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Glycogen Synthase Kinase 3 Gene Is Important in Growth and Molting of the Pacific White Shrimp Litopenaeus vannamei
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Glycogen synthase kinase 3 (GSK3) is a vital multifunctional molecule that is widely distributed in invertebrates and vertebrates. GSK3 is a highly conserved serine/threonine (Ser/Thr) protein kinase, which plays an important role in insulin, Wnt, and various signaling pathways. In this study, a GSK3 gene were identified in the genome of the Pacific white shrimp, Litopenaeus vannamei, and analyzed its gene structure, phylogeny, and expression profiles. The deduced LvGSK3 protein contains a highly conserved Ser/Thr protein kinase catalytic (S_TKc) domain, the LvGSK3 gene exhibited high expression in different early developmental stages, most adult tissues, and premolting stages. RNA interference of LvGSK3 significantly retarded the increment of body weight and affected the expressions of molting-related genes compared with control groups. These results will improve our understanding of the conserved structure and functions of the LvGSK3 gene and show potential applications of shrimp growth.
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INTRODUCTION

Glycogen synthase kinase 3 (GSK3), a cytoplasmic Ser/Thr kinase family member, is a major mediator in the insulin and Wnt signaling pathways (McManus et al., 2005). At the same time, GSK3 is also at the center of many other signaling pathways, including those that are activated by hedgehog, growth factors, cytokines, and G protein-coupled ligands (Wu and Pan, 2010). In addition, GSK3 was first described in a metabolic pathway of glycogen synthesis regulation, so GSK3 could serve as a key regulator in glucose metabolism (Woodgett and Cohen, 1984; Wang and Roach, 1993; Hur and Zhou, 2010), and it is sensitive to insulin-mediated inhibitors (Plyte et al., 1992; Kim and Kimmel, 2000). Additionally, GSK3 can also regulate cellular division, proliferation, motility, and survival in organisms ranging from yeast to mammals (Frame and Cohen, 2001; Li and Nam, 2002; Rayasam et al., 2009).

There are two subtypes of GSK3 in vertebrates, namely GSK3α (51 kDa) and GSK3β (47 kDa); their catalytic domains share 97% amino acid sequence identity (Wu and Pan, 2010). Although GSK3α and GSK3β may have similar functions in some signaling pathways, they perform distinct functions in other signaling pathways. Genetic analyses found that there is a homolog of GSK3 in Drosophila, named Shaggy or Zeste-white3, which is a well-known repressor of the Wingless (Wg) signaling pathway (Frame and Cohen, 2001). In Drosophila, Shaggy not only regulates development by controlling Wnt/β-catenin signaling (Rubinfeld et al., 1996) but also acts as a kinase, which is essential for determining cell fates during early development (Frame and Cohen, 2001). Knockout of shaggy in Drosophila could be rescued by overexpression of human GSK3β rather than GSK3α, which suggests that GSK3α and GSK3β may have different physiological functions (Ruel et al., 1993). Insulin could trigger the phosphorylation of GSK3 by turning the N-terminus into a pseudosubstrate inhibitor, thus lead to inactivation of GSK3, while Wnt proteins could inhibit GSK3 in a completely different way, by disrupting a multiprotein complex comprising GSK3 (Frame and Cohen, 2001).

In Drosophila, Shaggy inhibits the growth of motor neuron neuromuscular joints, regulates microtubule dynamics and actin cytoskeleton, forms chitin shell, regulates biorhythm, and changes epidermal cell morphology (Dierick and Bejsovec, 1999). Therefore, Shaggy may have a positive effect on growth and molting. In the fresh-water sponge (Ephydatia muelleri), GSK3 is involved in the formation of its oscula and aquiferous system (Windsor Reid et al., 2018). In the Portuguese oyster (Crassostrea angulata), high glycogen content in the gonads and adductor muscles is associated with reproduction and growth. After the maturation stage, the glycogen content and the expression of Ca-GSK3β decreased simultaneously. This indicates that Ca-GSK3β can reflect the stages of glycogen metabolism and reproduction (Zeng et al., 2013). In the Chinese mitten crab (Eriocheir sinensis), GSK3 regulates the innate immune responses by promoting TNF-α transcription and inhibiting hemocyte phagocytosis (Li et al., 2017). However, further research on the effect of GSK3 on the growth of marine invertebrates is still very scarce.

The Pacific white shrimp, Litopenaeus vannamei, is one of the most economically important marine aquaculture species in the world. So far, there is limited research on GSK3 in penaeid shrimp species. In this study, we identified the GSK3 gene from L. vannamei genome and transcriptome database. Subsequently, the gene structure and expression profile of the GSK3 gene were comprehensively explored. Through RNA interference, we found that GSK3 could affect the growth rate of shrimp and play an important role in regulating molting. This study will clarify the structure and function of the GSK3 gene and help understand the growth mechanism of shrimp.



MATERIALS AND METHODS


Experimental Animals

The experimental shrimp were cultured in seawater at the laboratory of the Institute of Oceanology, Chinese Academy of Sciences (Qingdao, Shandong, China), at a temperature of 25 ± 1°C, a salinity of 30‰, and a pH of 7.5 ± 0.1. The aquaculture seawater was filtered, sterilized, and continuously oxygenated. All shrimp were fed three times a day at 9:00 a.m., 2:00 p.m., and 7:00 p.m. with equally commercial food pellets (Dale Feed Company, Yantai, China). The average initial weight of the shrimp was 3.2 ± 0.7 g. The animal study was reviewed and approved by the ethics committee of the Institute of Oceanology, Chinese Academy of Sciences. We declare that all animal experiments in this study were conducted in accordance with the guidelines of UK Animals Act, 1986 and EU Directive 2010/63/EU. In these experiments, we did not use any endangered or protected species.



Sequence Analyses

In order to identify the GSK3 gene, the sequences which were annotated as GSK3 from the L. vannamei genome and transcriptome data from our previous studies were extracted (Wei et al., 2014; Gao et al., 2015; Zhang et al., 2019; Sun et al., 2020). The GSK3 gene was screened by running a local blast of the L. vannamei genome against the giant tiger shrimp (Penaeus monodon) GSK3β sequence. BioEdit1 was used to compare these GSK3 gene sequences, and CAP3 program was used to remove the redundant sequences (Huang and Madan, 1999). The amino acid sequences were deduced by submitting the GSK3 sequences to the ORF Finder2 and the ExPASy translate tool3. To confirm the conserved domains of GSK3, its amino acid sequence was analyzed by SMART4. Then, the 3D structure of the GSK3 protein was predicted by SWISS-MODEL5 and SAVES v5.0 was used to assess the quality of the final result6. Finally, the putative shrimp GSK3 gene was named LvGSK3, and its phylogeny and gene expression profiles were analyzed.



Phylogenetic Analyses

A phylogenetic tree was constructed for multiple invertebrate and vertebrate GSK3 proteins. These orthologous and paralogous sequences were obtained from the NCBI protein database (Supplementary Table 1): the sequences of four vertebrates (Homo sapiens and Danio rerio); the rest of the sequences were from invertebrates, including Malacostraca (P. monodon, Euphausia superba, E. sinensis, Procambarus clarkii, Macrobrachium nipponense, and Armadillidium nasatum), Branchiopoda (Artemia sinica, Daphnia magna, Daphnia pulex, and Eurytemora affinis), Insecta (Drosophila melanogaster, Cotesia chilonis, Colaphellus bowringi, Aedes aegypti, and Anopheles darlingi), Lamellibranchia (C. angulata and Mizuhopecten yessoensis), Gastropoda (Aplysia californica and Pomacea canaliculate), Chromadorea (Caenorhabditis elegans), Hydrozoa (Hydra vulgaris), and Demospongiae (Amphimedon queenslandica and Suberites domuncula). MEGA X7 was used to build the GSK3 phylogenetic tree. All GSK3 protein sequences were aligned with default settings using the Muscle algorithm. Next, the phylogenetic tree was constructed by the Maximum likelihood (ML) distance algorithm with a default model and the Interactive Tree of Life (iTOL)8 online tool was applied for the final visualization and ornament.



Transcription Factor Prediction

The transcription factor binding site (TFBS) was predicted using the AnimalTFDB 3.0 program9 for a 10-kb sequence corresponding to the 5’ flanking region of the shrimp GSK3 gene. The p-value <10–7 was set as a restricted condition for selecting the transcription factor binding sites. Finally, the results were visualized using the OriginPro 2019b10.



Gene Expression Profiles

In previous studies, we had accomplished digital gene expression (DGE) profiling sequencing of 20 early development stages (zygote, 2-cell, 4-cell, 32-cell, blastula, gastrula, limb bud embryo I–II, larva in membrane I–II, nauplius I, nauplius III, nauplius VI, zoea I–III, mysis I–III, and postlarvae 1), eight molting stages [intermolting (C), premolting (D0, D1, D2, D3, and D4), and postmolting (P1 and P2)], and RNA-Seq sequencing of 16 types of adult tissues (hemocyte, antenna, muscle, intestines, ovary, stomach, lymphoid organ, gill, hepatopancreas, testis, eye-stalk, brain, thoracic ganglion, ventral nerve, epidermis, and heart) in L. vannamei (Wei et al., 2014; Gao et al., 2015; Zhang et al., 2019; Sun et al., 2020). Through using the RSEM program (version 1.3.0), the fragments per kilo bases per million read (FPKM) values of LvGSK3 were calculated by mapping clean reads to unigenes from the transcriptome data. Then, the FPKM values were used to compare the gene expression differences. Genes with p ≤ 0.01 and absolute value of log2(fold change) ≥ 1 were identified as differentially expressed genes (DEGs). The data was normalized by log2 conversion, and TBtools11 was used to draw column charts.



In vivo RNA Interference

Primer3Plus12 was used to design a pair of specific primers, GSK3-F/R, and added the T7 promoter sequence to GSK3-F/R to form dsGSK3-F and dsGSK3-R. Using the dsGSK3-F/R primer pairs, a 437-bp cDNA fragment of the LvGSK3 was amplified. The specific steps of PCR are as below: one cycle of predegeneration at 95°C for 4 min, 40 cycles of amplification (94°C for 30 s, 65°C for 30 s, 72°C for 30 s), and one cycle of extension at 72°C for 10 min. The same procedure was used to amplify a 289-bp enhanced green fluorescent protein (EGFP) cDNA fragment, but the annealing temperature was 60°C. The final PCR products were purified by using a MiniBEST DNA fragment purification kit (TaKaRa, Maebashi, Gunma, Japan). Then, the purified product was used as a template to synthesize the double-stranded RNA (dsRNA) by using the Transcript Aid T7 High Yield kit (Thermo Fisher Scientific, Waltham, MA, United States) according to the instruction from the manufacturer. Finally, 1.5% agarose gel electrophoresis and NanoDrop 2000 (Thermo Fisher Scientific, United States) were used to detect the quality and concentration of dsRNAs, respectively. The qualified dsRNAs were stored at -80°C until use.

To obtain the optimal dsRNA interference dosage, 84 juvenile shrimp individuals (∼2–3 g each, in the premolt D1–D2 stage) were selected for preliminary experiment. These individuals were randomly divided into seven groups, each containing 12 shrimp, including three experimental groups (dsGSK3 groups), three dsEGFP groups, and one phosphate buffer saline (PBS) group. Each group consisted of three replicate samples, with four individuals in each sample. Then, we set three different interference dosages, 2, 6, and 10 μg. Specifically, the dsGSK3 groups and the EGFP groups were separately injected with 2, 6, and 10 μg of dsRNA (dissolved in 10 μl PBS) into the last abdominal segment of each shrimp; whereas, individuals in the PBS group were only injected with 10 μl PBS (solvent). After 48 h, the dsRNA interference efficiency of each preliminary experiment group was detected. Concretely, the muscle tissues of shrimp were sampled, then RNA isolation and cDNA synthesis were conducted, and the final products were used for qPCR experiment. By calculating and comparing the interference efficiency, 10 μg was regarded as the final interference dosage.

In the formal RNAi experiment, 108 individuals (3.2 ± 0.7 g each, in the premolt D1–D2 stage) were divided into three groups, including the dsGSK3 group and control groups (EGFP and PBS groups), and then injected with 10 μg dsGSK3, 10 μg dsEGFP, and 10 μl PBS, respectively. Each group includes three biological replicates. The same injection was repeated every 4 days. The experiment lasted for 2 weeks. Before the first injection, the body weight and body length of each shrimp were measured using an analytical balance and a ruler with an accuracy of 0.1 cm. After the experiment, the same method was used to measure the body weight and body length again. Then, the muscles and ventral nerves were sampled and frozen in liquid nitrogen, and then stored at −80°C.



RNA Isolation and cDNA Synthesis

According to the manufacturer’s instructions, RNAiso Plus (TaKaRa, Japan) reagent was used to isolate total RNA from muscles and ventral nerves. Then, 1% agarose gel electrophoresis and Nanodrop 2000 (Thermo Fisher Scientific, United States) were used to detect the quality and the concentration of RNA. Using 1.5 μg RNA as template, the first-strand cDNA was synthesized with the PrimeScript First Strand cDNA Synthesis Kit (TaKaRa, Japan). The specific cDNA synthesis steps were as follows: the first step was to remove genomic DNA, 5 × genomic DNA eraser buffer was added to the template at 42°C for 5 min, and then moving on to step 2 immediately, at 37°C for 1 h and 85°C for 5 s. Finally, the cDNA was stored at −80°C until use.



Real-Time Quantitative PCR

After RNAi treatments, SYBR Green-based quantitative real-time PCR (qPCR) were utilized to detect the relative expression level of the LvGSK3 gene. The 18S rRNA was selected as the internal reference gene. Primer3Plus (see text footnote 12) was used to design two pairs of primers, rtGSK3-F/R and rt18S-F/R. Then, an Eppendorf Mastercycler ep realplex (Eppendorf, Hamburg, Germany) equipment was used to perform the qPCR. The SuperReal PreMix Plus (SYBR Green) (Tiangen, Beijing, China), template, primers, and DEPC water were mixed in a certain proportion (Supplementary Table 2); each sample includes four technical replicates. The qPCR steps were as follows: 94°C for 2 min, 40 cycles of 94°C for 20 s, 62°C or 55°C for 20 s (the annealing temperature of rtGSK3-F/R and rt18S-F/R were 62 and 55°C, respectively), and 72°C for 20 s. Eventually, the comparative quantification cycle (Cq) method with the 2–ΔΔCq equation were used to calculate the relative expression level of LvGSK3 gene (Livak and Schmittgen, 2001).

All primer sequences used in this paper are shown in Supplementary Table 3. The standard curve required to determine efficiency is shown in Supplementary Figure 1. In addition, the melt curve reflecting primer specificity is shown in Supplementary Figure 2.



Statistical Analyses

The statistical significance between the control and different treatment groups were subjected to one-way ANOVA tests using SPSS (version 20)13.




RESULTS


Characteristics of the GSK3 Sequence

A putative GSK3 gene named LvGSK3 (XM_027372807.1) was identified from the L. vannamei genome and transcriptome database. The open reading frame (ORF) length of LvGSK3 is 1,233 nt in length, which encode 410 aa. The deduced LvGSK3 protein has a molecular weight of 46 kDa, and an isoelectric point (pI) of 8.88. It is noteworthy that LvGSK3 protein has a highly conserved Ser/Thr protein kinases (S_TKc) domain, which could be served as a catalytic domain.

By analyzing the structure of GSK3 proteins in different species, they were found to share the typical S_TKc domain (Figure 1) and a high degree of homology among invertebrates and vertebrates. The SMART prediction results also showed that most of GSK3s have the S_TKc domain.
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FIGURE 1. GSK3s’ phylogenetic tree and their structures.




Phylogenetic Analysis of the GSK3s

The 28 GSK3 superfamily sequences obtained from the NCBI database and the LvGSK3 sequence were used to construct a phylogenetic tree. Phylogenetic analysis showed that LvGSK3 clustered with six GSK3β sequences from malacostracans, P. monodon, P. clarkii, E. sinensis, M. nipponense, E. superba, and A. nasatum. This branch clusters together with the GSK3 sequences from other arthropods, including insects and branchiopods, followed by Nematoda, Mollusca, Chordata, Cnidaria, and Porifera. Among these GSK3 sequences from different species, insect GSK3s have the closest relationship with that of malacostracans (Figure 1).



Multiple Sequence Alignment Analysis

Multiple sequence alignments were performed to detect the conserved elements of LvGSK3 and other GSK3 proteins (Figure 2). The results showed that LvGSK3 was highly homologous with these sequences, the Lys83, Asn184, and Asp198 residues in the ATP-binding socket were conserved in the enzyme (Figure 2). Besides, Gly58 only exists at the N-terminus of decapods instead of other invertebrates, which is a specific difference between crustaceans and other invertebrates (such as insects and molluscs) (Figure 2). When it comes to the special difference between vertebrates and invertebrates, Pro57 only exists at the N-terminus of vertebrates instead of invertebrates (Figure 2). These differences may help us discuss the adaptive changes of invertebrates.
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FIGURE 2. Multiple sequence alignment of the GSK3 protein sequences. The results of multiple sequence alignment were visualized and ornamented by the Jalview. The black triangles (▼) represent those sites in the ATP-binding pocket.




Predicted 3D Structure of LvGSK3

The 3D structure analysis of LvGSK3 showed that there are seven reverse parallel β-sheets and one α-helix at the N-terminus, some α-helices exist at the C-terminus, and the active center, T-loop structure, connects the N-terminus and the C-terminus. At the N-terminus, the second to sixth β-sheets form a “barrel” structure, and the α-helix is located between the fifth and sixth β-sheets (Figure 3A). Tyr214 is an important phosphorylation regulatory site in T-loop region. The T-loop region of the LvGSK3 protein also has three positively charged amino acids, namely Arg94, Arg178, and Lys203, which look like a pocket, also known as a “phosphoprotein-binding pocket” (Figure 3B). The binding pocket has an activation loop and a β-sheet-loop-α-helix supersecondary structure which consists Lys83 residue in the β-sheet, 85-VLQDKRFKN-93 in the loop, and Glu95-Leu96 in the α-helix. The activation loop consists in a 58-KVIGNGSFGVVFQ-70 sequence.
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FIGURE 3. Predicted 3D structure of LvGSK3. (A) Predicted 3D structure of LvGSK3. Green represents tyrosine 214 residues. (B) Predicted 3D structure of LvGSK3. White represents arginine 94 and 178 residues; green represents lysine 203 residues. β-Sheet is in yellow, helix is in blue, β-turn is in cyan, and random coil is in white.




Transcription Factors for LvGSK3

More than 40 transcription factors (TFs) were predicted under a restricted condition (p-value <10–7) (Figure 4). Among these transcription factors, the major transcription factor-binding site is CTCF (CCCTC-binding factor), which has four main functions: transcription regulator, chromatin organization, response to ecdysone, and segment specification14. Myogenic differentiation 1 (MYOD1) may be one of the most important transcription factors in the LvGKS3, which is closely related to muscle development (Zammit, 2017). Retinoid X receptor alpha (RXRA) is an important member of the nuclear receptor superfamily and regulates various transcriptions including molting (Nakagawa and Henrich, 2009). The prediction result indicated that LvGSK3 has multiple functions. The first group of transcription factors focuses on the aspect of regulating transcription; the second group of TFs belongs to cell differentiation, cell proliferation, cell division, segment specification, and muscle development or regeneration, which are all related to the growth and development of organisms; the third group of TFs focuses on ecdysis, such as the regulation of ecdysis and ecdysone response; the forth group of TFs is about the immune systems.


[image: image]

FIGURE 4. LvGSK3 transcription factors’ resource and their main functions. The results of transcription factor stem from Ensembl and hTFtarget database. hTFtarget: a comprehensive database for regulations of human transcription factors and their targets.




Expression Profile of LvGSK3

In different early development stages of L. vannamei, LvGSK3 initially appeared in zygote, its expression gradually increased from C2 to the gastrula stage, and reached a peak. Then, after the zoea I stage, the LvGSK3 expression gradually decreased and finally reached a steady state (Figure 5A). Generally, the molting cycle of shrimp can be divided into eight recurrent stages, including intermolting (C), premolting (D0, D1, D2, D3, and D4), and postmolting (P1 and P2) stages. Throughout the molting process, LvGSK3 was highly expressed and reached its maximum value at the D3 stage (Figure 5B). By analyzing the transcriptional profiles in 16 different adult tissues, the spatial expression of LvGSK3 was determined. The relative expression of LvGSK3 was at a high level in most tissues, except for the gonads (ovary and testis). Among these tissues with high expression level, the eye stalks, hearts, and muscles were the tissues with the highest expression (Figure 5C).
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FIGURE 5. The expression profiles of LvGSK3 gene. (A) Early development stages: zygote (zygo), 2 cells (C2), 4 cells (C4), 32 cells (C32), blastula (blast), gastrula (gast), limb bud embryo I (Lbe1), limb bud embryo II (Lbe2), larva in membrane I (Lim1), larva in membrane II (Lim2), nauplius I (N1), nauplius III (N3), nauplius VI (N6), zoea I (Z1), zoea II (Z2), zoea III (Z3), mysis I (M1), mysis II (M2), mysis III (M3), and postlarvae 1 (P1); (B) molting stages: intermolting (C), premolting (D0, D1, D2, D3, and D4), and postmolting (P1 and P2) stages; and (C) adult tissues: Hc, hemocyte; Ant, antenna; Ms, muscle; In, intestines; Ov, ovary; St, stomach; Oka, lymphoid organ; Gi, gill; Hp, hepatopancreas; Te, testis; Es, eye stalk; Br, brain; Tg, thoracic ganglion; Vn, ventral nerve; Epi, epidermis; and Ht, heart. These experiments and data are from previous studies, respectively (Wei et al., 2014; Gao et al., 2015; Zhang et al., 2018).


In order to verify the accuracy of the expression profile data of different tissues, the relative expression levels of LvGSK3 in 14 tissues of adult shrimp were detected. Comparing the expression profiles obtained by RNA-seq with that of qPCR, the expression levels of the eye stalk, heart, and muscle were higher, while the expression levels of the ovary were the lowest. However, there were some inconsistencies between them, the relative expression levels of lymphoid organs and brains obtained by qPCR were significantly higher than that of RNA-seq, and the relative expression level of thoracic ganglion was opposite (Supplementary Figure 3). In general, the expression levels of most tissues were consistent, and some tissue differences might be caused by individual differences, so the RNA-seq results were basically accurate.



RNA Interference of LvGSK3

In the pre-experiment of RNA interference, compared with the control groups, the relative expression level of LvGSK3 was significantly decreased when 10 μg dsRNA was injected into individuals of the dsGSK3 group (Figure 6A). Therefore, 10 μg was used as the optimal interference dosage. This RNA interference experiment lasted for 2 weeks. After the experiment, the relative expression levels of LvGSK3 in the muscles and ventral nerves were significantly inhibited by dsGSK3 (Figures 6B,C).
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FIGURE 6. The relative expression levels of different treatments. (A) The silencing efficiency of LvGSK3 injected with different dosages of dsRNA. (B) Relative expression level of LvGSK3 after RNAi in muscle. (C) Relative expression level of LvGSK3 after RNAi in ventral nerve. The expression of target gene was detected by real-time PCR and normalized to the 18S rRNA as the internal reference. The results were based on three independent biological replications and showed at mean values ± SD. Significant differences of the gene expression levels between three treatments are shown as **p < 0.01 and *p < 0.05.


When it comes to the growth trait of L. vannamei, the body weight gain of the dsGSK3 group was significantly lower than that of two control groups (PBS and dsEGFP groups, p < 0.05) (Figures 7A,C). However, the increment of body length of the dsGSK3 group was slightly lower than that of the two control groups but not significantly (p > 0.05) (Figures 7B,D).
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FIGURE 7. The growth of L. vannamei after LvGSK3 RNAi. (A) The increase in body weight after LvGSK3 RNAi. (B) The increase in body length after LvGSK3 RNAi. (C) The raincloud figure reflected the increase in body weight after LvGSK3 RNAi. (D) The raincloud figure reflected the increase in body length after LvGSK3 RNAi. The results were based on three independent biological replicates and are shown as mean values ± SD. Significant differences of the gene expression levels between three treatments are shown as *p < 0.05.


Subsequently, the relative expression levels of muscle-related genes (actin and myosin) and ecdysis-related genes (EcR, RXR, LvE75, Br-C, and Ftz-F1) were detected. The results showed that the relative expression levels of actin and myosin were both significantly lower than the EGFP and PBS groups (Figure 8A). The expression of molting-related genes was more complicated; EcR and RXR belong to the upstream of ecdysone pathway, which regulate the ecdysone response genes such as Br-C, E75, and Ftz-F1 (Song et al., 2017). The relative expression levels of EcR and Br-C of LvGSK3 interference group are significantly lower than that of two control groups; while that of RXR and Ftz-F1 both have a little bit raised expression but not significant; and the relative expression level of E75 in the LvGSK3 interference group is approximately equal to that of the PBS group and significantly higher than EGFP group (Figure 8B).
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FIGURE 8. The expression level of growth- and molting-related genes in LvGSK3 RNAi samples. (A) The relative expression level of growth-related genes. (B) The relative expression level of molting-related genes. The results were based on three independent biological replications and showed at mean values ± SD. Significant differences of the gene expression levels between three treatments are shown as *p < 0.05.





DISCUSSION


Structure Characteristics of LvGSK3

In the present study, the gene structure and expression characteristics of LvGSK3 identified from the L. vannamei genome were analyzed. The pI of deduced LvGSK3 protein is 8.88, so LvGSK3 is an alkaline protein, like most species. Lys83, Asn184, and Asp198 are highly conserved, which indicates that these residues play a key role in enzyme catalysis (Pierce and Kimelman, 1995).

GSK3 is a unique kinase, the inactivation of GSK3 is caused by the phosphorylation of its substrates, which is different from other kinases (Harwood, 2001; Doble and Woodgett, 2003; Rayasam et al., 2009). Additionally, it has a unique substrate specificity, many of them require phosphorylated Ser/Thr residues, called “priming phosphate.” This priming phosphate is located at the C-terminal four amino acids of the phosphorylation site (Frame et al., 2001; Harwood, 2001; Doble and Woodgett, 2003). In terms of the 3D structure of LvGSK3, there is a short α-helix between the fifth and sixth strands of the barrel topologically (Knighton et al., 1991; Dajani et al., 2001). Besides, the α-helix contains only two turns, which is shorter than that of other kinases. The α-helix at the end of the seventh strand acts as a bridge between the N-terminal domain and the rest of the domain (Zhang et al., 1994; Wang et al., 1997; Dajani et al., 2001). The α-helix structures are the mainly component of the C-terminus of the polypeptide. In the LvGSK3, a phosphorylation site (Tyr214) exists in the activation segment (208-GEPNVSYICSR-218). This residue is equivalent to Tyr185 in the activation segment of MAP kinases (180-GFLTEYVATR-188) (Robbins et al., 1993) and Tyr216 in the activation segment of H. sapiens GSK3β (Hughes et al., 1993). Compared with GSK3β, a comparable conformation for a pTyr214 would be possible in LvGSK3, with the tyrosyl phosphate group interacting with Arg218 and Arg221, and the topological equivalent of Arg220 and Arg 192 in GSK3β, which allows full access to the P+4-binding site (Dajani et al., 2001). Combined with the analysis of GSK3β, we can infer that LvGSK3 Tyr214 phosphorylation is generally considered to be an intramolecular autophosphorylation mechanism. Phosphorylated Tyr214 would facilitate improving the activity of the phosphorylated substrate and make it easier for the substrate to bind to the active pocket. However, Tyr214 of unphosphorylated GSK3 does not block the entry of the substrate into the conformation, suggesting that Tyr214 could only assist substrate phosphorylation, which is not a prerequisite for kinase activity. Meanwhile, further studies have shown that phosphorylated Tyr216 could increase the activity of GSK3 by five times. On the contrary, when Tyr216 becomes Phe216, the activity of GSK3β will be reduced by 5–10 times (Hughes et al., 1993; Dajani et al., 2001). Therefore, the phosphorylated Tyr214 is also deduced to have a positive effect on LvGSK3 activity.

As for the phosphoprotein-binding pocket, it is a T-loop region composed of three positive charge residues, Arg94, Arg178, and Lys203 (Figure 3B). Since the shape of the region like a pocket, it was named “phosphoprotein-binding pocket.” The three residues (Arg94, Arg178, and Lys203) are conserved in all GSK3 homologs identified so far, which indicated that the phosphate-binding domain and the substrate specificity of GSK3 are conserved in all organisms (Frame et al., 2001). This region contains the conformational sites that bind to primed phosphorylation substrates and an important phosphorylation regulatory site, Tyr214 in LvGSK3 (Figure 3A). The structure of LvGSK3 is very similar to that of vertebrate GSK3β, thus we could deduce that there is a certain correlation between their functions.



Phylogeny of LvGSK3

Through phylogenetic analysis, LvGSK3 first clusters with the GSK3β/shaggy of malacostracans. This cluster combines with five GSK3β/shaggy sequences from insects and four GSK3β sequences from branchiopods to form a large branch. Next, this branch is closely related to GSK3β of mollusks and vertebrates (human and zebrafish) and is the furthest related to spongia. According to the phylogenetic tree, GSK3β isoform presents in most invertebrate. In vertebrates, GSK3α has a large number of highly conserved Gly residues at the N-terminus, which is a unique feature compared with the GSK3β and GSK3s of invertebrate species (Kannoji et al., 2008). In this study, LvGSK3 has no glycine-rich extension at its N-terminus (Figure 2). These characteristics indicate that LvGSK3 is relatively close to GSK3β. Additionally, GSK3β isoform (XP_013780561.1) exists in the horseshoe crab, Limulus polyphemus, which is one of the most ancient arthropods. So, GSK3β may be an ancient form, and the differentiation of GSK3α and GSK3β in vertebrates should have occurred later. The SMART analysis showed that the S_TKc domain was highly conserved in L. polyphemus. In rat, some researches have shown that GSK3β can also substitute for several shaggy functions, suggesting its conservation (Siegfried et al., 1992; Ruel et al., 1993; Welsh et al., 1996).

Interestingly, GSK3 sequences of malacostracans in Figure 1 are shown in a separate cluster from branchiopods, which are also crustaceans. In the Pancrustacea taxon (von Reumont et al., 2012; Rota-Stabelli et al., 2013), Malacostraca and Branchiopoda are two large Class/Subclass of Crustacea (Subphylum), although branchiopods were usually considered the sister group to the remaining crustaceans, it has been widely accepted that crustaceans are paraphyletic group, and Branchiopoda are thought to be the sister clade of Xenocarida (Remipedia and Cephalocarida) and Hexapoda (insects and their relatives) (Andrew, 2011; Rota-Stabelli et al., 2013). Thus, GSK3 genes of malacostracans and a cirripedia were shown in a separate cluster from branchiopods in this study.



Possible Functions of LvGSK3

GSK3s (GSK3α/β) have diverse functions via acting on a variety of substrates, these substrates usually follow a simple pattern: substrates negatively regulated by GSK3-mediated phosphorylation promote a proliferative/survival status, whereas substrates positively regulated by GSK3 favor a more differentiated functional state (Cole, 2012). Low GSK3 activity not only promotes proliferation but also prevents differentiation (Doble et al., 2007). Additionally, GSK3 plays an important role in cell survival. When GSK3 activity is low, many apoptosis-related GSK3 substrates are activated, and promoted the cell survival by reducing phosphorylation of substrates and protect them against ubiquitin/proteasome-mediated degradation (Cole, 2012).

Through the prediction of transcription factors, we suppose that the functions of LvGSK3 may be divided into four main aspects, including transcription regulation, muscle growth and development, ecdysis process, and immunity (Figure 4). In this study, that the relative expression levels of actin and myosin were both significantly decreased in GSK3 interference group. Actin and myosin are the main muscle constituent proteins. Decreased expression levels of actin and myosin suggested the reduction of muscle protein synthesis or the occurrence of muscle atrophy (Qian et al., 2014). Combining the results above, we believe that LvGSK3 might be a key factor in growth, and the inactivation of LvGSK3 can inhibit the growth of L. vannamei.

Molting is an important physiological process in the growth and development of crustaceans. By analyzing the expression levels of molting-related genes in LvGSK3 RNA interference group, it can be found that GSK3 could significantly affect the expression of EcR and Br-C in shrimp. For the phenotypic, the body length increment of LvGSK3 RNAi group was lower than EGFP and PBS groups (Figure 7B), which indicated that EcR and Br-C were inhibited when LvGSK3 was knockdown, and the molting rate was reduced, so the body length increment of shrimp was lower than those of two control groups. However, the decline trend of body length increment was not significant, and the expression levels of RXR and Ftz-F1 were increased slightly, which indicated that LvGSK3 might work in the downstream of RXR and Ftz-F1 transcriptional regulation and give negative feedback to some molting-related genes.



Molting Stage Selection and Sampling

In this study, it is particularly noteworthy that molting stage is important data since LvGSK3 might conduct negative feedback on some molting-related genes. The premolt phase (generally subdivided into D0, D1, D2, D3, and D4) is the longest period. During early premolt phase, shrimp lose the connection between living tissue and extracellular cuticles. Through a series of physiological activities, such as somatic muscle atrophy, resorption of the old exoskeleton, and formation of a new exoskeleton under molting fluid then occur in preparation for ecdysis (Gao et al., 2015). The shrimp in the premolt D1–D2 stage were chose to conduct the first RNAi injection experiment. First, the D1–D2 stage is early premolt phase, so, interfering LvGSK3 at this stage might contribute to study the effect of this gene on molting. Second, the premolt phase is the longest period and comprises up to two-thirds of the molting cycle, shrimp in the D1–D2 stage are more readily available. Third, after D1–D2 stage, the shrimp form a new exoskeleton under molting fluid and are about to molt, which can heal the wound left by the injection and prevent them from getting infected by pathogens.

In order to study the effect of GSK gene on shrimp growth, muscle and ventral nerve were selected as samples for interference efficiency detection. The ventral nerve receives and processes descending signals from the brain to produce a variety of coordinated motorial outputs (Allen et al., 2020). It controls muscles in unique ways. Because there is a close connection between the ventral nerve and the muscle, detection of GSK3 expression in the ventral nerve could more fully reflect the effect of GSK3 on the muscle (Bidaye et al., 2014; Chen et al., 2018; Mamiya et al., 2018). On the other hand, the expression profile of different tissues showed that the ventral nerve expression was higher, combined with its good availability, the ventral nerve determination was important and considered in the study.




CONCLUSION

In this study, LvGSK3 gene were identified and characterized using the data obtained from genome and transcriptome of L. vannamei. LvGSK3 present the same highly conserved domain observed in all GSK3 family members, and may belong to the GSK3β family as most invertebrates. RNA interference experiment showed that LvGSK3 was definitively involved in L. vannamei growth and molting, and LvGSK3 could promote the growth of shrimp. Finally, our findings provide a valuable basis for studying the role of GSK3 gene in the growth and molting of crustacean.
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