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The TRIpartite Motif (TRIM) proteins play key roles in cell differentiation, apoptosis, development, autophagy, and innate immunity in vertebrates. In the present study, a novel TRIM9 homolog (designated as LvTRIM9-1) specifically expressed in the lymphoid organ of shrimp was identified from the Pacific whiteleg shrimp Litopenaeus vannamei. Its deduced amino acid sequence possesses the typical features of TRIM proteins, including a RING domain, two B-boxes, a coiled-coil domain, a FN3 domain, and a SPRY domain. The transcripts of LvTRIM9-1 were mainly located in the lymphoid tubules of the lymphoid organ. Knockdown of LvTRIM9-1 could apparently inhibit the transcriptions of some genes from white spot syndrome virus (WSSV) and reduce the viral propagation in the lymphoid organ. Overexpression of LvTRIM9-1 in mammalian cells could activate the promoter activity  of NF-κB, and an in vivo experiment in shrimp showed that knockdown of LvTRIM9-1 reduced the expression of LvRelish in the lymphoid organ. Yeast two-hybridization and co-immunoprecipitation (Co-IP) assays confirmed that LvTRIM9-1 could directly interact with LvIMD, a key component of the IMD pathway, through its SPRY domain. These data suggest that LvTRIM9-1 could activate the IMD pathway in shrimp via interaction with LvIMD. This is the first evidence to show the regulation of a TRIM9 protein on the IMD pathway through its direct interaction with IMD, which will enrich our knowledge on the role of TRIM proteins in innate immunity of invertebrates.
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Introduction

White spot syndrome virus (WSSV), the causative agent of white spot syndrome (WSS), could cause 100% mortality within 7–10 days and lead to serious economic loss in shrimp aquaculture worldwide (1, 2). Several signaling pathways including Toll pathway, IMD pathway, and JAK-STAT pathway are reported to be involved in the immunity of shrimp during WSSV infection (3). The Toll and IMD pathways, two NF-κB signaling pathways mediated by the transcriptional factor Dorsal and Relish, can regulate the expression of various antimicrobial peptides (AMPs) that directly kill foreign pathogens. However, these two pathways could also be subverted and hijacked by the virus to favor its propagation in shrimp during WSSV infection (1). Activation of Toll or IMD pathway promotes the expression of several WSSV immediate early genes, like wsv069 and wsv303 (4, 5). Therefore, activation of these two pathways might work as a double-edged sword in shrimp during WSSV infection.

The shrimp IMD pathway mediates a signaling cascade with high similarity to the Drosophila IMD pathway (6). The Drosophila IMD pathway is triggered by peptidoglycan via its receptor peptidoglycan recognition protein (PGRP) and leads to the recruitment of a signaling complex consisting of IMD, Fas-associated protein with a death domain (FADD), and the caspase-8 homolog death-related ced-3/Nedd2-like protein (DREDD) (7). IMD is ubiquitinated and then functions as a scaffold for interaction with the TAK1/TAB2 complex and consequently activates the IKK/Relish branch to initiate the transcription of target genes (8). Although some homologs of the Drosophila IMD pathway including PGRP, FADD, and DREDD have not yet been identified in shrimp, some core components, such as IMD, TAB2, TAB1, TAK1, IKKβ, IAP2, and the transcription factor Relish, have been reported in shrimp, and interplay among these core components can regulate the expression of several AMPs in insect cells and in vivo (9–13). Shrimp IMD encodes a death-domain-containing protein and could induce the expression of AMP genes in S2 cells (6). Shrimp Relish is activated via phosphorylation and cleavage to release its N-terminal Rel homology domain (RHD), which is then translocated into the nucleus to trigger the expression of several AMPs (9).

The immune function of the IMD pathway in shrimp is regulated by multiple molecules, such as NF-κB repressing factor, Akirin, and TRIpartite Motif (TRIM) proteins (1). TRIM proteins, one family of E3 ubiquitin ligases, could activate or inhibit NF-κB signal transduction through mediating various types of ubiquitination in vertebrates (14). In mammals, TRIM proteins are grouped into eleven classes according to their diverse C-terminal domains and exhibit different functions in different ways (15, 16). For example, TRIM8, TRIM20, TRIM23, and TRIM25 exhibit positive regulatory effects on the NF-κB pathway, while TRIM9, TRIM19, TRIM21, TRIM27, and TRIM30α show negative regulatory functions (14, 17). In humans, two isoforms of TRIM9, generated by alternative splicing of one coding sequence, negatively regulate the NF-κB pathway via interacting with β-transducin repeat-containing protein (β-TrCP) (18, 19). These data suggest that TRIM proteins play important roles in regulating NF-κB pathways. In crustaceans, different TRIM proteins have been identified with important functions during pathogen infection, since our first identification of a TRIM9 in Litopenaeus vannamei (20). TRIM50 can inhibit WSSV propagation through ubiquitinating viral envelope proteins and leading them to degradation by autophagy in Penaeus monodon (21). TRIM32 could inhibit WSSV propagation in Cherax quadricarinatus and L. vannamei, but the mechanism is unclear (22, 23). On the contrary, TRIM23 could promote WSSV infection in Macrobrachium nipponense and TRIM9 could promote Vibrio parahaemolyticus infection in P. monodon, both through a negative regulation on the expression of antimicrobial peptides (24, 25). However, the functional mechanism of TRIM proteins during pathogens infection in crustaceans is still largely unclear.

TRIM9 is a typical class-I TRIM protein and coexists with other five paralogs in mammals, but TRIM9 is generally considered as a unique protein with the class-I motif architecture in invertebrate (16, 26, 27). In our previous study, an E3 ubiquitin ligase TRIM9 was identified in the Pacific whiteleg shrimp L. vannamei, and it could interact with Lvβ-TrCP to regulate the NF-κB pathway to accelerate WSSV propagation in shrimp (20). In the present study, a novel TRIM9 (designated as LvTRIM9-1) highly expressed in the lymphoid organ of L. vannamei was identified. Functional analyses showed that LvTRIM9-1 could accelerate WSSV propagation in shrimp through a different mechanism in regulating the NF-κB pathway during WSSV infection. The present study will provide important information to understand the roles of TRIM proteins in the immunity of crustaceans.



Materials and Methods


Experimental Animals and Viral Challenge

Healthy adult shrimp cultured in our lab, with a body weight of 19.4 ± 1.1 g, were used for tissue distribution analysis and WSSV challenge experiments. Before experiments, shrimp were reared in air-pumped circulating seawater at 25 ± 1°C and fed with commercial food pellet for about a week. Shrimp were selected randomly in each experiment. Hemolymph was collected from the ventral sinus located at the first abdominal segment using a syringe with equal volume of precooled anticoagulant solution (115 mmol l−1 glucose, 27 mmol l−1 sodium citrate, 336 mmol l−1 NaCl, 9 mmol l−1 EDTA•Na2•2H2O, pH 7.4) (28). Hemocytes were immediately collected by centrifugation at 1,000 g, 4°C, for 5 min. Different tissues including lymphoid organ, hepatopancreas, gills, intestine, epidermis, muscle, stomach, and heart were dissected from 9 individuals, and those from three individuals were put together as one sample. The samples were preserved in liquid nitrogen for tissue distribution analysis.

Lymphoid organs dissected from shrimp were fixed separately in RNA friendly fixative (RFF) (29) for 48 h at 4°C. After being dehydrated with serial ethanol and cleared with serial xylene, they were embedded in paraffin (Sigma, San Francisco, CA, USA). Histological sections with thickness of 5–7 μm were used for hematoxylin and eosin (H&E) staining and in situ hybridization analysis.

To examine the LvTRIM9-1 expression pattern after WSSV challenge, 90 individuals were randomly divided into two groups. For WSSV challenge, the virus particles were prepared according to the method described by Sun et al. (30). The WSSV particles were diluted in sterilized phosphate-buffered saline (PBS) at a final concentration of 800 copies µl-1, and 10 μl was injected into each shrimp at the III and IV abdominal segments in the WSSV group. The equal volume of PBS was injected into each shrimp in the PBS group. At 0, 3, 6, 12, and 24 h post WSSV infection (hpi), the lymphoid organs of 9 individuals in each group were collected for quantifying the mRNA expression levels, and those from three individuals were put together as one sample.



Cloning and Sequence Analysis of the LvTRIM9-1 Gene

The total RNA was extracted by TRIzol reagent (Takara, Tokyo, Japan), and the cDNA template was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocols. Two specific primers LvTRIM9-1-1F and LvTRIM9-1-1R (Table S1) were designed to amplify and validate the sequence of LvTRIM9-1 from the genome and transcriptome data (31). PrimeStar GXL DNA Polymerase (Takara, Japan) was used to amplify the gene. After the quality was assessed by electrophoresis on 1% agarose gel, the specific product was purified using Gel Extraction Kit (Omega, Norcross, GA, USA), cloned into the pMD19-T vector (TaKaRa, Japan), and transformed into DH5α competent cells (TransGen, China) for sequencing.

The complete ORF and amino acid sequence of LvTRIM9-1 was deduced using ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). Conserved protein domains were predicted with SMART (http://smart.embl-heidelberg.de/). Different TRIM protein sequences (Table S2) were obtained from the UniProtKB/Swiss-prot and NCBI database. Multiple-sequence alignment and phylogenic analysis were performed using the neighbor-joining (NJ) method by ClustalW and MEGA 6.



Quantitative Real-Time qPCR and RT-PCR

The expression of mRNA was examined by using quantitative real-time PCR (qPCR) as previously described (20). In brief, after extraction of total RNA using the TRIzol reagent (Takara, Japan), the cDNA template was synthesized using the PrimeScript RT Reagent Kit (Takara, Japan) with random primers, and qPCR was performed using THUNDERBIRD™ SYBR® qPCR Mix (Toyobo, Osaka, Japan) to quantify the mRNA expression levels. The primers used for qPCR analysis are listed in Table S1. The 18S rRNA (GenBank No. EU920969) was employed as an internal control for cDNA normalization. The PCR product was denatured to produce a melting curve to check the specificity of the PCR product.

RT-PCR was conducted to analyze the distribution of LvTRIM9-1 among different shrimp tissues and its expression level in HEK293T cells. The amount of cDNA templates from shrimp tissues was quantified using 18S rRNA as an internal reference gene following the PCR condition described below: denaturation at 94°C for 2 min; 16 cycles of 94°C for 20 s, 56°C for 20 s, and 72°C for 20 s. The amount of cDNA templates from HEK293 cells was quantified using HsActin (GenBank No. NM_001101.5) as an internal reference gene following the PCR condition described below: denaturation at 94°C for 2 min; 26 cycles of 94°C for 20 s, 56°C for 20 s, and 72°C for 20 s. An equal amount of cDNA from different tissues or HEK293T cells was used for detecting the expression pattern of LvTRIM9-1 transcripts following the PCR condition described below: denaturation at 94°C for 2 min; 36 cycles of 94°C for 20 s, 61°C for 20 s, and 72°C for 30 s. The primers are listed in Table S1. The PCR products were detected by electrophoresis on 2% agarose gel.



In Situ Hybridization

Primers LvTRIM9-1-pF1 with the T7 promoter and LvTRIM9-1-pR1 were designed to amplify a 551-bp fragment of LvTRIM9-1 as the template for sense probe synthesis. Primers LvTRIM9-1-pR2 with the T7 promoter and LvTRIM9-1-pF2 were designed for the template for antisense probe synthesis (Table S1). The PCR products were purified by MiniBEST DNA Fragment Purification Kit (Takara, Japan) and assessed by electrophoresis on 1.5% agarose gel. Digoxygenin (DIG)-labeled riboprobes were synthesized through in vitro transcription using DIG RNA Labeling Mixture (Roche, Mannheim, Germany) and TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific, USA). After assessing the concentration and quality of synthesized RNA probes by NanoDrop 2000 (Thermo Fisher Scientific, USA) and agarose electrophoresis, the DIG-labeled RNA probes were stored at -80°C for further use.

The paraffin-embedded lymphoid organ was sectioned into slices of 5–7 μm. Hybridization was performed following general protocol of the DIG RNA Labeling Kit (Roche, Germany). The concentration of both sense RNA probe and antisense RNA probe was 1 ng μl-1. The signals were visualized by the color reaction using NBT/BCIP Stock Solution (Roche, Germany) and observed through a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan).



RNA Interference, DNA Extraction, and WSSV Load Quantification

A pair of primers with T7 promoter sequence, LvTRIM9-1-dsF and LvTRIM9-1-dsR (Table S1), was designed to amplify a 551-bp fragment of the LvTRIM9-1 gene. Primers of EGFP-dsF and EGFP-dsR with the T7 promoter sequence (Table S1) were used to clone a 289-bp DNA fragment of enhanced green fluorescent protein (EGFP) gene based on pEGFP-N1 plasmid for dsRNA synthesis. The method for synthesis and purification of dsRNA was the same as described previously (32). Briefly, the PCR products were assessed by electrophoresis on 1% agarose gel and purified using MiniBEST Fragment Purification Kit (Takara, Japan). The purified products were used to synthesize the corresponding dsRNA using TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific, USA). Redundant single-strand RNA was digested by RNaseA (Takara, Japan). The concentration and quality of synthesized dsRNA were assessed by NanoDrop 2000 (Thermo Fisher Scientific, USA) and electrophoresis on 1% agarose gel, respectively. All the purified dsRNA was stored at -80°C for further experiment.

To optimize the silencing efficiency of LvTRIM9-1 dsRNA, healthy shrimp with an average body weight of 12.3 g were divided into two groups, dsTRIM9-1 (injected with LvTRIM9-1 dsRNA) and dsEGFP (injected with EGFP dsRNA). Different dosages of dsRNA including 0.05, 0.10, and 0.20 µg/g were injected into each shrimp. After detecting the transcription level of LvTRIM9-1 at 48 h postinjection, the dosage of 0.05 µg dsRNA per gram body weight was selected for further RNAi experiments. A total of 90 individuals were randomly divided into two groups including dsEGFP group and dsTRIM9-1 group. Specific dsRNA for EGFP and LvTRIM9-1 genes with the dose of 0.05 μg/g were injected into the last abdominal segment of each shrimp separately. After 48 h, each shrimp in different treatments was injected with 8,000 copies WSSV. To assess the effect of LvTRIM9-1 on the WSSV propagation among different target tissues, the lymphoid organ and epidermis from 15 individuals in each group were collected at 0, 24, and 48 h post virus infection for RNA and DNA extraction, and the same tissues from 5 individuals were put together as one sample.

DNA was extracted from lymphoid organs and epidermis using the Genomic DNA Kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. Protease K (Roche, Germany) was added additionally at a final concentration of 5.7 mg/ml for digestion. Extracted DNA was quantified by NanoDrop 2000 (Thermo Fisher Scientific, USA). Viral loads in the lymphoid organs and epidermis were quantitatively analyzed using SYBR Green-based qPCR according to the method described by Sun et al. (30). Briefly, the DNA encoding the extracellular part of the WSSV envelope protein VP28 was amplified and cloned into a pMD19-T simple vector (Takara, Japan). The purified and quantified plasmid was used to generate a standard curve. The DNA of the lymphoid organs and epidermis were used to detect the viral loads with primers VP28-qF and VP28-qR (Table S1). Each assay was carried out in quadruplicate.



Plasmid Construction, Cell Culture, and Transfection

In dual-luciferase reporter assays, the open reading frame (ORF) of LvTRIM9-1 was amplified using PrimeSTAR® GXL DNA Polymerase (Takara, Japan) with specific primers (Table S1) and inserted into the pCDNA3.1 vector using In-Fusion HD Cloning Plus (Clontech, Mountain View, CA, USA). The plasmids of NF-κB reporter genes were purchased from Beyotime Biotechnology Corporation of China (Shanghai), and pRL-TK Renilla luciferase plasmids were purchased from Promega Company of USA (Madison, WI). In Y2H assays, the primers were designed based on the sequence of LvTAK1 (GenBank No. KU522004), LvTRAF6 (GenBank No. HM581680), LvIMD (GenBank No. FJ592176), LvGSK3β (GenBank No. KU641425), and Lvβ-TrCP (GenBank No. XM_027360659). The ORFs of LvTAK1, LvTRAF6, LvIMD, LvGSK3β, and Lvβ-TrCP were amplified by these primers and then cloned into the pGADT7 vector (Clontech, USA). They were designated as pGAD-TAK1, pGAD-TRAF6, pGAD-IMD, pGAD-GSK3β, or pGAD-β-TrCP and used as prey plasmid. The ORF of LvTRIM9-1 was amplified by primers pGBK-TRIM9-1-F/R and then cloned into the pGBKT7 vector (Clontech, USA), which was designated as pGBK-TRIM9-1 and used as bait plasmid. In Co-IP assays, the ORF and truncated mutants of LvTRIM9-1 and ORF of LvIMD were amplified by primers as listed in Table S1 and inserted into pDHsp70-Flag/His and pDHsp70-V5/His vectors [generously provided by Pro Lo (33)] for Flag or V5 fusion protein expression.

Sf9 cells were purchased from the China Center for Type Culture Collection (Wuhan, China) and cultured in Sf-900™ II SFM (Gibco, Grand Island, NY, USA) at 27°C and subcultured every 3–4 days. Plasmids were transfected into Sf9 cells using Lipofectamine 3000 reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (high glucose) (Gibco, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, USA) and 1× penicillin–streptomycin solution (Solarbio, Beijing, China). Cells were grown in an atmosphere of 95% air/5% CO2 at 37°C and subcultured every 2 days. Plasmids were transfected into HEK293T cells using Xfect Transfection Reagent (Takara, Japan) according to the manufacturer’s instructions.



Dual-Luciferase Reporter Assays

Dual-luciferase reporter assays were performed in HEK293T cells to detect the regulatory effect of LvTRIM9-1 protein on the NF-κB pathway. Briefly, cells in 24-well plates (Corning, Tewksbury, MA, USA) were transfected with 0.1 μg of NF-κB reporter gene plasmid, 0.05 μg of pRL-TK Renilla luciferase plasmid (Promega), and varying amounts of expression plasmids or empty expression vector (as a control). The pRL-TK Renilla luciferase plasmid was used as an internal control. At 24 h post-transfection, the Dual Luciferase Reporter Assay Kit (Vazyme Biotech, Nanjing, China) was used to measure the activities of firefly and Renilla luciferases according to the manufacturer’s instructions. The level of LvTRIM9-1 mRNA and protein were detected by RT-PCR using primers for amplification of HsActin and LvTRIM9-1 (Table S1) and Western blotting using anti-His antibody (Cell Signaling Technology, Danvers, MA, USA). Experiments were performed in triplicate.



Yeast Two-Hybrid Assay

In order to know the antiviral signaling pathway regulated by LvTRIM9-1, a yeast two-hybrid system was used to detect the interaction between the LvTRIM9-1 and candidate genes of the NF-κB pathway. The prey plasmids pGAD-TAK1, pGAD-TRAF6, pGAD-IMD, pGAD-GSK3β, or pGAD-β-TrCP were co-transformed into yeast strain Y2H Gold with the bait plasmid pGBK-TRIM9-1 by the lithium acetate transformation procedure according to the Matchmaker protocol manual (Clontech, USA). In addition, pGAD-TAK1, pGAD-TRAF6, pGAD-IMD, pGAD-GSK3β, or pGAD-β-TrCP co-transformed with pGBKT7 and pGBK-TRIM9-1 co-transformed with pGADT7 was used to detect autoactivation. The pGBK-p53 and pGAD-T-antigens were used for positive control. The pGBK-Lam and pGAD-T-antigens were used for negative control. After co-transforming, the yeast transformants were coated on SD/-Leu/-Trp (DDO) plates, growing 3 to 5 days at 30°C. All clones growing on DDO were collected and cultured on SD/-Leu/-Trp/X-a-gal/AbA (DDO/X/A) for primary screening. After 5 to 7 days culture at 30°C, colonies were selected and plated onto SD/-Ade/-His/-Leu/-Trp/X-α-Gal/AbA (QDO/X/A) plates to perform β-galactosidase activity analysis.



Co-Immunoprecipitation

Co-immunoprecipitation assays were performed in Sf9 cells to detect the critical domain of LvTRIM9-1 protein for its interaction with LvIMD. The cells were transfected with different plasmids (pDHsp-V5-LvTRIM9-1, pDHsp-V5-LvTRIM9-1-ΔC1, pDHsp-V5-LvTRIM9-1-ΔN6, pDHsp-V5-LvIMD, pDHsp-V5, pDHsp-Flag-LvTRIM9-1, pDHsp-Flag-LvIMD, pDHsp-Flag) and cultured overnight at 27°C. These cells were subjected to heat-shock treatment (42°C for 30 min) and subsequently cooled to 27°C. The cells are harvested in cell lysis buffer (Beyotime, China) 24 h after the heat shock treatment. Input samples were prepared from the cell lysate, and the remaining lysates were mixed with anti-Flag M2 magnetic beads (Sigma, USA) under gentle shaking on a roller at 4°C for 2 h. The beads were then washed two times with PBS buffer and cell lysis buffer. Input and Co-IP samples were incubated with 4× LDS sample buffer (GenScript, Nanjing, China) at 100°C for 10 min. Proteins were analyzed by Western blotting using anti-V5 and anti-Flag antibodies (Cell Signaling Technology, USA).



Statistical Analysis

All assays described above were biologically repeated for three times. For quantitative real-time PCR, four replicates were set for each sample. The relative transcription levels of different genes detected in present study were obtained using the 2-ΔΔCt method (34), and the WSSV copy number per nanogram DNA was obtained according to the standard curve. The numerical data from each experiment were analyzed to calculate the mean and standard deviation of triplicate assays. The significant differences among groups were subjected to one-way analysis of variance (one-way ANOVA) and multiple comparisons by using the SPSS 19.0 program. Statistically significant difference was set at p < 0.05 and extremely significant difference at p < 0.01.




Results


LvTRIM9-1 Is a Novel TRIM9 Protein With Tissue-Specific Expression Pattern

The transcript of LvTRIM9-1 obtained from the transcriptome database of L. vannamei was validated by PCR and confirmed by sequencing. The length of the ORF of LvTRIM9-1 was 2112 base pairs (bp), encoding 703 amino acids (aa). The deduced amino acid sequence of LvTRIM9-1 contained all conserved domains of TRIM proteins, including the RING domain (Cys7-Cys119), two B-Box-type zinc finger domains (Ala167-Val216, Gly225-Leu264), and one coiled-coil domain and COS domain (His271-Thr397), followed by one fibronectin type III repeat (FNIII) (Pro437-Ser515) and one SPRY domain (Arg569-His694) at the C terminus (Figures 1A, B), like those domains of vertebrate TRIM1, TRIM9, and TRIM67. Although LvTRIM9-1 and LvTRIM9 shared the same functional domains (Figure 1B), the similarity between their amino acid sequences was around 41.87%. Phylogenetic analysis showed that LvTRIM9-1 was firstly clustered with Arthropoda TRIM9 proteins including LvTRIM9 and then clustered with TRIM9 proteins from other invertebrates. In addition, Chordata TRIM1, TRIM18, TRIM9, TRIM67, TRIM36, and TRIM46 were all clustered into separated branches (Figure 1C). These data indicated that LvTRIM9-1 protein was encoded by a new TRIM9 gene in L. vannamei.




Figure 1 | Sequence information and tissue expression pattern of LvTRIM9-1. (A) Deduced amino acid sequence of LvTRIM9-1. The RING domain was marked in gray. B-Box domains were bolded underlined. Coiled-coil and COS domains were marked in box. The FN3 domain was waved underlined. The SPRY domain was dotted underlined. (B) Schematic diagrams of LvTRIM9-1 and LvTRIM9. The RING, B-box, Coiled-coil, COS, FN3, and SPRY domains are illustrated. (C) Phylogenetic analysis of Class I TRIM proteins across animal phyla based on protein sequences. Different TRIM proteins were classified into seven branches shown with different colors (green, Chordata TRIM18; red, Chordata and Hemichordata TRIM1; yellow, Chordata TRIM46; purple, Chordata TRIM36; blue, Chordata TRIM67; pink, Chordata TRIM9; black, TRIM9 in non-vertebrate animal phyla). LvTRIM9 was marked with a red triangle, and LvTRIM9-1 was marked with a blue five-pointed star. The TRIMs were shown with UniprotKB/Swiss-Prot or GenBank accession numbers listed in Table S2. The neighbor-joining phylogenetic tree was built by MEGA 6, with bootstrap of 1000. (D) Expression patterns of LvTRIM9-1 in different tissues of L. vannamei. The 18S rRNA gene was used as the internal reference. Hc, hemocytes; Oka, lymphoid organ; Hp, hepatopancreas; Gi, gill; In, intestine; Epi, epidermis; Ms, muscle; St, stomach; Ht, heart. (E) Localization of LvTRIM9-1 transcripts in lymphoid organ of L. vannamei. Hematoxylin–eosin (H&E) staining (HE) and sense probe (sense) were used as control of the antisense probe hybridization (antisense).



Tissue distribution analysis showed that the transcripts of LvTRIM9-1 were specifically expressed in lymphoid organ (Figure 1D). In situ hybridization analysis showed that LvTRIM9-1 transcripts were mainly located in the lymphoid tubules (LT) of lymphoid organ (Figure 1E).



LvTRIM9-1 Benefits WSSV Propagation in Lymphoid Organ

Since LvTRIM9-1 showed a specific expression pattern in lymphoid organ, its expression profiles in lymphoid organ after virus infection were detected by qPCR (Figure 2A). After WSSV infection, the expression level of LvTRIM9-1 in lymphoid organ decreased slightly at 3 h post WSSV infection (hpi) and increased significantly at 24 hpi, which was 2.90-fold of that in PBS group (p < 0.01).




Figure 2 | LvTRIM9-1 is beneficial for WSSV infection in lymphoid organ. (A) Expression levels of LvTRIM9-1 in the lymphoid organ of shrimp at different time post-WSSV challenge. PBS stands for PBS injection group, and WSSV stands for WSSV injection group. (B) Inhibition efficiency of LvTRIM9-1 dsRNA. Expression levels of LvTRIM9-1 in the lymphoid organ of LvTRIM9-1 silencing and control shrimp after 0, 24, and 48 h post WSSV infection. (C, D) Amount of WSSV particles in lymphoid organs and epidermis of shrimp at different hours after silencing of LvTRIM9-1 and WSSV infection. dsEGFP, injected with EGFP dsRNA and WSSV; dsTRIM9-1, injected with LvTRIM9-1 dsRNA and WSSV. Stars (*) indicate significant difference (p < 0.05) and (**) indicate extremely significant difference (p < 0.01) of the gene expression levels between the two treatments. All assays described above were biologically repeated for three times.



RNAi and subsequent virus infection were performed to study the immunological function of LvTRIM9-1. After dosage optimization, 0.05 μg dsRNA per gram of body weight was used to knock down the expression of LvTRIM9-1 by 68.0% (Figure 2B). The WSSV copy numbers in lymphoid organ and epidermis of shrimp from dsEGFP and dsTRIM9-1 groups were detected at 24 and 48 hpi to assess the viral propagation after LvTRIM9-1 silencing. The viral copy number in lymphoid organ from the dsEGFP group were about 1.51 × 103 and 6.96 × 104 copies ng-1 DNA at 24 and at 48 hpi, while they were about 6.38 × 101 and 4.45 × 103 copies ng-1 DNA at 24 and 48 hpi in shrimp from the dsTRIM9-1 group, which were much lower (p < 0.01) than those for the dsEGFP group (Figure 2C). However, the viral number in epidermis showed no significant difference between dsEGFP and dsTRIM9-1 groups (Figure 2D).



LvTRIM9-1 Promotes Viral Propagation via Activating the NF-κB Pathway in Lymphoid Organ

The NF-κB pathway, which could be regulated by TRIM proteins, is an essential pathway in regulation of shrimp antiviral immunity and viral propagation during WSSV infection. In order to know whether LvTRIM9-1 affected this signaling pathway, the expression level of the NF-κB transcription factor LvRelish in the lymphoid organ was detected in shrimp after LvTRIM9-1 silencing. After knockdown of LvTRIM9-1, the expression levels of LvRelish (Figure 3A) were downregulated at all time points.




Figure 3 | LvTRIM9-1 enhanced WSSV transcription through activation of the NF-κB pathway. (A–C) The relative expression level of LvRelish, wsv069, and wsv303 in lymphoid organ at different hours after silencing of LvTRIM9-1 and WSSV infection. (D) LvTRIM9-1 activated the NF-κB promoter activity in a concentration-dependent manner. Activation was detected using dual luciferase reporter assays in human HEK293T cells. Results are displayed as the fold change from the control group. Numbers (a, b) indicate extremely significant difference (p < 0.01) of relative luciferase activities among different groups. The expression of LvTRIM9-1 was detected by Western blotting using the anti-His antibody and RT-PCR. Blots were stained with Coomassie brilliant blue (CBB) to verify equal loading. (E–G) The relative expression level of LvRelish, wsv069, and wsv303 in epidermis at different hours after silencing of LvTRIM9-1 and WSSV infection. dsEGFP, injected with EGFP dsRNA and WSSV; dsTRIM9-1, injected with LvTRIM9-1 dsRNA and WSSV. Stars (**) indicate extremely significant differences (p < 0.01) of the gene expression levels between dsEGFP- and dsLvTRIM9-1-treated groups. All assays described above were biologically repeated for three times.



To confirm the role of LvTRIM9-1 in regulating the NF-κB pathway, dual-luciferase reporter assays were employed. Upon transfection with different levels of LvTRIM9-1 expression plasmids, the expression of LvTRIM9-1 gradually increased both at the mRNA level and at the protein level in HEK293T cells. The dual-luciferase reporter assay results showed that overexpression of LvTRIM9-1 protein could activate the NF-κB promoter activity, and this activation presented a concentration-dependent tendency (Figure 3D).

The NF-κB pathway affected viral propagation through regulating the expression of some WSSV genes and host AMP genes. Therefore, we detected the transcriptional changes of several WSSV genes in lymphoid organ and epidermis via qPCR. After knockdown of LvTRIM9-1, the expression levels of wsv069 and wsv303 were significantly downregulated in lymphoid organ at 24 and 48 hpi (Figures 3B, C). However, the expression levels of LvRelish (Figure 3E), wsv069, and wsv303 showed no significant difference in epidermis between the two groups (Figures 3F, G). The viral early genes (wsv079, wsv249), structural proteins (VP26, VP28), and non-structural protein (VP9/ICP11) also showed similar expression profiles in the lymphoid organ and epidermis between the two groups (Figure S1). However, knockdown of LvTRIM9-1 scarcely influenced the expression levels of AMP genes highly expressed in the lymphoid organ (Figure S2). The expression levels of all 12 detected genes showed no significant difference between the LvTRIM9-1 knockdown group and the control group at 24 hpi. Nine of them showed no significant difference between the LvTRIM9-1 knockdown group and the control group at 48 hpi. Only the expression levels of Lvpenaeidin_2b and Lvpenaeidin_4a were upregulated and the expression level of LvALF6 was downregulated at 48 hpi in the lymphoid organ of the LvTRIM9-1 knockdown group. Taken together, these results indicated that LvTRIM9-1, which was specifically expressed in the lymphoid organ, was a potent activator of the NF-κB pathway and this regulation affected the transcription of viral genes rather than host AMP genes in the lymphoid organ.



LvTRIM9-1 Interacts With LvIMD Through Its SPRY Domain

To determine the molecular mechanism how LvTRIM9-1 modulated the NF-κB pathway, we detected the interaction capability between LvTRIM9-1 and several candidate genes which could be ubiquitinated in the NF-κB pathway using the yeast two-hybrid assay. The results showed that LvTRIM9-1 could interact with LvIMD (Figure 4A), but not with Lvβ-TrCP (Figure 4B) or other detected proteins. Co-IP results also confirmed the interaction between LvTRIM9-1 and LvIMD (Figures 4C, D).




Figure 4 | LvTRIM9-1 interacted with LvIMD through its SPRY domain. (A, B) Determination of the interaction between LvTRIM9-1 and LvIMD or Lvβ-TrCP by a Y2H assay. Y2H assay results showed that LvTRIM9-1 directly interacts with LvIMD but not with Lvβ-TrCP. The colonies were cultured on QDO/X/A plates (-Ade/-His/-Leu/-Trp quadruple dropout media with X-a-Gal and aureobasidin A). pGADT7-T and pGBKT7-p53 were used for the positive control (+); pGADT7-T and pGBKT7-Lam were used for the negative control (-). IMD(AD)+BD, β-TrCP(AD)+BD, and AD+TRIM9-1(BD) were used for the auto-activation detection. IMD(AD), pGADT7-LvIMD; β-TrCP(AD), pGADT7-Lvβ-TrCP; TRIM9-1(BD), pGBKT7-LvTRIM9-1; AD, pGADT7 vector; BD, pGBKT7 vector. (C, D) Determination of the interaction between LvTRIM9-1 and LvIMD by a Co-IP assay. Co-IP results showed that LvTRIM9-1 directly interacts with LvIMD. (C) Anti-V5 Western blot bands show the expression of LvTRIM9-1-V5, and anti-Flag Western blot bands show the expression of LvIMD-Flag. (D) Anti-Flag Western blot bands show the expression of LvTRIM9-1-Flag, and anti-V5 Western blot bands show the expression of LvIMD-V5. (E) Determination of the key region of LvTRIM9-1 involved in LvTRIM9-1 and LvIMD interaction by a Co-IP assay. The sites for mutation of LvTRIM9-1 are also labeled under the domain.



To assess which domain of LvTRIM9-1 was responsible for the interaction with LvIMD, several LvTRIM9-1 deletion mutants were generated. Co-IP results showed that LvIMD could bind to wild-type LvTRIM9-1 (FL) and SPRY domain of LvTRIM9-1 (ΔN6), but not for the RING domain of LvTRIM9-1 (ΔC1) (Figure 4E). These data indicated that LvTRIM9-1 could interact with LvIMD through its SPRY domain.




Discussion

TRIM proteins, a family of E3 ubiquitin ligase, are widely distributed in all metazoans (35). Compared to the high diversity of TRIM proteins in vertebrates, the number of TRIM proteins in invertebrates is generally low (36). In vertebrates, TRIM proteins are classified into eleven classes according to their various domains in the C-terminus, and class-I TRIM proteins contain six members comprising three pairs of paralogs, including TRIM1–TRIM18, TRIM9–TRIM67, and TRIM36–TRIM46 (14, 16). In invertebrates, TRIM9 is the only protein with the class-I motif architecture (26, 27). TRIM9 has only one copy in the genome of most species according to the data from Ensembl (release 104, May 2021), except limited fish species, probably attributed to genome duplication, including Salmo salar, Carassius auratus, and Oncorhynchus mykiss (Table S3) (37–39). The novel TRIM9, LvTRIM9-1, from L. vannamei showed a low sequence identity and different tissue distribution patterns compared with our previous reported LvTRIM9 in L. vannamei (20). Phylogenetic analysis shows that LvTRIM9-1 and LvTRIM9 are clustered with Arthropoda TRIM9 proteins and belong to the invertebrate TRIM9 protein branch, which were separated from TRIM9, TRIM67, and other class-I TRIM proteins in Chordata. This evidence suggests that at least two copies of TRIM9 genes exist in crustacean.

Although more than one copy of TRIM9 has already been reported in some fish species, their immune functions are not well illustrated. As important regulators of the innate immune system, it is interesting to clarify whether the two TRIM9 genes have different regulatory functions. We previously found that LvTRIM9 widely distributed in different tissues of shrimp and might be hijacked by WSSV for viral propagation through inhibiting the NF-κB pathway and downstream antimicrobial peptides production (20). The lymphoid organ-specific LvTRIM9-1 was significantly responded to WSSV infection and exhibited positively effect on viral propagation in this tissue. At the early stage of WSSV infection, shrimp might attempt to inhibit the virus propagation via downregulation of LvTRIM9-1. With the infection process going on, the dose of WSSV increased dramatically and the virus might utilize its own or host’s regulators of the NF-κB pathway or ubiquitin system to promote its propagation (5, 40, 41). Therefore, we guess that WSSV might upregulate the expression of LvTRM9-1, which showed a recovery and boosting expression profiles from 6 to 24 hpi. However, the mechanism how WSSV controls the expression of LvTRIM9-1 needs to be further investigated. Collectively, both LvTRIM9 and LvTRIM9-1 proteins seem to be beneficial for in vivo WSSV propagation.

Although both TRIM9 proteins in shrimp are beneficial for WSSV infection, their regulatory mechanisms are different. TRIM proteins usually act as ligases for ubiquitination (42). LvTRIM9 could directly interact with β-TrCP to negatively regulate the NF-κB pathway (20), which is very similar to the way that TRIM9 functions in human (8). In the present study, the expression of LvRelish as well as its regulated viral genes was downregulated upon knockdown of LvTRIM9-1, which indicated that LvTRIM9-1 could regulate the NF-κB signaling pathway. Therefore, we surveyed all proteins that could be ubiquitinated in the mammalian NF-κB signaling pathway (43) and selected their homologs, including LvTAK1 (10), LvTRAF6 (44), LvIMD (6), LvGSK3β, and Lvβ-TrCP (20), in shrimp as candidates to screen their interaction with LvTRIM9-1. Unlike LvTRIM9 and TRIM9 proteins in human (18–20), yeast two-hybrid and Co-IP results revealed that LvTRIM9-1 could directly interact with LvIMD to activate the NF-κB signaling pathway. IMD, a death domain-containing protein homologous to mammalian RIP1, is a key adaptor protein and a major target of ubiquitination in the IMD pathway (6, 7). During this process, the SPRY domain of LvTRIM9-1 played an essential role in its interaction with LvIMD. In TRIM proteins, the SPRY domain is a key domain for their interactions with the substrates (42, 45) and approximately two-thirds of the TRIM proteins possess this domain (46). Upon stimulation, IMD can activate Relish to initiate the transcription of target genes (7, 8). Unlike LvTRIM9, knockdown of LvTRIM9-1 had little effect on the expression of AMPs in shrimp but influenced the transcription of several immediate-early genes of WSSV. Among them, wsv069 was the first identified immediate-early gene in WSSV, and its expression could be induced by the activation of host NF-κB pathway (4, 5). The activation of wsv069 by shrimp NF-κB pathway can in turn induce viral genes by itself and establishes a positive-feedback loop to amplify the signaling and further activate other viral early and late genes (4). Consequently, other WSSV genes in the lymphoid organ were also downregulated by knockdown of LvTRIM9-1. These data suggested that LvTRIM9-1 could directly interact with LvIMD, the key component of the IMD pathway, through its SPRY domain and activate the IMD pathway to enhance the viral transcription.

It is worth noting that the regulatory function of LvTRIM9-1 on the NF-κB pathway seems to be restricted in the lymph organ. In shrimp, the lymphoid organ is a main immune organ with great phagocytic ability, which could filter and remove invading pathogens through bacteriostasis and viral degradation (47–49). In addition, the lymphoid organ-specific anti-lipopolysaccharide factors exhibit stronger antimicrobial activities against tested pathogenic bacteria than other ALFs, which suggested the importance of the lymphoid organ in shrimp humoral immunity (50, 51). However, the lymph organ exhibits extremely different immune responses against different pathogens. Several pattern recognition receptors, the proPO activating system, and phagocytosis-related genes were widely activated in the lymphoid organ after Vibrio parahaemolyticus challenge, whereas these processes were inhibited after WSSV infection, suggesting that the shrimp lymphoid organ plays different functions in response to the early infection of distinct pathogens (52). Collectively, although the lymphoid organ plays vital immune roles in shrimp, the virus could not only inhibit its immune responses but also utilize some immune pathways, like the LvTRIM9-1 regulated IMD pathway in this tissue to escape the host immune defense and promote its propagation.

In summary, a working model was proposed to illustrate how the shrimp TRIM9 genes, LvTRIM9 and LvTRIM9-1, promote WSSV infection through distinct regulatory mechanisms (Figure 5). WSSV infection boosts the widely distributed LvTRIM9 and inhibits LvRelish-mediated AMP production in the intestine via interaction with Lvβ-TrCP. In contrast, the lymphoid organ-specific LvTRIM9-1 is activated by WSSV to bind to LvIMD via its SPRY domain and facilitates viral transcription through enhancing the IMD pathway. These results, together with previous reports on other TRIM proteins, collectively suggest the diverse roles of TRIM proteins in regulation of the invertebrate innate immunity.




Figure 5 | Model for the regulation of NF-κB signaling pathway during WSSV infection by LvTRIM9 and LvTRIM9-1. In the intestine, infection of host cells by WSSV leads to the activation of LvTRIM9, then the upregulated LvTRIM9 interacts with Lvβ-TrCP and inhibits the NF-κB pathway to decrease the production of downstream antimicrobial peptides including LvCrustinA, LvPEN3-1, Lvpenaeidin2b, and Lvpenaeidin4a, which results in WSSV propagation in shrimp. Although WSSV infection also results in the upregulation of LvTRIM9-1, LvTRIM9-1 modulates the NF-κB pathway-mediated responses in a different manner. Instead of interaction with Lvβ-TrCP, LvTRIM9-1 interacts with LvIMD via its SPRY domain and activates the NF-κB pathway, which leads to the activation of viral transcriptions including wsv069 and wsv303 for WSSV propagation.
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