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Glutaredoxins (Grxs) are glutathione-dependent oxidoreductases that belong to the thioredoxin (Trx) superfamily and are an essential part of the redox system in living organisms. However, there is a serious lack of sequence information and functional validation associated with Grxs in crustaceans. In this study, a new Grx gene (PmGrx5) was identified and characterized in black tiger shrimp (Penaeus monodon). The full-length cDNA of PmGrx5 is 787 bp and consists of 114 bp 5′-UTR, 232 bp 3′-UTR, and 441 bp ORF, encoding a hypothetical protein of 146 amino acids. The putative PmGrx5 protein is 16.27 kDa with a theoretical isoelectric point of 5.90. Sequence alignment showed that PmGrx5 had the highest amino acid sequence homology with Grx5 from Penaeus vannamei at 98.63% and clustered with Grx5 from other crustaceans. Quantitative real-time PCR (qRT-PCR) analysis showed that PmGrx5 was expressed in all tissues examined, with a higher expression in the testis, stomach, lymphoid organ, and gill. PmGrx5 was continuously expressed during development, with the highest expression in zoea I. Ammonia-N stress and bacterial infection both differentially upregulated PmGrx5 expression in the hepatopancreas and gill. In addition, when PmGrx5 was inhibited, the expression of some other antioxidant enzymes was upregulated at the beginning of ammonia-N stress, but as the stress time increased, the expression of antioxidant enzymes was inhibited, the expression of apoptotic genes was increased, and the GSH content was significantly reduced. Inhibition of PmGrx5 led to a greater risk of oxidative damage in shrimp. In addition, the relationship between SNPs in exons of the PmGrx5 gene and tolerance to ammonia-N stress was identified and analysed. A total of nine SNPs were successfully identified, eight of which were significantly associated with ammonia and nitrogen stress tolerance trait in shrimp (P < 0.05). The present study shows that PmGrx5 is involved in redox regulation and plays an important role in shrimp resistance to marine environmental stresses. Meanwhile, this study will provide a basis for molecular marker breeding in shrimp.
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Introduction

Black tiger shrimp (Penaeus monodon) is currently the third most cultured shrimp in the world, accounting for approximately 8% of total crustacean farming production and is an important part of the mariculture economic industry (FAO, 2020). However, due to the deteriorating marine environment, especially in coastal areas, black tiger shrimp farming is often exposed to viral attacks and bacterial infections, resulting in high mortality rates and huge economic losses (Li et al., 2018). A good marine environment is a prerequisite for the sustainable development of the mariculture industry. Adverse environmental factors can upset the original physiological balance in organisms, and prolonged environmental stress can cause irreversible damage to organs and tissues and even lead to the death of organisms (Dunier and Siwicki, 1994; Chen et al., 1994; Chen and Chen, 2002). Ammonia-N is one of the most important environmental factors in mariculture, and ammonia-N stress is the most common environmental challenge faced by mariculture organisms (Liu et al., 2021). Ammonia-N stress usually causes oxidative stress in crustaceans, which disrupts redox homeostasis in crustaceans and ultimately leads to the production of excess reactive oxygen species (ROS). ROS are a class of single-electron reduction products of oxygen atoms in the body, mainly produced during mitochondrial oxidative phosphorylation and during cellular defense against exogenous compounds, which cause oxidative damage to biological macromolecules such as proteins and deoxyribonucleotides (Nathan and Cunningham-Bussel, 2013). Crustaceans can use a variety of redox systems in their bodies to eliminate excess ROS in order to protect themselves (Bu et al., 2017). Therefore, the study of redox systems is fundamental and necessary for mariculture management and shrimp breeding.

Glutaredoxins (Grxs), also known as thioltransferase, are heat-stable, small molecular weight enzymes that are an essential part of the redox system in living organisms (Holmgren et al., 2005). In the classification of proteins, Grxs are classified as a thioredoxin (Trx) superfamily (Carvalho et al., 2006). On the one hand, the members of the Trx superfamily all have a similar tertiary structure. The typical Trx structure is a centrally located four β-strands surrounded by three α-helices (Pan and Bardwell, 2006). However, the folding pattern of Grxs is subtly different from the typical Trx structure: its central four β-strands are surrounded by five α-helices (Chi et al., 2018). On the other hand, Grxs and Trxs have many of the same or similar functions in living organisms. The main role of Grxs is to use glutathione (GSH) to maintain redox homeostasis in living organisms. Glutathione (GSH) is a small molecular peptide consisting of the amino acids glutamate, cysteine, and glycine and is the main determinant of the redox state of cells. Classically, Grxs regulate the glutathionylation or deglutathionylation of proteins in an organism, thus keeping the GSH to GSSG ratio within normal limits. Because Grxs are required to recognize only the glutathione fraction of the substrate and not the substrate itself, Grxs are more flexible than Trxs in terms of substrate selection and reaction catalysis mechanism (Holmgren, 1979). Grxs were first identified in 1976 in Escherichia coli with a deficiency in Trx activity (Holmgren, 1979). Depending on the sequence of the central active sites, typical Grxs can be divided into two types: the dithiol Grxs, which contain Cys-Pro-Tyr-Cys as the catalytic sites; and the monothiol Grxs, which contain Cys-Gly-Phe-Ser as the catalytic sites and contain only one N-terminal cysteine residue. The monothiol Grxs can be further classified into two types: one type contains only a Grx structural domain and the other type contains a Trx structural domain at its N-terminal end with multiple Grx structural domains attached (Lillig et al., 2008). Notably, the second monothiol Grxs are currently only found in eukaryotes (Eklund et al., 1984; Couturier et al., 2009). The mechanism of action of the two Grxs differs somewhat, but both can use cysteine to accomplish reversible regulation of protein glutathionylation (Lillig et al., 2008).

In recent years, as studies have progressed, more other types of Grxs have been discovered. Plants are now known to possess the greatest quantities and types of Grxs, with the active site Cys-Cys-X-X being unique to plants (Verma et al., 2021). Grxs have been shown to be involved in a number of physiological processes in plants, mainly developmental regulation, stress resistance, and environmental adaptation (Xing et al., 2005; Cheng, 2008; Wang et al., 2009), and play an important role in plant growth and resistance to adverse factors. In addition, Grxs of photosynthetic organisms possess more complex structures and more diverse types. For example, a new type of complex Grx linking multiple proteins at the N-terminus has been identified in cyanobacteria (Mondal et al., 2019). The types and quantities of Grxs in animals are far less than in plants, but they still play a very crucial role. In mammals, Grxs have been reported to be involved in iron–sulfur cluster coordination, antioxidative stress, cell growth, and apoptosis (Hiroaki et al., 2003; Potamitou and Arne, 2004; Bräutigam et al., 2013). As Grxs have been found to function in a variety of human pathological processes, their development as drug targets is equally of interest (Levin et al., 2018). In aquatic organisms, Grxs have been reported to have important effects on embryonic development, brain and heart development, and innate immunity (Bräutigam et al., 2011; Bräutigam et al., 2013; Berndt et al., 2014; Omeka et al., 2019). However, few studies on Grxs in crustaceans have been reported. In this study, the full-length cDNA of Grx5 (PmGrx5) from P. monodon was cloned for the first time and analyzed for its mRNA expression during development and in different tissues. To determine whether PmGrx5 is involved in other physiological activities, we observed the expression of PmGrx5 after injection with various pathogenic bacteria and under ammonia-N stress, as well as physiological changes after PmGrx5 was disturbed. In addition, we screened for the SNP markers of PmGrx5 associated with the ammonia-N stress tolerance trait. This study aims to lay the foundation for further exploring the role of Grx5 in natural immune regulation and resistance to ammonia-N stress.



Materials and Methods


Experimental Shrimps

All shrimps used in this study were from the experimental base of the South China Sea Fisheries Research Institute in Shenzhen (Guangdong, China) and from a mixed culture pool of different families. The shrimps used for RNA interference weighed 7.01 ± 0.8 g and were 5.12 ± 0.69 cm in length, the shrimps used for the analysis of SNPs weighed 1.71 ± 0.31 g and were 2.53 ± 0.32 cm in length, while the rest of the experimental shrimps weighed 15.08 ± 1.20 g and were 12.37 ± 0.57 cm in length. We kept the shrimps in plastic cylinders filled with aerated filtered seawater under salinity- (29‰), temperature- (26°C ± 2°C), and pH-controlled (7.5–7.8) conditions for 1 week. During the temporary feeding period, we fed the shrimps once a day with compound feed (8.32% moisture, 48.65% crude protein, 5.70% crude fat, and 11.89% ash) until 24 h before treatment.



Sample Collection

To test the PmGrx5 expression in different tissues, 14 kinds of tissues, namely, the testis, ovary, brain, eyestalk nerve, thoracic nerve, abdominal nerve, epidermis, gill, heart, muscle, stomach, intestine, hepatopancreas, and lymphoid organ, were dissected from three random healthy untreated shrimps. To test the PmGrx5 expression during the developmental period, we collected samples from a total of 14 different developmental stages, from oosperm to post-larvae (Gürel, 2005). All the above samples were preserved in the RNAlater solution (Ambion, USA) at 4°C for 24 h and then moved to −80°C until used.



Ammonia-N Stress

To test the PmGrx5 expression under ammonia-N stress, first, we determined the 96-h median lethal concentration (96-h LC50) and the safe concentration (SC) through an acute ammonia-N stress pre-experiment. A total of 180 shrimps were used for the pre-experiment. In a plastic cylinder of 200 L filtered seawater (salinity 29‰, temperature 26°C ± 2°C, pH 7.5–7.8) aerated continuously using an air stone, 30 shrimps per cylinder were placed separately. The seawater was replenished daily. Six concentrations of ammonia-N, i.e., 0, 20, 40, 60, 80, and 100 mg/L, were prepared by applying NH4Cl per cylinder to seawater until the required concentration was reached. Mortality was registered every 3 h during the pre-experiment. After completion, 96-h LC50 and SC were computed by linear regression, which were 29.47 and 2.95 mg/L, respectively (Li et al., 2012; Zhou et al., 2017).

The shrimp sizes and experimental conditions of the formal experiment were similar to those of the pre-experiment. Experimental shrimps were randomly divided into three treatments (control, 96-h LC50, and SC), each having three replicates with 30 shrimps per replicate. During the experiment, no feed was supplied to the shrimps. Shrimp survival was monitored and reported every 3 h, and the dead shrimps were instantly pulled from the cylinders. At 0, 3, 6, 12, 24, 48, 72, and 96 h after ammonia-N stress, three shrimps were chosen for each duplication. Since the gill is the first barrier to the water environment and the hepatopancreas is the most important detoxification and metabolic organ of the shrimp (Rőszer, 2014; Rowley, 2016), these were chosen as representative target organs to detect the expression of PmGrx5 under ammonia-N stress. The hepatopancreas and gills of the shrimps were immediately dissected and preserved for 24 h at 4°C in the RNAlater solution (Ambion, USA) and then moved to −80°C until used.



Bacteria Challenge Experiment In Vivo

To test the PmGrx5 expression after the immune challenge, the experimental shrimps were randomly divided into four treatments (control, Staphylococcus aureus, Vibrio harveyi, and Vibrio anguillarum) with three replicates per treatment and 25 shrimps per replicate. The Key Laboratory of South China Sea Fishery Resources Extraction & Utilization supplied those three kinds of bacteria. According to a previous study, 100 μl sterile phosphate buffer solution (PBS, pH 7.4) was injected into the shrimps in the control group, and 100 μl (1.0 × 108 CFU/ml) of the corresponding bacterial solution was injected into the shrimps in the other three treatment groups, respectively (Qin et al., 2019). Each shrimp in the second abdominal segment was inserted intramuscularly. Shrimp survival was monitored and reported every 3 h, and the dead shrimps were instantly pulled from the cylinders. From each replication, three shrimps were picked at 0, 3, 6, 12, 24, 48, and 72 h after the injection. In addition, the hepatopancreas is the most important immune and phagocytic organ of the shrimp (Rőszer, 2014). In P. monodon, it has been found that after phagocytosis of pathogenic Vibrio cell fragments, hepatopancreatic cells can release bacterial antigens into the hemolymph (Alday et al., 2002). We, therefore, chose the gill and the hepatopancreas as representative target organs to detect PmGrx5 under bacterial infection. The hepatopancreas and gills of the shrimps were immediately dissected and preserved for 24 h at 4°C in the RNAlater solution (Ambion, USA) and then moved to −80°C until used.



Extraction of RNA and Synthesis of cDNA

For the quantification experiments, the total RNA of all samples obtained above was harvested according to the instructions of the HiPure Fibrous RNA Plus Kit (Megan, China). In addition, the total RNA of 14 different tissues was harvested in conjunction with the instructions of the RNeasy Mini Kit (Qiagen, Germany) for cloning the full-length cDNA of PmGrx5. The purity and quantity of total RNA were calculated by measuring the ultraviolet absorbance ratio at 260/280 nm using a NanoDrop 2000 device (Thermo Scientific, USA). Agarose gel electrophoresis (1%) was used to assess the integrity of total RNA. Total RNA for two different purposes was immediately synthesized into the corresponding cDNA according to the instructions of the Evo M-MLV RT Kit with gDNA Clean for qPCR (AG, China) and HiScript-TS 5′/3′ RACE Kit (Vazyme, China), respectively. The synthetic cDNA was preserved at −80°C until used.



Cloning the Full-Length cDNA of PmGrx5

The partial fragment of PmGrx5 was filtered and determined by the NCBI database BLAST on the basis of the cDNA library of P. monodon in our laboratory. The primers were constructed by Premier 6.0 based on the identified fragment, and the PmGrx5 open reading frame (ORF) was expanded by PCR technology. The PCR program was run in three steps: 95°C for 3 min; 35 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 15 s; and completed in an ultimate duration of 5 min at 72°C. In 25 μl of the reaction mixture consisting of 1 μl of forward primer, 1 μl of reverse primer, 1 μl of cDNA template, 12.5 μl of double-distilled water, and 12.5 μl of 2× Taq Plus Master Mix II (Vazyme, China), PCR amplification was done.

The 3′ and 5′ end nested PCR primers were constructed by Premier 6.0 according to the PmGrx5 ORF. The first-round PCR program was run in three steps: 95°C for 3 min; 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min; and completed in an ultimate duration of 10 min at 72°C. In 50 μl of the reaction mixture consisting of 2 μl of a mixture of UPM long primers and short primers, 2 μl of first-round specific primer, 3 μl of cDNA template, and 43 μl of Mix Green (Tsingke, China), the first-round PCR amplification was done. The second-round PCR program was run in three steps: 95°C for 3 min; 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and completed in an ultimate duration for 10 min at 72°C. In 50 μl of the reaction mixture consisting of 2 μl of NUP, 2 μl of second-round specific primer, 3 μl of first-round PCR product, and 43 μl of Mix Green (Tsingke, China), the second-round PCR amplification was done.

All PCR products were cloned into pEASY®-T1 Cloning Vector (TransGen, China), sequencing a positive monoclonal colony. Lastly, the RACE technology obtained the full-length cDNA of PmGrx5. RuiBiotech (Guangzhou, China) was responsible for the synthesis of all primers and the sequencing of all PCR products mentioned above. All the primers above are shown in Table 1.


Table 1 | PCR primers used in this experiment.





Bioinformatics Analysis of PmGrx5

The ORF and its corresponding amino acid sequences of PmGrx5 were predicted using the ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder). The nucleotide sequences and the protein sequences were analyzed using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastHome). Protein domains were predicted using SMART (http://smart.embl-heidelberg.de/). Signal peptides were predicted using the SignalP-5.0 Server (http://www.cbs.dtu.dk/services/SignalP/). The O-glycosylation sites were predicted using the YinOYang 1.2 Server (http://www.cbs.dtu.dk/services/YinOYang/). The N-glycosylation sites were predicted using the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). The phosphorylation sites were predicted using the NetPhos 3.1 Server (http://www.cbs.dtu.dk/services/NetPhos/). The N-myristoylation sites were predicted using the Motif Scan (https://myhits.sib.swiss/cgi-bin/motif_scan). The protein secondary structure was predicted using SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html). The protein tertiary structure was predicted using the SWISS-MODEL (https://swissmodel.expasy.org/). Molecular mass and theoretical isoelectric point were predicted using Expasy (https://web.expasy.org/compute_pi/). The nucleotide and protein sequences of Grx5 from different species were downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov/). With the ClustalX 1.83 software, multiple sequence alignment was conducted. The phylogenetic tree with 1,000 bootstrap trial replicates was built by the MEGA-X software. The Grx protein interaction networks were built by the STRING database (https://cn.string-db.org/).



mRNA Expression by Quantitative Real-Time PCR Analysis

The expression levels of PmGrx5 and related genes in all samples collected in this experiment were detected by quantitative real-time PCR (qRT-PCR). The qRT-PCR primers were constructed by Premier 6.0. In P. monodon, elongation factor 1α (EF-1α), as a housekeeping gene, has been used as an internal control for all qRT-PCR experiments to normalize the cDNA quantity (Arun et al., 2002; Soonthornchai et al., 2010; Amornrat and Montip, 2010). EF-1α was used as the reference gene in this study. The PmEF-1α gene from the genomic sequence was deposited in GenBank (MG775229.1). All primers were synthesized by RuiBiotech (Guangzhou, China) and shown in Table 1. A Roche LightCycler® 480II was used for the qRT-PCR. The program was run in six steps: 95°C for 30 s, 40 cycles of 94°C for 5 s and 60°C for 30 s, 95°C for 5 s, 60°C for 1 min, 95°C for 1 min, and completed in an ultimate duration for 30 s at 50°C. In 12.5 μl of the reaction mixture consisting of 0.5 μl of forward primer, 0.5 μl of reverse primer, 1 μl of cDNA template (50 ng/μl), 6.25 μl of SYBR Green Premix Pro Taq (AG, China), and 4.25 μl of double-distilled water, PCR amplification was done. The PCR data were analyzed using the 2−ΔΔCT method. Statistical analyses were conducted using IBM SPSS Statistics 26.0. One-way ANOVA, followed by Tukey’s multiple range test, estimated the statistical differences. When P <0.05, the difference was considered significant. The test data were shown as mean ± standard deviation (SD).



Ammonia-N Stress on PmGrx5-Interfered Shrimps

The double-stranded RNA (dsRNA) for PmGrx5 (dsGrx5) and the green fluorescent protein (GFP, as a non-specific negative control) gene (dsGFP) were synthesized using the T7 RiboMAX Express RNAi kit (Promega, USA). The primers used to synthesize the dsRNA for the PmGrx5 and the GFP gene are shown in Table 1. The purity and quantity of the dsRNA were calculated by measuring the ultraviolet absorbance ratio at 260/280 nm using a NanoDrop 2000 device (Thermo Scientific, USA). Agarose gel electrophoresis (1%) was used to assess the integrity of the dsRNA. The synthetic dsRNA was preserved at −80°C until used.

First, the PmGrx5 expression was measured by qRT-PCR to determine the interference efficiency of dsGrx5. The concentration of dsRNA was diluted to 1 μg/μl using PBS buffer before the in-vivo injection. We divided the experimental shrimps into two groups of three replicates each, with five shrimps in each replicate. We injected dsGrx5 or dsGFP dilution (3 μg per gram of shrimp weight) at the second ventral segment of each shrimp. The dsGFP-injected shrimps were the control group and the dsGrx5-injected shrimps were the experimental group. Due to the importance of the hepatopancreas and the multiple previous reports on the use of the hepatopancreas as the target organ for RNA interference in crustaceans (Alday et al., 2002; Rőszer, 2014; Rowley, 2016; Zheng et al., 2018; Zheng et al., 2021; Jie et al., 2022), therefore, in this study, 24 h after injection, we selected three shrimps from each replicate and immediately collected the shrimp hepatopancreas, following the same procedure provided in the mRNA Expression by Quantitative Real-Time PCR Analysis section.

After determining that the interference efficiency of dsRNA was significant, we again divided the experimental shrimps into two groups with three replicates of 40 shrimps each. Injections were carried out as above. Twenty-four hours after the injection, the PmGrx5-interfered and dsGFP-injected shrimps were subjected to 48 h of acute ammonia-N stress using 96-h LC50. Sampling was done at 0, 3, 6, 12, 24, and 48 h post-stress. At each time point, we selected three shrimps from each replicate and immediately collected the shrimp hepatopancreas: one part was stored in RNAlater solution (Ambion, USA) at 4°C for 24 h and then moved to −80°C until used, and the other part was stored directly in liquid nitrogen until used.

Similar to the steps provided in the Extraction of RNA and Synthesis of cDNA and mRNA Expression by Quantitative Real-Time PCR Analysis sections, the same procedures were followed to analyze the relative expression levels of various related genes such as PmTrx, PmPrx1, PmCAT, PmCYC, and PmIAP in PmGrx5-interfered shrimps and dsGFP-injected shrimps. The specific primers for the above genes are shown in Table 1. As Grx5 is a glutathione-dependent oxidoreductase, samples stored directly in liquid nitrogen were assayed using reduced glutathione (GSH) assay kit (Nanjing Jiancheng Bioengineering Institute, China). Three replicates of each sample were assayed and statistically analyzed according to the kit’s instructions.



Correlation Analysis Between the SNPs of PmGrx5 and Ammonia-N Stress Tolerance Trait

Seven hundred healthy juvenile shrimps were selected for the ammonia-N stress experiment (using the same method provided in the Ammonia-N Stress section). The first 70 shrimps to die were considered to be the sensitive group and the last 70 shrimps to die and those still alive were considered to be the resistant group. Samples were stored in ethanol and used to extract the DNA. The DNA was extracted from the samples using the MagPure Tissue/Blood DNA LQ Kit (Megan, China).

The NCBI database was used to predict the exonic region of PmGrx5. Based on the results, Premier 6.0 was used to design the primers that span the exonic regions to amplify the DNA sequence of the samples. The PCR reaction system consisted of the following: 1 µl of forward primer, 1 µl of reverse primer, 2 µl of DNA template, and 21 µl of Mix Green (Tsingke, China). The PCR procedure was as follows: firstly, 98°C for 2 min, followed by 35 cycles of 98°C for 10 s, 55°C for 15 s, and 72°C for 1 min, and finally 72°C for 10 min. Tsingke Biotechnology was responsible for the synthesis of all the above primers and the sequencing of the PCR products (Guangzhou, China), and the above primers are shown in Table 1.

The DNA sequences of each sample were examined using DNAMAN and Chromas to identify the SNPs of PmGrx5. Genetic parameters were calculated using WPS Office, including observed heterozygosity (Ho), expected heterozygosity (He), effective allele number (Ne), minimum allele frequency (MAF), polymorphism information content (PIC), and Hardy–Weinberg equilibrium (HWE). The χ2 test using SPSS 26.0 was used to analyze the correlation between the SNPs of PmGrx5 and ammonia-N stress tolerance trait, and P <0.05 was considered to be a significant difference.




Results


Bioinformatics Results for PmGrx5

As seen in Figure 1A, the full-length cDNA of PmGrx5 (GenBank accession number: ON086315) was 787 bp, which included 114 bp 5′-UTR, 232 bp 3′-UTR, a poly-A tail, and 441 bp ORF, encoding a 146 amino acid putative protein. The putative PmGrx5 protein was 16.27 kDa with a theoretical isoelectric point of 5.90. The putative PmGrx5 protein contained only one Grx structural domain. The active center sequence of the PmGrx5 domain was C-G-F-S (54–57 aa), which was a typical characteristic of the currently known Grx5 proteins. These features suggested that PmGrx5 was a new member of the monothiol Grxs. According to the putative secondary structure, the proportions of α-helix, extended strand, β-turn, and random coil were 45.21%, 8.90%, 8.90%, and 36.99%, respectively. The putative tertiary structure of PmGrx5 is shown in Figure 1B.




Figure 1 | (A) The sequence of nucleotides, the deduced sequence of amino acids, and the putative secondary structure of PmGrx5. The initiation codon “ATG” and the termination codon “TAA” are marked in the rectangular box. The polyadenylation signal sequence (AATAAA) is marked using a double underline. The gray region indicates the predicted glutaredoxin (Grx) structural domain. The active center sequence (C-G-F-S) of the Grx domains is marked using a single underline. Cys residues are marked in bold. The phosphorylation sites, glycosylation sites, and N-myristoylation sites are highlighted in green, red, and blue, respectively. The legend of the predicted secondary structure is annotated at the bottom of the image. (B) The putative tertiary structure of PmGrx5.



As shown in Figure 2A, the Grx5 of eight arthropod species was selected for comparison with PmGrx5. The results of the multiple sequence alignment showed that in the Grx5 of all the selected species, their amino acid sequences showed a high degree of similarity. In terms of basic structure and function, their Grx5 all contained a similar Grx structural domain, and the signature active center site, C-G-F-S, was highly conserved. In addition, PmGrx5 has the highest homology to Grx5 in crustaceans. In particular, in Penaeus, PmGrx5 has 98.63% and 94.52% homology with the Grx5 of Penaeus vannamei and Penaeus japonicus, respectively. PmGrx5 has the lowest homology with the Grx5 of Armadillidium vulgare at 65.47%. In Chionoecetes opilio, Homarus americanus, Amphibalanus amphitrite, Portunus trituberculatus and Limulus polyphemus, the homology of Grx5 to PmGrx5 was 77.69%, 75.17%, 73.60%, 71.22%, and 68.99% in this order.




Figure 2 | (A) Multiple sequence alignment of Grx5 from nine arthropod species. Red regions indicate conserved amino acid residues. Red letters indicate similar residues. Conserved active sites C-G-F-S are highlighted in a black box. The results of the amino acid sequence counts are shown at the top of each row. (B) A phylogenetic tree of mono-mercapto Grxs of various species based on amino acid sequences. Bootstrap support values corresponding to each branch are indicated by the dark green dots. The dimensions and corresponding values of the dark green dots are indicated on the right side of the picture. The corresponding species in different colors are shown on the right side of the picture. The dark green outermost arcs indicate the branches of the Grx3 protein. The light green outermost arc indicates the branch of the Grx5 protein. PmGrx5 is marked with a triangle. The scientific names of all the above species and their NCBI sequence numbers are shown below: Amphibalanus amphitrite (KAF0307822.1), Acyrthosiphon pisum (AK341132.1), Armadillidium vulgare (RXG69803.1), Blattella germanica (PSN36174.1), Bos taurus (NP_001030273.1), Carassius auratus (XP_026078075.1), Chionoecetes opilio (KAG0717517.1), Cherax quadricarinatus (AEL23128.1), Cyanobacteria (WP_190627512.1), Danio rerio (NP_001005950.1), Danio rerio (BC059659.1), Escherichia coli (SYX47894.1), Gallus gallus (AJ720261.1), Homarus americanus (XP_042230596.1), Hyalella azteca (KAA0195653.1), Homo sapiens (AAH05289.1), Homo sapiens (AB223038.1), Limulus polyphemus (XP_013786644.1), Mus musculus (NP_075629.2), Mus musculus (AK013761.1), Ooceraea biroi (EZA62809.1), Oncorhynchus mykiss (BT073697.1), Penaeus monodon (MZ827442), Penaeus japonicus (XP_042868605.1), Portunus trituberculatus (MPC08028.1), Penaeus vannamei (XP_027209771.1), Penaeus vannamei (XP_027214062.1), Penaeus vannamei (XM_027358261.1), Rattus norvegicus (AAH86381.1), Saccharomyces cerevisiae (GFP69319.1), Saccharomyces cerevisiae (NM_001183873.1), Salmo salar (BT048738.1), Vigna unguiculata (QCE13504.1), and Xenopus tropicalis (BC075374.1).



Grx amino acid sequences from 31 different species, including Grx3 and Grx5, were selected using the minimal evolution method of MEGA-X to construct a Grx phylogenetic tree. As shown in Figure 2B, both Grx3 and Grx5 were independently aggregated. Grx3 and Grx5 of most species had one to multiple Grx structural domains and the active center site was C-G-F-S, which are typical monothiol Grxs. However, the Grx3 domains of prokaryotes and plants were clustered separately and did not have the active center site C-G-F-S, showing significant differences and signaling evolutionary distancing and separation. The phylogenetic tree showed that vertebrates, including mammals, fish, and amphibians, have Grx3 and Grx5 clustered separately. The same was true for invertebrates and fungi, including Saccharomyces cerevisiae, crustaceans, and insects, and Grx3 and Grx5 from fungi were closer to the invertebrate group. Of these, PmGrx3 was the closest phylogenetically to Grx3 from P. vannamei and clustered with Grx3 from other crustaceans. The same was observed in the phylogeny of Grx5.

The amino acid sequence of PmGrx5 was used to construct a protein interaction network based on the STRING database. As the crustacean Grx was rarely studied, the human genome was chosen as the template for the construction. As shown in Figure 3, the main proteins predicted to interact with Grx5 were BolA-like protein 1 (BOLA1), BolA-like protein 3 (BOLA3), frataxin (FXN), glutaredoxin 2 (Grx2), iron–sulfur cluster co-chaperone protein (HSCB), iron–sulfur cluster assembly factor (IBA57), iron–sulfur cluster assembly 1 (ISCA1), iron–sulfur cluster assembly 2 (ISCA2), iron–sulfur cluster assembly enzyme (ISCU), and iron–sulfur cluster scaffold protein (NFU1). The main function of these proteins was to regulate the iron–sulfur cluster and redox status in the organism.




Figure 3 | Grx5 protein interaction networks. The red dots represent the target protein Grx5. Other colored dots represent proteins that interact with Grx5. The names of all proteins are abbreviated to the top right of the dots.





mRNA Expression of PmGrx5 in Different Tissues

As shown in Figure 4, qRT-PCR results showed that PmGrx5 was expressed in all tissues examined. PmGrx5 expression was higher in the testis, stomach, lymphoid organ, and gill (P < 0.05). PmGrx5 expression was lower in the eyestalk nerves, brain, abdominal nerves, and ovary.




Figure 4 | mRNA expression levels of PmGrx5 in different tissues. The data are presented as mean ± SD (n = 3). Different letters denote significant differences (P < 0.05).





mRNA Expression of PmGrx5 During the Developmental Period

The qRT-PCR results showed that PmGrx5 was expressed with some regularity in all early developmental stages in black tiger shrimp (Figure 5). The expression of PmGrx5 increased rapidly when development entered nauplius I. Throughout the nauplius stage, the expression of PmGrx5 showed a gradual decrease and increase and reached a peak at zoea I, which was also the highest expression value throughout the early developmental stages (P < 0.05). From mysis II until the development of post-larva, the expression of PmGrx5 showed a similar trend to the previous stage and finally peaked again at post-larva.




Figure 5 | mRNA expression levels of PmGrx5 during the developmental period. The data are presented as mean ± SD (n = 3). Different letters denote significant differences (P < 0.05).





Analysis of PmGrx5 Transcription for the Hepatopancreas and Gill After Bacterial Challenge

Figure 6 shows the qRT-PCR results for the PmGrx3 expression in the hepatopancreas and gill at different time intervals after multiple pathogenic bacteria injections. In the hepatopancreas, the PmGrx5 expression was highly significantly upregulated 6 h after S. aureus injection compared to the control (P < 0.05). A peak was reached 72 h after injection (P < 0.05). The PmGrx5 expression was significantly upregulated, then significantly downregulated, and finally significantly upregulated again within 72 h after V. harveyi injection (P < 0.05). Within 72 h of V. anguillarum injection, the PmGrx5 expression was only significantly upregulated at 3 h post-injection compared to the control group (P < 0.05), with no significant changes at other time points. In the gill, the PmGrx5 expression was highly significantly upregulated (P < 0.05) at 3 h after S. aureus injection compared to the control, then plateaued and was significantly upregulated again after 24 h of injection (P < 0.05). The expression pattern of PmGrx5 in the gill was similar to that in the hepatopancreas within 72 h after V. harveyi or V. anguillarum injection.




Figure 6 | mRNA expression levels of PmGrx5 in the hepatopancreas (A) and gill (B) at different time intervals after multiple pathogenic bacteria injections. The data are presented as mean ± SD (n = 3). Different letters denote significant differences (P < 0.05).





Analysis of PmGrx5 Transcription for Hepatopancreas and Gill Under Ammonia-N Stress

Figure 7 shows the qRT-PCR results of PmGrx5 expression in the hepatopancreas and gill at different time intervals under different levels of ammonia-N stress. From the results, it can be seen that the expression of PmGrx5 in the hepatopancreas and gill had a similar pattern at 96 h SC, with a gradual increase followed by a decrease over 96 h after ammonia stress. PmGrx5 peaked at 12 h in the hepatopancreas and at 24 h in the gill, and both produced a fluctuation in elevated expression at 72 h (P < 0.05). At 96-h LC50, the trend in PmGrx5 expression in the hepatopancreas was similar to that at 96-h SC concentrations, except that the response was not as strong as in the former. In the gill, however, the situation was completely different. At 96-h LC50, the expression of PmGrx5 was not significantly higher in the gill compared to the control and was even consistently lower than in the control and the 96-h SC group.




Figure 7 | mRNA expression levels of PmGrx5 in the hepatopancreas (A) and gill (B) at different time intervals under different concentrations of ammonia-N stress. The data are presented as mean ± SD (n = 3). Different letters denote significant differences (P < 0.05).





The Interference Efficiency of dsGrx5 in the Hepatopancreas

As shown in Figure 8A, dsGrx5 could significantly inhibit the PmGrx5 expression in the hepatopancreas (P < 0.05), satisfying the requirements of this experiment. As shown in Figure 8B, ammonia-N stress was applied to all experimental groups 24 h after dsRNA injection. The PmGrx5 expression in the dsGFP-injected group was significantly higher than that in the dsGrx5-injected group within 48 h after ammonia-N stress (P < 0.05), which demonstrated that dsGrx5 could significantly exert its inhibitory effect within 72 h after injection.




Figure 8 | (A) mRNA expression levels of PmGrx5 in the hepatopancreas at 24 h after dsRNA injection. (B) Expression profile of PmGrx5 in the hepatopancreas of dsRNA-injected shrimps within 48 h under ammonia-N stress. The data are presented as mean ± SD (n = 3). Different letters denote significant differences (P < 0.05).





mRNA Expression of Genes in the Hepatopancreas of dsRNA-Injected Shrimps Under Ammonia-N Stress

As shown in Figure 9A, the PmTrx expression in the dsGFP-injected group was gradually upregulated and then downregulated within 48 h under ammonia-N stress, reaching a peak at 12 h (P < 0.05). Compared with the control group, the PmTrx expression in the PmGrx5-interfered group showed a similar trend, but its response was stronger, showing significant up- or downregulation (P < 0.05).




Figure 9 | Expression profiles of five genes [PmTrx (A), PmPrx1 (B), PmCAT (C), PmCYC (D), and PmIAP (E)] in the hepatopancreas of dsRNA-injected shrimps under ammonia-N stress. The data are presented as mean ± SD (n = 3). Different letters denote significant differences (P < 0.05).



As shown in Figure 9B, the PmPrx1 expression in the dsGFP-injected group was significantly higher at 3 h after ammonia-N stress (P < 0.05), then gradually decreased and finally significantly upregulated again at 48 h after ammonia-N stress (P < 0.05). The expression trend of PmPrx1 in the PmGrx5-interfered group was similar to that in the control group from 3 to 48 h after ammonia-N stress. However, the expression level of PmPrx1 in the PmGrx5-interfered group was significantly lower than that in the control group at all time points (P < 0.05), except at 12 h after ammonia-N stress, when it was also lower but not significant.

As shown in Figure 9C, the PmCAT expression in the dsGFP-injected group was significantly increased within 6 h under ammonia-N stress (P < 0.05). Its expression decreased significantly at 12 h after ammonia-N stress (P < 0.05) and then stabilized. The PmCAT expression in the PmGrx5-interfered group showed significant upregulation only at 12 h after ammonia nitrogen stress (P < 0.05). At the rest of the time points, its expression level was always significantly lower than the initial level and that in the control (P < 0.05).

As shown in Figure 9D, the PmCYC expression in the dsGFP-injected group gradually increased 3 h after ammonia-N stress and reached a maximum at 48 h (P < 0.05). The PmCYC expression in the PmGrx5-interfered group was first significantly upregulated within 48 h after ammonia-N stress and significantly decreased at 12 h, then gradually increased again, also reaching a peak at 48 h (P < 0.05). The PmCYC expression in the PmGrx5-interfered group was significantly higher than that in the control group at 3–6 h after ammonia-N stress (P < 0.05). The expression pattern of PmCYC in the control and experimental groups was similar during the 12–48-h period after ammonia-N stress.

As shown in Figure 9E, the PmIAP expression in the dsGFP-injected group was significantly reduced only at 6 and 24 h after ammonia-N stress (P < 0.05). In contrast, the PmIAP expression level in the PmGrx5-interfered group was gradually reduced overall, accompanied by non-significant fluctuations. The PmIAP expression level in the PmGrx5-interfered group was significantly lower than that in the control group except for 6 h after ammonia-N stress (P < 0.05).



GSH Content in the Hepatopancreas of dsRNA-Injected Shrimps Under Ammonia-N Stress

As shown in Figure 10, GSH content in the hepatopancreas of dsGFP-injected shrimps remained essentially flat with no significant changes within 24 h after ammonia-N stress and finally decreased significantly at 48 h (P < 0.05). The trend in GSH content in the hepatopancreas of PmGrx5-interfered shrimps was similar to that of dsGFP-injected shrimps, but it was always significantly lower than that of dsGFP-injected shrimps (P < 0.05).




Figure 10 | Changes in GSH content in the hepatopancreas of dsRNA-injected shrimps under ammonia-N stress. The data are presented as mean ± SD (n = 3). Different letters denote significant differences (P < 0.05).





Correlation Analysis Between the SNPs of PmGrx5 and Ammonia-N Stress Tolerance Trait

In this study, a total of nine SNPs were identified on the exons of PmGrx5. The specific information of the SNPs of PmGrx5 is shown in Table 2. Sequencing maps of the SNPs of PmGrx5 are shown in Figure 11. Analysis of the polymorphic parameters (Table 3) showed that Ho for the nine SNPs ranged from 0.0000 to 0.4500, He from 0.0072 to 0.4994, Ne from 1.0072 to 1.9976, and MAF from 0.0036 to 0.4821. PmGrx5-E187, PmGrx5-E1134, PmGrx5-E3684, and PmGrx5-E3718 showed low polymorphisms (PIC < 0.2500), and the remaining five SNPs showed moderate polymorphisms (0.2500 < PIC < 0.5000). HWE results showed that PmGrx5-E1134 significantly (P < 0.05) deviated from HWE, PmGrx5-E1222 and PmGrx5-E2297 were highly significant (P < 0.01) deviating from HWE, and the remaining six SNPs were in HWE.


Table 2 | Specific information of the SNPs of PmGrx5.






Figure 11 | Sequencing maps of the SNPs of PmGrx5.




Table 3 | Polymorphic parameters of the SNPs of PmGrx5.



Correlation analysis between the SNPs of PmGrx5 and ammonia-N stress tolerance trait is shown in Table 4. Except for PmGrx5-E3718, which was not significantly correlated with the ammonia-N stress tolerance trait, the allele distribution of the remaining SNPs was significantly different between the sensitive and resistant groups (P < 0.05).


Table 4 | Correlation analysis between the SNPs of PmGrx5 and ammonia-N stress tolerance trait.






Discussion

Grx5, a small molecule of monothiol Grx, has been previously studied in bacteria, yeast, Arabidopsis thaliana, zebrafish, and human, mainly (Camaschella et al., 2007; Oh et al., 2012; Shakamuri et al., 2012; Mapolelo et al., 2013; Petry et al., 2018). In this study, a new full-length cDNA for Grx5, PmGrx5, was successfully cloned for the first time in crustaceans. In the predicted amino acid sequence, there is a unique Grx structural domain containing an active center sequence C-G-F-S, which is typical of the monothiol Grx domain. There are two main types of monothiol Grxs: one contains only one Grx structural domain and the other contains an N-terminal Trx structural domain and one to three Grx structural domains. PmGrx5 belongs to the former group, while PmGrx3, which is also a monothiol Grx, belongs to the latter group. The difference in the number and complexity of the structural domains in their amino acid sequences predicts their evolutionary differences and potentially different functions. The amino acid sequences of Grx5 from eight species were selected for multiple comparisons with PmGrx5. The Grx5 of all nine species was a monothiol Grx and all had the active center sequence C-G-F-S, indicating that C-G-F-S is highly conserved between species. Phylogenetic analysis showed that PmGrx5 clustered with PvGrx5 with 98.63% amino acid sequence homology, which is highly conserved and predicts that Grx5 may play a similar role in crustaceans. The main function of the protein predicted to interact with Grx5 is to regulate the iron–sulfur cluster and redox state in the organism. Iron–sulfur clusters are a class of cofactors essential to living organisms and have a variety of functions such as transferring and catalyzing electrons (Glaser and Glaser, 2020). Therefore, iron–sulfur clusters are also an important component in the regulation of the redox state of cells. It has been demonstrated in several species that monosulfhydryl glutathione with the active site CGFS possesses a good ability to bind iron–sulfur clusters (Herrero and de la Torre-Ruiz, 2007), and it is considered to be an intermediate carrier for the delivery of iron–sulfur clusters to a variety of apolipoprotein target proteins (Shakamuri et al., 2012). Furthermore, inhibition of Grx5 expression in zebrafish results in the inability to synthesize iron–sulfur clusters properly in fish cells. In contrast, injection of Grx5 from other species into zebrafish, such as yeast, mice, and human, respectively, restored the normal synthesis of iron–sulfur clusters in their cells (Wingert et al., 2005). This result suggests that, at least in the physiological processes involved in iron–sulfur cluster synthesis, the function of Grx5 is conserved across multiple species.

In this study, the tissue distribution of PmGrx5 in crustaceans was examined for the first time. PmGrx5 was expressed in all tissues, indicating a wide range of biological functions. However, the expression of PmGrx5 varied greatly in different tissues, with the highest expression in the testis, stomach, lymphoid organ, and gill. In mice, the expression of Grx3, a monothiol Grx, was also the highest in the testis (Cheng et al., 2011). Meanwhile, the expression of dithiol Grx2 was increased during human sperm development. In addition, Grx2b and Grx2c were protein isoforms specific to the human testis (Lönn et al., 2008). Although their exact mechanism and role had not been proven, Grxs were closely associated with the development of the mammalian testis and sperm, and it was hypothesized that PmGrx5 performed a similar function. The stomach, lymphoid organ, and gill were all important components of the crustacean immune system. The stomach and gill were the first barriers for crustaceans against external environmental stressors and pathogens (Rowley, 2016). Among crustaceans, the lymphoid organ, currently found only, was considered to be the main immune organ that exerts phagocytosis (Rusaini, 2010). This suggested that PmGrx5 may play an important role in the immune role played by shrimps.

PmGrx5 was expressed continuously throughout the early developmental period in P. monodon. It was easy to see from Figure 6 that the expression of PmGrx5 increased each time the shrimps developed to a new stage and that the highest expression was found in the early stage of each stage. The greatest expression of PmGrx5 was found in nauplius I and zoea I. Early development was a very complex and rapid process, and as a eukaryote that did not rely on photosynthesis, this process required mitochondrial energy supply. The iron–sulfur cluster was one of the key components of the energy production process of the mitochondrial respiratory chain (Beinert, 2000). It is inferred that as a monothiol Grx, PmGrx5 may be involved in the assembly and transfer of iron–sulfur clusters (Bandyopadhyay et al., 2008) during the early development of P. monodon, thus promoting smooth development. In mammals, the monothiol Grx has been shown to be essential for embryonic development and post-embryonic growth (Cheng et al., 2011). In plants, the Grxs17 homolog (a monothiol Grx) is also required for post-embryonic growth (Knuesting et al., 2015).

To verify whether PmGrx5 was involved in the immune response of P. monodon to bacterial infection, one Gram-positive (S. aureus) and two Gram-negative (V. harveyi and V. anguillarum) strains were selected for in-vivo injection in this study. PmGrx5 produced varying degrees of immune response to all three bacteria within 72 h of injection compared to the control group. At 3 h after injection, the expression of PmGrx5 was significantly upregulated in all three treatment groups in the gill, while the expression of PmGrx5 was significantly upregulated in the group injected with Gram-negative bacteria only in the hepatopancreas. This phenomenon suggested that PmGrx5 was more sensitive to Gram-positive bacteria in the gill. However, the relative expression of PmGrx5 in the hepatopancreas was higher than that in the gill in all three treatment groups, suggesting that PmGrx5 in the hepatopancreas played a more important role in the defense of shrimp against pathogens than in the gill, the outer barrier organ of immunity. The same phenomenon was found in Litopenaeus vannamei, where the response of LvGrx3 (a monothiol Grx) was more sensitive in the gill than in the hepatopancreas after LPS injection, but the highest relative expression of lvgrx3 was detected in the hepatopancreas (Zheng et al., 2021).

Ammonia-N is one of the most common aquatic environmental stressors. Ammonia-N in water consists of non-ionic ammonia nitrogen (NH3-N) and ionic ammonia nitrogen ( -N) (Randall and Tsui, 2002). Excess ammonia-N induces the production of ROS/RNS, which exacerbates oxidative damage in the organism (Ching et al., 2009; Bu et al., 2017). Excess ammonia-N in the environment is toxic to aquatic organisms, and crustaceans are no exception. It had been shown that prolonged ammonia-N stress could lead to oxidative damage and inflammation in aquatic organisms, which in turn would lead to reduced immunity and increased susceptibility to pathogens and mortality (Cheng et al., 2015; Zhang et al., 2015; Shi et al., 2019; Liu et al., 2021). The hepatopancreas is the most important organ for ammonia and nitrogen metabolism. The gill is the first immune defense barrier for shrimp in direct contact with the aquatic environment (Shi et al., 2019). In the present study, the expression of PmGrx5 was significantly upregulated in the hepatopancreas and gill of the 96-h SC group relative to the control group during 96 h of ammonia-N stress. The 96-h LC50 group also showed significant upregulation of PmGrx5 in the hepatopancreas, but the relative expression was not as strong as that of the 96-h SC group. However, the expression of PmGrx5 in the hepatopancreas of the 96-h LC50 group was even consistently lower than that of the control and the 96-h SC group. The above results suggested that both high and low concentrations of ammonia-N induced PmGrx5 in response to ammonia-N stress in shrimp and resisted ammonia-N stress by significantly upregulating PmGrx5 expression. However, as the gill was directly exposed to the environment, a high concentration of ammonia-N may severely disrupt the normal function of the gill. Also, the response of PmGrx5 in the hepatopancreas under a high concentration of ammonia-N was much less sensitive than that under a low concentration of ammonia-N. Similar results were reported in PmChi4 and PmGrx3 in P. monodon and lvGrx2 in L. vannamei (Zhou et al., 2017; Zheng et al., 2018; Fan et al., 2021). The above results suggested that within a certain period of time, shrimps can use their own defense system to counteract the adverse effects of ammonia-N stress, but the normal functions of the gill and hepatopancreas of shrimps could be impaired under a high concentration of ammonia-N.

Furthermore, to better validate the defense mechanism of PmGrx5 in shrimp coping with ammonia stress in the marine environment, we significantly inhibited the expression of PmGrx5 using dsRNA. The results showed that dsRNA could significantly exert its disrupting effect at least 72 h after injection. We selected PmTrx and PmPrx1, which are in the same Trx superfamily as PmGrx5, and analyzed their expression after PmGrx5 expression was suppressed. Within 6 h of ammonia-N stress, the expression of PmTrx in the PmGrx5-interfered group showed significant upregulation compared to the dsGFP-injected group. It had been previously demonstrated that Grx compensated for the functional defects of E. coli Trx mutant strains, and therefore, Grx and Trx overlapped in some functions in the cell (Holmgren, 1979). Shrimps may replace the absence of PmGrx5 by upregulating PmTrx during the initial phase of ammonia-N stress. The opposite was true for PmPrx1, which was significantly less expressed in the PmGrx5-interfered group than in the dsGFP-injected group. It was hypothesized that there was a dependence of PmPrx1 on PmGrx5 and that the inability of PmPrx1 to be expressed properly exacerbated oxidative damage in the organism (Zhao and Wang, 2012). A similar situation was observed in PmCAT, where the dsGFP-injected group upregulated PmCAT (a peroxidase) after 3 h under ammonia-N stress to counteract oxidative damage, while the PmGrx5-interfered group failed to do so. CYC was an enzyme that played a crucial role in apoptosis (Hu and Yao, 2016). Initially, ammonia-N stress activated the apoptotic pathway and induced massive expression of PmCYC in the PmGrx5-interfered group. With the prolongation of ammonia-N stress, PmCYC showed a gradual upregulation trend in both groups, while PmIAP (an anti-apoptotic enzyme) was significantly inhibited in the PmGrx5-interfered group. At the same time, the GSH content was also significantly reduced. The above results suggested that when PmGrx5 was inhibited, the organism would upregulate similar function genes to protect itself under ammonia-N stress. However, as the stress time increased, the expression of antioxidant enzymes was inhibited, and the expression of apoptotic genes was increased. The inhibition of PmGrx5 led to a greater risk of oxidative damage to the shrimp.

In this study, direct sequencing was applied for the first time in PmGrx5 for locus typing, and nine SNPs were successfully obtained. Of the nine SNPs, PmGrx5-E1161, PmGrx5-E1249, and PmGrx5-E2324 deviated significantly from the Hardy–Weinberg equilibrium (P < 0.05). On the one hand, artificial selection affects allele frequencies; on the other hand, the samples in this study are extreme populations, which also have an impact on the allele frequency distribution. PmGrx5-E1134, PmGrx5-E1222, PmGrx5-E1241, and PmGrx5-E2297 are located on the ORF. PmGrx5-E1134 and PmGrx5-E1241 are missense mutations that result in mutations from phenylalanine (Phe) and isoleucine (Ile) to serine (Ser) and valine (Val). Phe, Ile, and Val are non-polar amino acids, whereas Ser is a polar amino acid. This may be one of the factors contributing to the altered tolerance to ammonia-N stress in shrimp. PmGrx5-E169, PmGrx5-E187, PmGrx5-E3679, PmGrx5-E3684, and PmGrx5-E3718 are located in the UTR. Although the UTR does not directly alter the structure and function of the protein, promoters, enhancers, and transcription factor binding sites are often located in the untranslated region and, therefore, may affect the translation efficiency or stability of the mRNA (Zhang et al., 2021). In the present study, except for PmGrx5-E3745, the remaining SNPs were significantly correlated with the strength of ammonia nitrogen stress tolerance in shrimp (P < 0.05), and the exact mode of influence needs to be further investigated.

In conclusion, the cDNA of PmGrx5 was cloned and identified as a member of the Trx superfamily, and PmGrx5 was expressed in all tissues and throughout the developmental stages of P. monodon. Both ammonia-N stress and bacterial infection significantly induced the mRNA expression level of PmGrx5 in the hepatopancreas and gill of the shrimp, suggesting that PmGrx5 plays an important role in the defense mechanism of the shrimp against marine environmental stress and pathogen infection. Inhibition of PmGrx5 expression under ammonia-N stress significantly affected the expression levels of other antioxidant enzymes and apoptotic genes, leading to a greater risk of oxidative damage in shrimp. In addition, this study identified SNPs in the exonic region of PmGrx5 and analyzed their correlation with ammonia-N stress tolerance trait in shrimp. This study will lay the foundation for further research on the role of Grx5 in crustacean innate immunity and molecular marker breeding.
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0.2078
0.9669
0.9991

SNPs, single nucleotide polymorphisms; H,, observed heterozygosity; He, expected heterozygosity; N, effective number; MAF, minimum allele frequency; PIC, polymorphism information
content; HWE, Hardy-Weinberg equilibrium.
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SNPs Position Type of base Type of protein

mutation mutation
PmMGrx5-E169 Exon 1 (69 bp) C.-46C>G -
PmGrx5-E187 Exon 1 (87 bp) c.-28T>C -
PmMGrx5-E1134 Exon 1 (134 bp) c.20T>C Mm p.Phe7Ser
PmGrx5-E1222 Exon 1 (222 bp) ¢.108G>T Sm p.Val36=
PMGX5-E1241 Exon 1 (241 bp) c127ASG Mm p.lle43Val
PmMGrx5-E2297 Exon 2 (297 bp) ¢.183C>G Smp.Valg1=
PMGX5-E3679 Exon 3 (679 bp) c*125A5T .
PmGrx5-E3684 Exon 3 (684 bp) c*129A>C =
PMGrx5-E3718 Exon 3 (718 bp) ¢*163T>C -

Mm, missense mutation; Sm, synonymous mutation. *Meaning of the symbols in Table 2
(Dunnen et al., 2016).
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Primer name

Nucleotide sequence (5" — 3')

Purpose

PmGrx5-F1
PmGrx5-R1
PmMGrx5-F2
PmGrx5-R2

UPM long primer
UPM short primer
NUP

PmGirx5-3’ first-round
PmGrx5-3’ second-round
PmGrx5-5” first-round
PmGrx5-5" second-round
EF-10-gF

EF-10-gR
PmGmx5-qF
PmGrx5-gR
PmTrx-gF

PmTrx-gR
PmPrx1-gF
PmPrx1-gR
PmMCAT-gF
PMCAT-gR
PmCYC-gF
PmCYC-gR
PmIAP-gF

PmIAP-gR

iGFP-F

iT7GFP-F
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iT7GFP-R
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PmGrx5-exon1-R
PmGrx5-exon2-F
PmGrx5-exon2-R
PmGrx5-exon3-F
PmGrx5-exon3-R

TCTTGCCGAAGTTACATCATTACCT
CTCATCAATCAACTCTCCGCTCTGA
AATGTGTTGGCAGATGACAGTGTTC
AAAGACAAGCCTTGTACCCAAACAT
CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT
CTAATACGACTCACTATAGGGC
AAGCAGTGGTATCAACGCAGAGT
ATGTTCTCGGCTGTAAAGTTCGCTAGGG
TGGCAGATGACAGTGTTCGACAAGGAAT
TCTGCCAACACATTGTGAGCATCGTAGT
CTGCAATATCTCAGAAACCCAGTTACCG
AAGCCAGGTATGGTTGTCAACTTT
CGTGGTGCATCTCCACAGACT
GGAGACTTTGTTGGTGGGTGTGA
TGCTCTAATAAGGCTGAGGTGATGC
TCCTCCGTCCTTCGTGTCTCTTCCT
ACCAGGTGGCGTAGAAGTCGATGAC
TACCCTTTGGATTTCACCTTTGTC
ATTGATTGTTACCTGACGGAGATT
CGAGGATTTGCTGTGAAGTTTT
ATGAAGGAAGGGAATAGAATAGGAT
GGTGACATCGAGAAGGGCAAGAAGA
CCTTGGACTTGTTGGCGTCTGTGTA
ATGGAGCCCTGTATTGAG

GTGGATGGAGAACTGGAA
ATGGTGAGCAAGGGCGAGGAG
TAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGAG
TCAAAGATCTACCATGTACAGCTCGT
TAATACGACTCACTATAGGTCAAAGATCTACCATGTACAGCTCGT
TGTCCAGGCGTAAACACTTTC
TAATACGACTCACTATAGGTGTCCAGGCGTAAACACTTTC
TCTAATAAGGCTGAGGTGATGC
TAATACGACTCACTATAGGTCTAATAAGGCTGAGGTGATGC
ACTGAGCCTCCTTCAACCC
TAATTCCTTACTGACCGACAAA
TATCCCTGTGAGGCTTTGA

CTTAGCCACAAAGGAGTCAAT

ACCTGTGGCACAAGTTTAA
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