRW sites. (B) The domain architecture of PtP38 is predicted by SMART (http://smart.embl-heidelberg.de/). The PtP38 amino acid sequence contains an S_TKc domain, with a conserved TGY phosphorylation site and an ATRW substrate binding site.




Bioinformatics Analysis

Multiple sequence alignment showed that PtP38 shares the highest identity with S. paramamosain (94%), followed by E. sinensis (93%) (Figure 2). The phylogenetic tree of the P38 protein was constructed by the neighbor-joining method using the MEGA5.1 software. The results showed that PtP38 has the closest relationship to Scylla paramamosain, followed by Eriocheir sinensis (Figure 3). Using the I-TASSER website, the secondary and tertiary structures of the PtP38 protein were predicted and analyzed. PtP38 protein was composed of two halves, a N-terminal domain and a C-terminal domain. The N-terminal domain was composed largely of β-sheet, whereas the C-terminal domain was largely helical (Figure 4).
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FIGURE 2. Multiple alignment of PtP38 with P38s from other species. The conserved amino acid residues in these sequences are shown in yellow. The conserved phosphorylated TGY motifs and ATRW sites are indicated by a black box. PtP38 shares the highest identity with Scylla paramamosain (94%), followed by Eriocheir sinensis (93%). The homology to Gallus, Python bivittatus, and Pacific oyster Crassostrea gigas is 73%, to Homo sapiens, Xenopus laevis, and Danio rerio is 72%, and to Aurelia aurita is 63%.
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FIGURE 3. Phylogenetic relationships of PtP38 and representative P38s from other species. The phylogenetic tree of P38 protein was constructed by the neighbor-joining method using the MEGA5.1 software. PtP38 has the closest relationship to Scylla Paramamosain, followed by Eriocheir sinensis. The GenBank login number is as follows: Homo sapiens MAPK14 (NP_001306.1); Gallus MAPK14 (XP_001232616.1); Python bivittatus MAPK14 (XP_007426614.1); Xenopus laevis MAPK14 (NP_001080300.1); Danio rerio MAPK14A (NP_571797.1); Eriocheir sinensis P38 (AII32447.1); Scylla paramamosain P38 (AHH29322.1); Crassostrea gigas MAPK14 (EKC29510.1); Aurelia aurita P38 (ARJ54259.1); Dromaius novaehollandiae MAPK14 (XP_025967659.1); Terrapenecarolina triunguis MAPK14 (XP_024066297.1); Ciona intestinalis P38 (NP_001071958.1); Clonorchis sinensis P38 (GAA55102.1); Apostichopus japonicas P38 (ASU91381.1); Penaeus chinensis P38 (AIY23112.1); Penaeus vannamei P38 (AGG82488.1); Bombyx mori P38 (NP_001036996.1); Drosophila melanogaster P38a (NP_477163.1); Cyprinus carpio P38 (BAA96415.1); Rattus norvegicus MAPK14 (NP_112282.2).
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FIGURE 4. Secondary structure and tertiary structure of the PtP38 protein. (A) Secondary structure of the PtP38 protein predicted by the I-TASSER website. (B) Tertiary structure of the PtP38 protein predicted by the I-TASSER website. PtP38 protein was composed of two halves, a N-terminal domain and a C-terminal domain. The N-terminal domain was composed largely of β-sheet, whereas the C-terminal domain was largely helical.




Tissue Distribution of P38 mRNA

The expression of the PtP38 gene in the different tissues was analyzed by qPCR. The results showed that the P38 gene was expressed in the heart, muscle, hepatopancreas, gills, stomach, eyestalk, mucosa, testis, and ovaries. The highest transcription was observed in the gills, followed by the eyestalk and hepatopancreas. The lowest transcription was observed in the muscle (Figure 5).
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FIGURE 5. qRT-PCR analysis of the PtP38 transcription in different tissues of the untreated crabs. Using GAPDH as an internal reference, the relative expression level of PtP38 in the heart was set to 1. Three repeated experiments were performed for each sample. The results were expressed as means ± standard deviation.




LPS Stimulation


Expression Profile of P38 in Response to LPS Stimulation

Fluorescence quantitative PCR was used to analyze the relative expression of the P38 gene under LPS stimulation. The results showed that, after LPS stimulation, the relative expression of the P38 gene in the hepatopancreas, gills, and muscle increased significantly (Figure 6).
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FIGURE 6. Analysis of the PtP38 gene expression under LPS stimulation. (A) Analysis of the PtP38 gene expression in the hepatopancreas under LPS stimulation. (B) Analysis of the PtP38 gene expression in the gills under LPS stimulation. (C) Analysis of the PtP38 gene expression in the muscle under LPS stimulation. Using GAPDH as an internal reference, the relative expression level of PtP38 in the control group at 0 h was set to 1. Error bars represent the SD of three independent repeats, and the results are expressed as means ± standard deviation. Independent sample t-test was used to analyze the significant changes at different time points in the same treatment group. *Indicates a significant difference between this time point with 0 h. Duncan’s multiple comparison test analyzed the significant changes between different treatments at the same time point. a, b, and c indicate significant differences between treatment groups. P < 0.05 was considered statistically significant.


In the hepatopancreas, independent sample t-test was used to analyze the significance of the changes at different time points of the same treatment. The results showed no significant change in the control group. Compared with 0 h, the relative expression of the P38 gene all changed significantly in the LPS group (P < 0.05). In the SB203580 + LPS group, the relative expression of the P38 gene changed significantly except at the 72-h LPS stimulation (P < 0.05). Duncan’s multiple comparison test was used to analyze the significance of the changes between the different treatment groups at the same time point. Except for the 0 and 3 h time points, the LPS and SB203580 + LPS groups showed a significantly increased P38 expression compared with the control group (P < 0.05). After LPS stimulation, the relative expression of the PtP38 gene in the hepatopancreas increased significantly, showing a tendency to increase first and then decrease (Figure 6A).

In the gills, independent sample t-test results showed no significant change in the control group. Compared with 0 h, the relative expression of the P38 gene changed significantly at each sampling time point in the LPS group (P < 0.05). In the SB203580 + LPS group, the relative expression of the P38 gene changed significantly except at the 72-h LPS stimulation (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, the relative expression of the P38 gene in the LPS group increased significantly at 6, 12, 24, and 72 h (P < 0.05). Compared with the control group, the relative expression of the P38 gene in the SB203580 + LPS group increased significantly at 3, 12, 24, and 96 h (P < 0.05). Under LPS stimulation, the relative expression of the P38 gene in the gills increased significantly (Figure 6B).

In the muscle, independent sample t-test results showed no significant change in the control group. Compared with 0 h, the relative expression of the P38 gene changed significantly in the LPS group except at 3 h (P < 0.05). In the SB203580 + LPS group, the relative expression of the P38 gene changed significantly at each sampling time point (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, the P38 expression in the LPS and SB203580 + LPS groups was significantly increased at 12, 24, 48, 72, and 96 h (P < 0.05). The relative expression of the P38 gene in the muscle increased significantly in response to LPS stimulation (Figure 6C).



Expression Profile of ALF and Crustin in Response to LPS Stimulation

Fluorescence quantitative PCR was used to analyze the relative expression of the ALF gene in the hepatopancreas under LPS stimulation. Independent sample t-test results showed no significant change in the control group. Compared with 0 h, the relative expression of the ALF gene was significantly changed in the LPS group (P < 0.05). In the SB203580 + LPS group, the relative expression of the ALF gene changed significantly except at the 3 h time point (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, the relative expression of the ALF gene in the LPS and SB203580 + LPS groups increased significantly from 24 to 96 h (P < 0.05). Additionally, the relative expression of the ALF gene in the LPS and SB203580 + LPS groups was significantly different at the 3 and 24 h time points (P < 0.05). After LPS stimulation, the relative expression of the ALF gene in the hepatopancreas increased significantly. P38 protein functions by double phosphorylating the serine and threonine of the tripeptide domain TGY. Pretreatment with SB203580 specifically inhibited the phosphorylation of the P38 protein and abrogated its function, leading to an increased relative expression of the ALF gene in the hepatopancreas (Figure 7A).
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FIGURE 7. Analysis of the ALF and crustin gene expression in the hepatopancreas under LPS stimulation. (A) Analysis of the ALF gene expression in the hepatopancreas under LPS stimulation. (B) Analysis of the crustin gene expression in the hepatopancreas under LPS stimulation. Using GAPDH as an internal reference, the relative expression level of ALF in the control group at 0 h was set to 1. Error bars represent the SD of three independent repeats, and the results are expressed as means ± standard deviation. Independent sample t-test analyzed the significant changes at different time points in the same treatment group. *Indicates a significant difference between this time point with 0 h. Duncan’s multiple comparison test analyzed the significant changes between different treatments at the same time point. a, b, and c indicate significant differences between treatment groups. P < 0.05 was considered statistically significant.


Fluorescence quantitative PCR was used to analyze the relative expression of the crustin gene in the hepatopancreas under LPS stimulation. Independent sample t-test showed no significant change in the control group. Compared with 0 h, the relative expression of the crustin gene was significantly different in the LPS and SB203580 + LPS groups (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, the LPS and SB203580 + LPS groups changed significantly at the 6 and 12 h time points (P < 0.05). The relative expression of the crustin gene in the hepatopancreas increased significantly after LPS stimulation, showing a trend of increasing first and then decreasing. Compared with the LPS group, the early injection of SB203580 abrogated the function of the P38 protein, inhibiting the increase in the relative expression of the crustin gene (Figure 7B).



SOD, CAT, and iNOS Enzyme Activity Analysis in Response to LPS Stimulation

The enzyme activity kit was used to calculate the SOD enzyme activity in the hepatopancreas under LPS stimulation. Independent sample t-test results showed no significant change in the control group. However, the SOD enzyme activity in the LPS and SB203580 + LPS groups both changed significantly (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, the SOD enzyme activity in the LPS and SB203580 + LPS groups showed significant changes at the 12, 24, 48, and 96 h time points (P < 0.05). From 12 to 96 h, the LPS and SB203580 + LPS groups were significantly different (P < 0.05). The SOD enzyme activity in the hepatopancreas increased significantly after LPS stimulation, while the early injection of SB203580 inhibited the increase (Figure 8A).
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FIGURE 8. Analysis of the SOD, CAT, and iNOS enzyme activity analysis under LPS stimulation. (A) Analysis of the SOD enzyme activity analysis under LPS stimulation. (B) Analysis of the CAT enzyme activity analysis under LPS stimulation. (C) Analysis of the iNOS enzyme activity analysis under LPS stimulation. Error bars represent the SD of three independent repeats, and the results are expressed as means ± standard deviation. Independent sample t-test analyzed the significant changes at different time points in the same treatment group. *Indicates a significant difference between this time point with 0 h. Duncan’s multiple comparison test analyzed the significant changes between different treatments at the same time point. a, b, and c indicate significant differences between treatment groups. P < 0.05 was considered statistically significant.


The CAT enzyme activity in the hepatopancreas under LPS stimulation was measured using an enzyme activity kit. Independent sample t-test results showed no significant change in the control group. In the LPS group, the CAT enzyme activity changed significantly compared with that at 0 h (P < 0.05). In the SB203580 + LPS group, the activity of the CAT enzyme changed significantly from 6 to 72 h (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, the LPS and SB203580 + LPS groups changed significantly at the 3, 6, 12, and 24 h time points (P < 0.05). The difference between the LPS and SB203580 + LPS groups was significant at the 3, 12, and 24 h time points (P < 0.05). After LPS stimulation, the activity of the CAT enzyme in the hepatopancreas increased significantly. After injection with SB203580 in advance to inhibit the phosphorylation of P38 protein, CAT enzyme activity was significantly reduced (Figure 8B).

The activity of the iNOS enzyme in the hepatopancreas tissues of P. trituberculatus stimulated by LPS was measured using an enzyme activity kit. Independent sample t-test results showed no significant change in the control group (P < 0.05). Compared with 0 h, the iNOS enzyme activity changed significantly in the LPS group (P < 0.05). In the SB203580 + LPS group, the activity of the iNOS enzyme changed significantly except at 96 h (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, the activity of the iNOS enzyme in the LPS group changed significantly from 6 to 48 h (P < 0.05). Except for the 0 and 48 h time points, the activity of the iNOS enzyme in the LPS group was significantly different from that in the SB203580 + LPS group (P < 0.05). After LPS stimulation, the iNOS enzyme activity in the hepatopancreas increased significantly and was significantly suppressed after the P38 protein lost its function (Figure 8C).



Expression Profile of Apoptosis-Related Genes Caspase2 and Caspase3 in Response to LPS Stimulation

Fluorescence quantitative PCR was used to analyze the relative expression of the caspase2 gene in the hepatopancreas under LPS stimulation. Independent sample t-test showed no significant change in the control group. In the LPS group, the relative expression of the caspase2 gene changed significantly except at the 3 h time point (P < 0.05). In the SB203580 + LPS group, the activity of the iNOS enzyme changed significantly (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control and SB203580 + LPS groups, the LPS group showed significant changes from 12 to 96 h (P < 0.05). After LPS stimulation, the relative expression of the caspase2 gene in the hepatopancreas showed an increasing trend. However, early injection of SB203580 significantly decreased the trend (P < 0.05) (Figure 9A).
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FIGURE 9. Analysis of caspase2 and caspase3 gene expression in the hepatopancreas under LPS stimulation. (A) Analysis of caspase2 gene expression in the hepatopancreas under LPS stimulation. (B) Analysis of caspase3 gene expression in the hepatopancreas under LPS stimulation. Using GAPDH as an internal reference, the relative expression level of caspase2 in the control group at 0 h was set to 1. Error bars represent the SD of three independent repeats, and the results are expressed as means ± standard deviation. Independent sample t-test analyzed the significant changes at different time points in the same treatment group. *Indicates a significant difference between this time point with 0 h. Duncan’s multiple comparison test analyzed the significant changes between different treatments at the same time point. a, b, and c indicate significant differences between treatment groups. P < 0.05 was considered statistically significant.


Fluorescence quantitative PCR was used to analyze the relative expression of the caspase3 gene in the hepatopancreas under LPS stimulation. Independent sample t-test showed no significant change in the control group. In the LPS and SB203580 + LPS groups, the relative expression of the caspase3 gene changed significantly (P < 0.05). Duncan’s multiple comparison test showed that, compared with the control group, caspase3 gene expression in the LPS and SB203580 + LPS groups changed significantly at the 6, 12, 24, and 96 h time points (P < 0.05). The difference in expression between the LPS and SB203580 + LPS groups was significant at the 12, 24, and 72 h time points (P < 0.05). After LPS stimulation, the relative expression of the caspase3 gene in the hepatopancreas increased significantly (P < 0.05). When SB203580 inhibited the function of the P38 protein, the relative expression of the caspase3 gene was significantly suppressed (P < 0.05) (Figure 9B).



DISCUSSION

In this study, we cloned the full-length cDNA of P. trituberculatus PtP38. Multiple sequence alignment showed that PtP38 shares the highest identity with Scylla Paramamosain (Yu et al., 2017), followed by Eriocheir sinensis (Zhu et al., 2015). The PtP38 gene is expressed in the heart, muscle, hepatopancreas, gills, stomach, eyestalk, mucosa, testis, and ovaries. The expression is higher in the gills, eyestalk, and hepatopancreas, and lowest in the muscle. The gills, eyestalk, and hepatopancreas are important immune organs of crustaceans (Rõszer, 2014; Ikerd et al., 2015). High PtP38 expression indicates that PtP38 may be related to the immune function of P. trituberculatus.

LPS is the main component of the cell wall of Gram-negative bacteria, which can activate P38 MAPK, promote the expression of P38, and induce its phosphorylation (Mercau et al., 2014). In this study, we found that, after LPS stimulation, the expression of the PtP38 gene in the hepatopancreas, gills, and muscle significantly increased. The P38 protein functions by double phosphorylating the serine and threonine of the tripeptide domain TGY. SB203580 is a specific inhibitor of the P38 protein phosphorylation with extremely low immunotoxicity to the body and is widely used in P38 functional studies (Abhilasha et al., 2019). In this study, no significant change was found in the P38 gene expression between the SB203580 + LPS and LPS groups. SB203580 could significantly inhibit the phosphorylation level of the P38 protein in Scylla paramamosain, with no significant effect on the P38 gene expression (Yu et al., 2017).

ALF and crustin are important antimicrobial peptides that play important roles in the crustacean immune response (Yue et al., 2010). Antimicrobial peptides have a broad killing effect on bacteria, fungi, viruses, parasites, and even cancer cells (Liu et al., 2012). In this study, the expression of ALF and crustin in the hepatopancreas increased significantly after LPS stimulation, indicating that LPS stimulation mimicked Gram-negative bacterial infection and activated the body’s immune response. LPS stimulation promoted the expression of NF-κB (Ko et al., 2017), while the production of antimicrobial peptides was regulated by NF-κB (Li et al., 2018). In HeLa cells, shrimp ALF inhibited the inflammatory response caused by LPS stimulation through the NF-κB pathway (Lin et al., 2013). Inhibiting the function of the P38 protein suppressed the increase in the ALF and crustin expression in the hepatopancreas, indicating that P38 may regulate the expression of these two antimicrobial peptides. Similar results were obtained in Penaeus vannamei and Scylla Paramamosain (Yan et al., 2013; Yu et al., 2017). The P38 pathway could directly regulate the expression of NF-κB (Ji et al., 2009), while the production of antimicrobial peptides is regulated by NF-κB. We conclude that PtP38 may regulate the expression of NF-κB and expression of antimicrobial peptides such as ALF and crustin, participating in the immune response stimulated by LPS.

iNOS, SOD, and CAT are key enzymes to maintain ROS homeostasis and are closely related to the immune activity of the organism (Li et al., 2016). When the body develops bacterial infection, iNOS produces NO, which catalyzes the oxidation of NADPH and produces O2– to defend against disease (Kumar et al., 2018). SOD catalyzes O2– to produce H2O2, and CAT catalyzes H2O2 to produce H2O and O2, thereby eliminating the excess ROS to reduce oxidative damage to cells (Ighodaro and Akinloye, 2017). In this study, we found that, after LPS stimulation, the enzyme activities of iNOS, SOD, and CAT in the hepatopancreas increased significantly. Previous studies have shown that LPS stimulation could increase the iNOS enzyme activity and promote ROS production (Wu et al., 2018). After LPS stimulation, SOD and CAT enzyme activities increased to clear the excess ROS (Ighodaro and Akinloye, 2017). Early injection of P38 inhibitors reduced the activity of iNOS, SOD, and CAT in the hepatopancreas, indicating that P38 may regulate the activity of iNOS, SOD, and CAT. Studies have shown that P38 could directly regulate iNOS (Chang et al., 2004) and affect ROS (Jian et al., 2017). PtP38 may participate in the immune response stimulated by LPS by regulating the activities of the iNOS, SOD, and CAT enzymes.

Caspase2 is an upstream promoter required to activate apoptosis, and caspase3 cleaves most substrates in cells undergoing apoptosis (Fan et al., 2010); thus, they can be used as indicators of apoptosis (Ren et al., 2017). LPS stimulation induced apoptosis (Zhou et al., 2016). In this study, we also found that the expression of caspase2 and caspase3 in the hepatopancreas increased significantly after LPS stimulation. Apoptosis can remove abnormal cellular components, reducing inflammatory responses and maintaining cellular homeostasis (Ren et al., 2017). With the P38 protein’s loss of function, the increase in caspase2 and caspase3 expression in the hepatopancreas was inhibited, indicating that P38 may mediate apoptosis. Previous studies have shown that P38 could enhance the expression of c-myc (Mei et al., 2010), phosphorylate p53 (Roy et al., 2018), participate in Fas/FasL-mediated apoptosis (Qi et al., 2014), activate c-jun and c-fos (Xue et al., 2015), induce bax translocation (Owens et al., 2009), and enhance TNF-a expression (Yeh et al., 2008) to regulate cell apoptosis. Additionally, apoptosis is closely related to the NF-κB and ROS levels (Xia et al., 2017). It can be inferred that PtP38 may regulate apoptosis through the NF-κB, ROS, and other pathways, participating in the immune response stimulated by LPS.



CONCLUSION

In conclusion, we cloned the P38 gene from P. trituberculatus and studied its expression characteristics under LPS stimulation. We detected the expression of antimicrobial peptides, activity of oxidative stress-related enzymes, and expressions of apoptosis related genes at the groups of LPS stimulation and P38 inhibitor and LPS stimulation. According to the results, PtP38 likely plays an important immunoregulatory function under a Gram-negative bacteria infection, laying the foundation for the further study of the PtP38 MAPK signaling pathway and immune mechanism.
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***** MSQKE TFYRQE'NK VPVQYQNLSPVGSGAYGSVCSAFDAKTGFKVAVKKLSRPFQSTTHAKRTYRELRL
————— MSQ- AVKKLSRPFQSITHAKRTYRELRL
****** MSQERPKEFYRQELNK YQNLSPVGSGAYGSVCSAFDTKTGLRVAVKKLSRPFQSTTHAKRTYRELRL

—————— MTQERPKFYRQELNKTVWEVPERYQNLSPVGSGAYGSVCSAFDAKTGLRVAVKKLSRPFQST IHAKRTYRELRL
————— MSSNQSYVFYRQELNKTLWEVPDRYQNLIPVGSGAYGSVCSSFDTRTALRIAVKKL.SRPFQST THAKRTYRELRL

RP FYRQELNKTIWEVPERYQNLSPVGSGAYGSVCSAFDTKTG KVAVKKLSRPFQSTTHAKRTYRELRL
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LRHLKHENVIGLIDCFTTAPDLSTFDDVYLV LMGADLNSWiKVQILIDDHVQFLIYQILRGLKY.HSAGTIHRDLKPS

E
TFYRQELNK EVE'EYQNLSPVGSGAY VCAARDTKTG
EV

LKHMNHENT IGLLDVETAT FNDVYLVSPLMGADLNNTTKTQTLSDDHVQFLVYQILRGLKYTHSAGITHRDLKPS
LKHMDHENI IGLLDVETP:! KDFQDVYLVTPLMGADLNNIVKTQKLTDDHVQFLIYQVLRGLKYTHSAGITHRDLKPS
LKHMDHENT IGLLDVETP KDFQDVYLVTPLMGADLNNIVKTQKLTDDHVQFLIYQVLRGLKY THSAGI THRDLKPS
LKHMDHENT IGLLDVETP! KDFQDVYLVTPLMGADLNNIVKTQKLTDDHVQFLIYQVLRGLKYTHSAGITHRDLKPS

LKHMIHENVTGLLDVFTPATSLKEFNDVYLVTHLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKYIHSADTTHRDLKPS
LKHMKHENVIGLLDVETPARSLEEFNDVYLVTHLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKY IHSADI THRDLKPS
LKHMKHENVIGLLDVETPAKSLEEFNDVYLVTHLMGADLNNIVKCQKLTDDHVQFLIYQTLRGLKY THSADT THRDLKPS
LKHMKHENV IGLLDVFSPAKSFEEFNDVYLVTHLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKY IHSADI THRDLKPS
LKHMKHENVIGLLDVFSPAKSFEEENDVYLVTHLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKY THSAGI THRDLKPS
LKHMKHENVIGLLDVFTPATSFEEENDVYLVTPLMGADLNNTVKCQKLTDDHVQFLIYQILRGLKYTHSAGI THRDLKPS
161 TGY ATRW 240
NIAVNEDCELKTLDFGLARMTDES) TRW RAPEIMLNWMHYNQTVDIWSVGCIMAELLTS LFPGGDHIDQLT;
NIAVNEDCELKILDFGLARHTEDS TRW RAPEIILNWMHYSQTVDIWSVGCIMAEILA PLFPGTDHIDQL
NIAVNEDCELKILDFGLARPTESE TRWYRAPE IMLNWMHYNQTVDIWSVGCIMAELLTGRTLFPGADHIDQL!
NIAVNEDCELKILDFGLARPTESE TRWYRAPE IMLNWMHYNQTVDIWSVGCIMAELLTGRTLFPGADHIDQ
NIAVNEDCELKILDFGLARPTESENTGYNMATRWYRAPE IMLNWMHYNQTVDIWSVGCIMAELLTGRTLFPGADHIDQ!
NLAVNEDCELKTLDFGLARHTDDEN TRWYRAPE IMLNWMHYNVTVDIWSVGCIMAELLTGRTLFPGTDHINQL!
NLAVNEDCELKTLDFGLARHTDDE
N
N

AVNEDCELKTLDFGLARHTDDE
AVNEDCELKTLDFGLARHTDDE
AVNEDCELKT LDFGL/\RHTDIEx
NTAVNEDCELKILDFGLARHTDDEN
241

IMQLVGKPSPISLAKIISISAINYIKSIi

LVGTPNQTLLDKINSPEARNYI/\S
IMKLVGTPR SDEARNYIRSL
IMKLVGTPR(

il

=

(RAPEIMLNWMHYNQTVDIWSVGCIMAELLTGRTLFPGTDHIDQLKL
RAPEIMLNWMHYNQTVDIWSVGCIMAELLTGRTLFPGTDHIDQLNK
320
KYHDP
YADP
QYADP

DYRKRPFSETFIGANPQATELLEKMLVLDPDER T TSADATKHPY
KWPKKDFREVFLGANPNAINLMEQMLDLDADTRITATEALAHPY
RKKDFRQVFRGANPLAVDLLEKMLELDSERRTTAVQALAHPY.
SDEARNY IRSLPHMRKKDFRQVFRGANPLAVDLLEKMLELDSERR TAVQALAHPYLAQYADP
SDEARNY TRSLPHMRKKDFRQVFRGANPLAVDLLEKMLELDSERRTTAVQALAHPYLAQYADP
IMRLTGTPPSSLISRMPSHEARTY TSSLPQMPKRNFADVFTGANPQAVDLLEKMLVLDTDKRI TAAEALAHPYFAQYHDP
IMRLTGTPPAYLINRMPSHEARNY TQSLTQMPKMNFANVF TGANPLAVDLLEKMLVLDSDKRI TAAQALAHAYFAQYHDP
ILRLVGTPGPELLKKISSESARNYIQSLSYMPKMNFENVE TGANPLAVDLLEKMLVLDTDKRI TAAEALAHAYFAQYHDP
ILRLVGTPGPELLKKISSESARNYIQSLSYMPKMNFENVF TGANPLAVDLLEKMLVLD!
[

KR 'FAAEALAHGYFIQYHDP
LVGTPEPELLQKTSSEAARNYIQSL PKMNFEDVFIG/\NPQ/\VDLLEKMLVLD

LVGTPR!

KRITAAEALAHSYFAQYHDP

IMRLVGTP ELL KISSEEARNYI SLPHMPKKNF NVFIGANPLAVDLLEKMLVLDSDKRITAAEALAHPYLAQYHDP
321

DDEPTlEP'IDlENAEL.QWlELT'N/\%RSEElDTA

380

TDEPTAEPYDQSFEDMELTIPEWKVKVYEEVINYKPQ
SDEPESEPYDQSFEDMELPTEKWKELVYEEVINFQPKPTV IAEEVEKAQAAGK-—————-
SDEPDSEPYDQSFEDMELPTEKWKELVYEEVINEQPKPTV I AEEVEKAQAAGK—————-
SDEPDSEPYDQSFEDMELPTEERKELYYEEVADGGDGGGGAGSGGGAGDGGGKEYEKSPR
DDEPEAEPEDQSFESRELDIEENKRQTYEEMISFEPPVEDVDEMES ————————————-

DDEPV. PYDQSFESRII.LIIEWKSLT VISEVPPP, A
DDEPVADPYDQSFESRELETEEWKSLTYDEVISFVPP EMES——————-
DDEPVADPYDQSFESRELDIEEWKSLT VISFVPP MES————————
DDEPTAEPYDQSFESRELDIEEWKRLTYEEVTCEVPPPEDSEEMES —————————————

DDEP AEPYDQSFESRELDIEEWK LTYEEVI F PPPLD EEMES
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For gPCR
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Sequence (5'-3')

GCCCTTCCAGACNCACAT
YACWGACCAGATRTCCACWGT

GTGGACGGCGTGAAGACATCTAAAAG
CTTGAGCCCTCGTAACACTTGGTAGA

TGGACATCTGGTCAGTAGGA
CCAGGTGCTGACCACATAGA

TAATACGACTCACTATAGGGCAAG
CAGTGGTATCAACGCAGAGT

CTAATACGACTCACTATAGGGC

GCTGAACAAGACGGAATGGG
GGCAACCTTGGTGTTCGTCT
ACAACGACTCGGTGGACTTCA
TGTGACGAGTCCGTTCTGTAAAG
GCAGTTGTGGCTACCATTGTG
CCACGGCAGTAGTGTTTATCG
CAGCAGGCTTCACAGAATACAA
CTGTTACACGGTCAAAGTAGCGAT
TCACAGATTGACAAAGAGCGG
TCCTCAGGTCAGTAGTGGAAATG
GGTTGTGGCGGTGAATGAT
CTCGGGCTTCATCTCATTGTAT
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2029

ACATGGGGGGCTCAGTTGTGCTGTGACGGTGTGACGGTGACGGTGGACGTTCGCTGTGGGTCTATGTGCCCTGGGACTA
GTTCGTGCAGTGCTGAAACCTAGTGTGAAGGGCGGGAGCG
¥ P K P D F HT I E E NK T E ¥ E ¥V P K
[ATG]CCT AAG CCG GAC TTC CAC ACA ATT GAG CTG AAC AAG ACG GAA TGG GAG GTG CCG AAA
R Y M S D G S G A Y G QY CRNSTATN
AGA TAC ACC ATG TTG TCG CCC GTC GGG TCT GGG GCG TAC GGG CAG GTC TGC TCA GCG ATG
D K K T N T K ¥ A I K K L A R P F Q T H
GAC AAG AAG ACG AAC ACC AAG GTT GCC ATC AAG AAG TTA GCG CGG CCC TTC CAG ACC CAC
I H A K R T Y R E L R M L K H M D H E N
ATC CAC GCC AAG AGG ACC TAT AGA GAG CTG CGT ATG TTG AAG CAC ATG GAC CAC GAG AAT
L T G L L ) Y S T S S T T e K DI F QU DY,
ATA ATC GGT CTT TTA GAT GTC TTC ACG CCG TCC ACC ACC TTC AAA GAC TTC CAG GAT GTG
Y T D L M G A D e N e N e L Y K T QN KL
TAC CTG GTG ACA CCA CTC ATG GGG GCT GAC CTC AAT AAC ATT GTC AAA ACC CAG AAG TTG
T D D N e R L L Y S Y L R G o K Y Tt
ACT GAC GAC CAC GTA CAG TTC CTC ATC TAC CAA GTG TTA CGA GGG CTC AAG TAC ATC CAC
S A G I I W R D L K P S N I A Y N E D C
TCC GCT GGC ATA ATT CAC AGG GAC CTC AAG CCC AGC AAT ATT GCA GTC AAT GAA GAT TGT
B L D N G L A T RO R T S L S M e T G ¥
GAG CTG AAG ATT CTG GAC TTT GGA TTG GCC CGG CCC ACA GAG TCA GAA ATG ACA GGT TAT
A T W R A D e Y M e [ N S W O H O YO N Q
GTG GCC ACA AGA TGG TAC CGA GCA CCA GAA ATT ATG CTC AAC TGG ATG CAC TAC AAT CAG
T VD) T TS S Y G N G T M S A T B L O T G RO TR
ACT GTG GAC ATC TGG TCA GTA GGA TGC ATC ATG GCA GAG CTG CTC ACA GGG CGA ACA CTT
N G A S ) L T ) L N L S K L VA IR TN
TTC CCA GGT GCT GAC CAC ATA GAT CAG CTC AAC AAG ATC ATG AAG CTG GTG GGG ACG CCC
R @ b L v D K L § S D E A RN Y I R S L
AGG CAG GAT CTT GTT GAT AAG CTC TCC AGC GAT GAG GCA AGG AAT TAT ATT CGT TCC CTT
P H M R K K b F R Q@ V F R G A N P L A V
CCA CAC ATG AGA AAA AAG GAT TTC AGA CAA GTG TTC AGA GGA GCC AAT CCC CTT GCG GTG
D e K M L N L D S S B R R L TE AT Y QA
GAC CTG CTT GAG AAA ATG CTG GAG CTG GAC AGT GAG CGG AGA ATA ACA GCA GTC CAG GCG

LA H P Y L A QY A D P S D E P D S E P
CTG GCC CAT CCC TAC CTA GCC CAG TAT GCT GAT CCC TCA GAT GAG CCA GAC AGT GAG CCA
Y D@ S F E D W E L P T E E R K E L ¥V X
TAT GAT CAG AGC TTT GAG GAC ATG GAG CTC CCT ACT GAA GAA CGG AAA GAG CTT GTG TAT
E E vV A D G6G G D 6 G G G A G S GG G A G
GAG GAA GTG GCA GAT GGT GGC GAT GGT GGC GGT GGT GCT GGC AGT GGT GGT GGA GCA GGG

D 6 6 6 K E Y E K S P R

GAT GGT GGA GGC AAG GAA TAC GAG AAG TCT CCT CGI\
CCAGCCTCCTCATCCTCCCTATTATATTAGTGACGCATTACCAACCTCATATAAAGTAAGCGGAGTAAAGGGACGTCAA
GCCAGAAGTCTCGAAAGCGTCTTAGAGACCGTCTTGCACGGCTTAGATGCCGCCAAGGAAGTACTGACGGAATTCATTA
CTGTCGTCCGAGAAATAGTAAAAAATAAACAGTAGAAAACACATTTAATTCAAACCAATCACAAGACAGTAAATATCGT
GAACACTGTCACCAGAAAATAAAAGAGTAACATTAATAGCATTGATCTGTCCACTGTTGCCAAGCCAAGAGCTGGACCG
CGTCACCCTAAACACCAATGTGACCACCTACATGTATGTGCTGCTTGAGGAGCGCCTTCAAGTTATTGCCTGACTCTCA
TTICCTTCCATGCCTCCCGCTGGTTAACTCTGAAATTCTCGATATTTTTCTGATTTCATTCCTTTCTACGACTTGCAGTG
TTTCATAAGAGGAAGAATATCAAGACTCCTCTTGGAATACATTTCTTTAACGAAATCTTGAGAATGCTATATTAATTAC
CTTTTTATTTTTTGTGCTTTTGACCAGACTCTCAACACATAAAGAAAAAAAGAATACTAAAAAATATGACGAGATACTT
ATATTGTCTCTCGATTGTTTCTTGAATGTGATTGGTGTGTGCCGCCTCAACACTCTACAAGCAATCTTGTGACTCTGT
GCGTCGGGATTGTCATTTATCTACTCCACAAGTGATGAGGCTGTTCAGACACACTTGTGGGTCTATCCAGTGTGTAATA
ACTAACGATAGATTTGAAAGCACAGGCAAATANATGGATAAAAGTAAAANAAAAAAA






