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Translationally controlled tumor protein (TCTP) is a highly conserved protein possessing numerous biological functions and molecular interactions, ranging from cell growth to immune responses. However, the molecular mechanism by which TCTP regulates immune function is largely unknown. Here, we found that knockdown of Bombyx mori translationally controlled tumor protein (BmTCTP) led to the increased susceptibility of silkworm cells to virus infection, whereas overexpression of BmTCTP significantly decreased the virus replication. We further demonstrated that BmTCTP could be modified by SUMOylation molecular BmSMT3 at the lysine 164 via the conjugating enzyme BmUBC9, and the stable SUMOylation of BmTCTP by expressing BmTCTP-BmSMT3 fusion protein exhibited strong antiviral activity, which confirmed that the SUMOylation of BmTCTP would contribute to its immune responses. Further work indicated that BmTCTP is able to physically interact with interleukin enhancer binding factor (ILF), one immune molecular, involved in antivirus, and also induce the expression of BmILF in response to virus infection, which in turn enhanced antiviral activity of BmTCTP. Altogether, our present study has provided a novel insight into defending against virus via BmTCTP SUMOylation signaling pathway and interacting with key immune molecular in silkworm.
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Introduction

Translationally controlled tumor protein (TCTP), also named tumor protein translationally controlled 1 (TPT1), histamine release factor (HRF), fortilin, p23, or Mmi, was originally identified as a protein that undergoes an early and prominent increase upon serum stimulation in murine cell lines (1–4) and thus establishing TCTP as a translationally regulated protein (5). It was subsequently found that TCTP has been an evolutionary conserved protein present in eukaryotic organisms, including mammals, plants, and insects (6–9). TCTP has been characterized as a multifunction protein that participates in multiple biological processes, such as cell growth, cell cycle progression, cell apoptosis, protein synthesis, immune responses, tumor reversion, and tumorigenesis (10–14). Due to the important function in tumorigenesis and upregulated expression in tumors, TCTP has been considered as a promising therapeutic target for cancer prevention and intervention (15, 16).

Given the important roles of TCTP in various species, deciphering the molecular mechanisms underlying TCTP involvement in cellular processes will be critical for understanding its diverse biological functions. One of the important ways is to identify the specific interactions with TCTP, which could provide the potential mechanisms to regulate target processes. Recently, a majority of proteins have been demonstrated to be interacting with TCTP using coimmunoprecipitation (Co-IP) followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis (17–19). For example, TCTP could interact with cytoskeleton proteins, such as Tubulin and Actin, and participate in regulating microtubule organization and cell morphology (20, 21). TCTP also interacts with ribosomal proteins and translation elongation factors, indicating its role in the translation process (17, 19). By interacting with Bcl-xL and Mcl-1, TCTP increases their stability and promotes antiapoptotic effects (22, 23). TCTP is able to form a complex with p53 and MDM2 and further regulates the degradation of p53 (24–26). The interaction of TCTP with Na,K-ATPase inhibits the pumping activity of Na,K-ATPase and induces Na,K-ATPase-mediated tumorigenic signaling pathways (27, 28).

Posttranslational modification (PTM) of a protein can also determine the target protein activity, localization, and stabilization (29). Another way to understand TCTP function is to investigate its modification processes. It has been demonstrated that human TCTP can be phosphorylated by polo-like kinase, and this phosphorylation inhibits the microtubule-stabilizing activity of TCTP, which in turn regulates the progression of cell cycle (30, 31). Increased phosphorylation of TCTP has also been shown to be associated with a poor clinical response to trastuzumab therapy in human epithelial growth factor receptor-2 (HER2)-positive breast cancer (15). In addition to TCTP phosphorylation, a recent report shows that human TCTP is SUMOylated by small ubiquitin-like modifier (SUMO) at a lysine 164 site. The SUMOylation of TCTP regulates its nuclear transport and promotes antioxidant function of TCTP (32). These modifications on TCTP have shed light on the novel regulation of TCTP activity in organisms.

The demonstrated silkworm Bombyx mori is an economically important insect for silk production and an excellent lepidopteran model for studying gene functions (33–35). The role of Bombyx mori translationally controlled tumor protein (BmTCTP) in the silkworm is emerging in recent years. Clustered regularly interspaced short palindromic repeat/CRISPER-associated protein 9 (CRISPR/Cas9)-mediated depletion of BmTCTP led to influenced cell size, cell proliferation, and differentiation of intestinal epithelial cells and thus delayed development and lethality in the third instar larvae of the silkworm (36). Additionally, transgenic RNA interference (RNAi) knockdown of the midgut BmTCTP expression suppressed the antimicrobial capacity and the intestinal innate immunity of the silkworm during oral microbial challenge (37, 38). All these results have demonstrated the roles of BmTCTP in regulating larval development and antimicrobial activity. However, the molecular mechanism underlying BmTCTP involved in the immunity is largely unknown.

To further understand the possible mechanism of BmTCTP in the immune response, we here focused on the modification of BmTCTP and investigated its role in Bombyx mori nucleopolyhedrovirus (BmNPV) infection, one of the serious diseases in sericulture (39, 40). Our present data confirmed that the silkworm BmTCTP can be SUMOylated at a conserved lysine site, and the SUMO conjugating enzyme BmUBC9-mediated SUMOylation of BmTCTP contributes to its immune response. Furthermore, we showed that BmTCTP may act as antiviral immunity via regulating the expression of interleukin enhancer binding factor (ILF).



Materials and Methods


Plasmids

Full-length cDNAs of BmTCTP and BmILF were amplified from the cDNA library of cultured silkworm BmN cells by using primers listed in Table S1 and further cloned into an NcoI–XhoI site of pENTR11 (Invitrogen, Carlsbad, CA, USA) vector. Plasmids expressing BmTCTP and BmILF with different tags (FLAG, HA, EGFP, and Red) were generated using the gateway technology (Invitrogen, Carlsbad, CA, USA) (41). BmSMT3 and BmUBC9 plasmids were from our previous publication (42). Point mutant of BmTCTP at K164 site was generated by PCR-based mutagenesis (43). To tag BmTCTP with a BmSMT3 chain, the silkworm BmSMT3 gene was cloned into the pENTR11 vector, and the resulting plasmid was further ligated with the PCR product of BmTCTP (43). All plasmids were verified by sequencing.



Cell Lines

The silkworm ovary-derived BmN cells were cultured in TC-100 (Sigma, St. Louis, MO, USA) medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) at 27°C, respectively.

The expression vectors for FLAG-TCTP and FLAG-TCTP-K164R were inserted into the genome of BmN cells by using piggyBac transposition system according to the previous report, and the stably transformed cells were selected by puromycin (Beyotime, Shanghai, China).



Sequence Analysis

We performed multiple sequence alignments using CLC sequence viewer 7 based on the silkworm BmTCTP and Human HsTCTP. The potential modification of lysine residue was indicated by an asterisk.



RNA Interference

The synthesis of double-stranded RNAs (dsRNAs) for BmTCTP was carried out by T7 RNA polymerase (Promega, Madison, WI, USA) in vitro according to the previous report (44). The dsRNAs for control gene of Red were also synthesized. G5-PAMAM-mediated delivery of dsRNA was used according to the previous protocol (45). G5-PAMAM was purchased from Chenyuan Company (Shandong, China).



PCR

Total RNA samples were prepared from BmN cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and 1 μg of total RNA was used for cDNA synthesis according to the manufacturer’s protocol of the M-MLV Reverse Transcriptase Kit (Promega, Madison, WI, USA). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed with an SYBR Premix ExTaq Kit (Takara, Kyoto, Japan) and a qTower 2.2 Real-time PCR Detection System. The silkworm eukaryotic translation initiation factor 4A (BmeIF-4a), BmActin3, and glyceraldehyde-3-phosphate dehydrogenase (BmGAPDH) genes were used as the internal control. All experiments were independently performed with three biological replicates, and all primers used for PCR were listed in Table S1.



Virus Infection

BmNPV-expressing green fluorescent protein (BmNPV-GFP) was stored in our laboratory of Biological Science Research Center (46). BmN cells infected with BmNPV-GFP at the different time points were collected for different assays.



Virus Proliferation

BmNPV-GFP-infected BmN cells were harvested at the indicated time points and suspended in phosphate-buffered saline (PBS). Total DNA from each sample was prepared by using a TaKaRa MiniBEST Universal Genomic DNA Extraction Kit (Takara, Kusatsu, Japan) according to the manufacturer’s protocol. The viral DNA abundance of BmNPV was examined by the expression of virus GP41 gene (46), and the silkworm GAPDH gene was used as the internal control (Table S1). The viral fluorescence was observed at 72 h post infection (hpi), and the aggregated nuclear DNA was counterstained by 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA). Fluorescence signals were captured by a fluorescent microscope (Z16, Leica, Wetzlar, Germany).



Fluorescence Microscopy

For subcellular localization analysis, cells expressing Red-TCTP, Red-TCTP-K164R, Red-TCTP-SMT3, or EGFP-ILF were cultured on a coverslip, fixed with 3.7% formaldehyde in PBS for 10 min, and the nuclear DNA was counterstained by DAPI. Fluorescence signals were captured by a fluorescence microscope (Z16, Leica, Wetzlar, Germany).



Immunoprecipitation and Immunoblotting

Immunoprecipitation was carried out as described previously (41). Briefly, cells co-expressing proteins were lysed in radio-immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)] supplemented with protease inhibitor (Complete, EDTA-free, Roche, New Zealand). The lysates were immunoprecipitated by using an anti-FLAG M2 Affinity Gel (F2426, Sigma, St. Louis, MO, USA), and the eluted proteins were further detected by immunoblotting using anti-HA (AF518, Beyotime, Shanghai, China), anti-FLAG (AH159, Beyotime, Shanghai, China), anti-Smt3 (ab135758, Abcam, Cambridge, UK), and anti-Tubulin (ab7291, Abcam, Cambridge, UK) antibodies.



Liquid Chromatography-Tandem Mass Spectrometry Assay

After digestion of the immunoprecipitated BmTCTP complex, liquid chromatography-tandem mass spectrometry (LC-MS/MS) was carried out to identify the protein interactions according to the previous protocol (47). Briefly, the protein solution after immunoprecipitation was chemically reduced with 10 mM dithiothreitol (DTT) for 1 h at 37°C and then alkylated with 50 mM iodoacetamide for 1 h at room temperature in the dark. After washing with 8 M urea and 50 mM NH4HCO3 in an ultrafiltration tube, proteins were digested with trypsin for 20 h at 37°C. The peptide mixture was acidified by 0.1% formic acid and resolved by using a Thermo Fisher Scientific EASY-nLC 1000 system (Waltham, MA, USA) under the standard parameters.



Data Analysis

Protein identification was analyzed with MaxQuant software (version 1.3.0.1) against an integrated silkworm proteome database. The search parameters for protein identification were set according to the published procedure (48). At least one unique peptide was designated as an identified protein, and the protein information was listed in Table S2. For the functional annotation of the identified proteins, we used the Blast2GO program (https://www.blast2go.com/) (49) to search against the non-redundant protein database (NR, NCBI, https://www.ncbi.nlm.nih.gov/). The WEGO database (http://wego.genomics.org.cn/) was used to analyze the interacting proteins.



Statistical Analysis

Statistical data are presented as the mean ± standard deviation (SD) of three independent biological replicates. The significance (P-value) was analyzed by the Student’s t-test and denoted as follows: *P < 0.05, **P <0.01, and ***P < 0.001.




Results


BmTCTP Was SUMOylated at a Conserved Lysine Site in Silkworm

It has been shown that the human HsTCTP can be SUMOylated at a lysine 164 site (32). In order to identify whether the SUMOylation of TCTP is conserved in other species, we here investigated the potential SUMOylation target in silkworm. A comparison of the TCTP sequences from human and silkworm showed very high similarity in full-length and possessed a conserved lysine at 164 site (Figure 1A). To verify the SUMOylation, we constructed wild-type (WT) and mutant (K164R) overexpression plasmids of FLAG-TCTP-WT and FLAG-TCTP-K164R. These plasmids were respectively co-transfected with SUMOylation molecular HA-SMT3 into the silkworm BmN cells. The results of Co-IP analysis showed that TCTP-WT had an obvious band of SUMOylation compared with TCTP-K164R (Figure 1B). These findings suggested that the lysine residue at 164 was also the SUMOylation accept site of silkworm BmTCTP, which was consistent with the human HsTCTP (32).




Figure 1 | Bombyx mori translationally controlled tumor protein (BmTCTP) was SUMOylated at a conserved lysine site in silkworm. (A) The amino acid sequence alignment was performed using the CLC sequence viewer 7 software on human and silkworm sequences of TCTP. Asterisk indicated residue of the potential SUMOylation site. (B) Plasmids as indicated were co-transfected into the silkworm BmN cells. Lysates from BmN cells were used for immunoprecipitation with anti-FLAG antibody, followed by immunoblotting with indicated antibodies. IgG-L and IgG-H were the light and heavy chains of anti-FLAG antibody. (C) Subcellular localization of Red-TCTP-WT or Red-TCTP-K164R fusion protein in BmN cells was determined by fluorescence (red), and the nuclear DNA was counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 10 μm. (D) Cytoplasm (CF) and nuclear (NF) fractions isolated from BmN cells expressing FLAG-TCTP-WT or FLAG-TCTP-K164R were probed with an anti-FLAG antibody. An anti-Tubulin antibody was used to label CF.



We next analyzed if the SUMOylation mutation of BmTCTP would affect its subcellular localization. Red-tagged TCTP-WT and TCTP-K164R were transiently transfected into the BmN cells, respectively. As shown in Figure 1C, WT BmTCTP was primarily localized in the cytoplasm, indicating that silkworm BmTCTP was a cytoplasmic protein, which further confirmed the previous report (50). Also, K164R mutant BmTCTP showed similar cytoplasm localization as WT, implying that the SUMOylation mutation of BmTCTP did not affect its localization under the normal state of cultured cells. In agreement with the fluorescence signals, isolation of the cytoplasm and nuclear fractions of BmN cells showed that either TCTP-WT or TCTP-K164R was present in the cytoplasm by immunoblotting analysis (Figure 1D). Taken together, these data demonstrated that BmTCTP is SUMOylated at a conserved lysine site in silkworm and that the SUMOylation of BmTCTP did not influence its cytoplasm localization.



BmTCTP Knockdown Promoted Viral Replication

TCTP has been reported to be involved in the resistance against bacteria or viruses, and silencing of BmTCTP expression resulted in a decrease in survival rate of silkworm individuals after bacterial infection (38). To gain further insight into the function of BmTCTP in immune response, we here investigated its immune function in response to BmNPV infection by RNAi-mediated knockdown of BmTCTP. We firstly synthesized specific dsRNAs against ORF and UTR of BmTCTP (referred to as dsTCTP-ORF and dsTCTP-UTR) (Figure 2A). G5-PAMAM system was used to deliver dsRNAs of BmTCTP into the BmN cells to silence BmTCTP expression (45). RT-PCR result showed that both dsTCTP-ORF and dsTCTP-UTR were able to decrease the mRNA transcription of BmTCTP compared with the dsRed control treatment (Figure 2B), and also dsTCTP-ORF could specifically decrease the expression of FLAG-TCTP by immunoblotting (Figure S1), which together revealed that dsRNAs of BmTCTP could efficiently silence its own expression.




Figure 2 | Bombyx mori translationally controlled tumor protein (BmTCTP) knockdown promoted viral replication. (A) Schematic representation of the silkworm BmTCTP gene structure and dsRNA target regions. (B) Semiquantitative RT-PCR was used to evaluate RNAi efficiency of dsRNA targeting TCTP-ORF and TCTP-UTR in cultured silkworm BmN cells. The expression of BmActin3 gene was used as an internal control. (C) Fluorescence microscopy was used to observe the viral amounts when BmN cells were infected with Bombyx mori nucleopolyhedrovirus (BmNPV)-GFP for 72 h in the presence or absence of BmTCTP. Scale bar, 400 μm. (D) The viral DNA contents were detected by quantitative RT-PCR analysis of the BmNPV GP41 gene. The expression of BmGAPDH gene was used as an internal control. The data presented are the means ± SD (n = 3). For the significant analysis: **P < 0.01 and ***P < 0.001.



Then, BmNPV infection in the BmN cells was evaluated after BmTCTP knockdown. BmN cells were infected with BmNPV-GFP when the expression of BmTCTP was silenced. As shown in Figure 2C, fluorescence observation exhibited that the viral fluorescence was obviously stronger in cells of BmTCTP knockdown than that of the control. To further quantify the viral amounts, the viral DNA contents were detected by qRT-PCR analysis of the BmNPV GP41 gene and compared with the control. Low levels of DNA replication were observed in control dsRNA treatment, and knockdown of BmTCTP led to a significant increase of viral amounts (Figure 2D). These data suggested that BmTCTP knockdown promoted the replication of BmNPV, indicating that the silkworm BmTCTP participated in the host immune response against virus infection.



Deficiency of BmTCTP SUMOylation Inhibited Its Antiviral Immunity

To investigate whether SUMOylation of BmTCTP was involved in the immune function to virus infection, we firstly transfected two plasmids expressing FLAG-TCTP-WT and FLAG-TCTP-K164R, respectively, into the BmN cells. After the challenge by BmNPV-GFP, viral fluorescence clearly showed that the expression of mutated TCTP-K164R induced higher BmNPV levels than that of TCTP-WT expression (Figure 3A). Consistent with this observation, qRT-PCR for GP41 gene in TCTP-K164R also exhibited high levels of the viral DNA contents compared with TCTP-WT (Figure 3B). These results may indicate the possibility that the mutant of BmTCTP SUMOylation site affected its own immune response.




Figure 3 | Deficiency of Bombyx mori translationally controlled tumor protein (BmTCTP) SUMOylation affected its antiviral immunity. (A) Plasmids as indicated were transfected into the silkworm BmN cells, and then cells were infected with Bombyx mori nucleopolyhedrovirus (BmNPV)-GFP for 72 h. Fluorescence microscopy was used to observe the viral amounts. Scale bar, 400 μm. (B) The viral DNA contents were detected by qRT-PCR analysis of the BmNPV GP41 gene. The expression of BmGAPDH gene was used as an internal control. The data presented are the means ± SD (n = 3). For the significant analysis: **P < 0.01. (C) BmN cells were infected with BmNPV-GFP for 72 h. BmNPV-positive cells were then determined by fluorescence (green), and the nuclear DNA was counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 10 μm. (D) Red-TCTP-WT or Red-TCTP-K164R plasmid was transfected into the silkworm BmN cells, and then cells were infected with BmNPV-GFP for 72 h. Subcellular localization of Red-TCTP-WT or Red-TCTP-K164R in BmNPV-positive cells were determined by fluorescence (red), and the nuclear DNA was counterstained with DAPI (blue). Scale bar, 10 μm. (E) Cytoplasm (CF) and nuclear (NF) fractions isolated from BmNPV-GFP-infected cells expressing FLAG-TCTP-WT or FLAG-TCTP-K164R were probed with an anti-FLAG antibody. An anti-Tubulin antibody was used to label CF.



As cells infected by BmNPV caused the nuclear chromosomes to aggregate (Figure 3C), we next analyzed the distribution of BmTCTP in BmN cells after BmNPV treatment. It was shown that the TCTP-WT could enter the nucleus wherein the fluorescence signals were very strong. When compared with the TCTP-WT, however, the localization of TCTP-K164R mutation in the nucleus was decreased (Figure 3D). To further verify this result, we isolated the cytoplasm and nuclear fractions to determine the localization of BmTCTP. As shown in Figure 3E, we can detect the TCTP-WT protein in both cytoplasm and nucleus; by contrast, only a weak signal of the TCTP-K164R can be detected in the nucleus, suggesting that TCTP-WT indeed entered the nucleus post BmNPV infection. Interestingly, we found very high levels of SUMOylation in the TCTP-WT, but not in the TCTP-K164R, which indicated that BmNPV infection may induce the modification of BmTCTP SUMOylation and the enrichment into the nucleus. Taken together, these data suggested that SUMOylation may contribute to antiviral immunity of BmTCTP.



Stabilization of BmTCTP SUMOylation Enhanced Its Antiviral Immunity

To further confirm that SUMOylation of BmTCTP was involved in the antiviral immunity, we next generated a fusion vector of BmTCTP and BmSMT3 proteins in order to maintain the state of BmTCTP SUMOylation. Expression of FLAG-TCTP-SMT3 was measured by immunoblotting, and the protein size of FLAG-TCTP-SMT3 was larger than that of FLAG-TCTP (Figure 4A), which also supported the SUMOylated BmTCTP in Figure 1B. We then transfected the FLAG-TCTP or FLAG-TCTP-SMT3 into the BmN cells infected with BmNPV-GFP, and post 72 h treatment, the viral fluorescence was observed. It was shown that the expression of BmTCTP-BmSMT3 obviously inhibited BmNPV levels compared with that of BmTCTP itself, although both treatments also reduced viral signals when compared with the control (Figure 4B). In agreement with this, qRT-PCR for GP41 gene in BmTCTP-BmSMT3 also significantly decreased levels of the viral DNA contents compared with BmTCTP and control (Figure 4C). These results indicated that stabilization of BmTCTP SUMOylation indeed enhanced its antiviral function.




Figure 4 | Stabilization of Bombyx mori translationally controlled tumor protein (BmTCTP) SUMOylation enhanced its antiviral immunity. (A) Plasmids expressing FLAG-TCTP and FLAG-TCTP-SMT3 were transfected into the silkworm BmN cells, and then cells were collected after 72 h. Proteins from FLAG-TCTP and FLAG-TCTP-SMT3 were detected by anti-FLAG and anti-Tubulin antibodies. (B) Plasmids as indicated were transfected into the silkworm BmN cells, and then cells were infected with Bombyx mori nucleopolyhedrovirus (BmNPV)-GFP for 72 h. Fluorescence microscopy was used to observe the viral amounts. Scale bar, 400 μm. (C) The viral DNA contents were detected by qRT-PCR analysis of the BmNPV GP41 gene. The expression of BmGAPDH gene was used as an internal control. The data presented are the means ± SD (n = 3). For the significant analysis: *P < 0.05 and ***P < 0.001. (D) Red-TCTP-SMT3 was transfected into the silkworm BmN cells, and then cells were infected with or without BmNPV-GFP for 72 h. Subcellular localization of Red-TCTP-SMT3 was determined by fluorescence (red), and the nuclear DNA was counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 10 μm.



To detect the subcellular localization of BmTCTP-BmSMT3 upon the infection with or without BmNPV, Red-TCTP-SMT3 was transfected into cells to analyze its distribution. In the absence of BmNPV, Red-TCTP-SMT3 was mainly localized in the cytoplasm (Figure 4D), consistent with the WT BmTCTP localization (Figure 1C). By contrast, in the presence of BmNPV, Red-TCTP-SMT3 was able to largely accumulate in the nucleus (Figure 4D). Altogether, these data demonstrated that SUMOylation enabled BmTCTP to promote the immune response against the virus.



SUMO Conjugating Enzyme BmUBC9 Was Required for the SUMOylation of BmTCTP

To address how SUMOylation pathway was involved in the BmTCTP SUMOylation and immune response, we investigated the potential role of BmUBC9, a SUMO conjugating enzyme responsible for all SUMO conjugations in eukaryotic cells (42, 51, 52), in the BmTCTP SUMOylation. We firstly monitored the DNA amounts of BmNPV infection in cells at the indicated time points. It was shown that following the virus infection, BmNPV replications were increased rapidly (Figure 5A). By contrast, the expression of BmTCTP was downregulated after BmNPV infection (Figure 5B). These results suggested that the virus might inhibit the immune function of BmTCTP by downregulating BmTCTP expression levels in the host cells and thus prompted its own replications.




Figure 5 | SUMO conjugating enzyme BmUBC9 was required for the SUMOylation of Bombyx mori translationally controlled tumor protein (BmTCTP). (A) BmN cells infected with Bombyx mori nucleopolyhedrovirus (BmNPV) were collected at the indicated time points and used for qRT-PCR analysis of the BmNPV GP41 gene. The expression of BmGAPDH gene was used as an internal control. The data presented are the means ± SD (n = 3). (B) The expression of BmTCTP gene was analyzed by qRT-PCR following the BmNPV infection, and the BmeIF-4a was used as an internal control. The data presented are the means ± SD (n = 3). (C) The expression of BmTCTP gene was analyzed by qRT-PCR in BmUBC9 knockdown or overexpression cells following the BmNPV infection, and the BmeIF-4a was used as an internal control. The data presented are the means ± SD (n = 3). For the significant analysis: *P < 0.05, **P < 0.01, and ***P < 0.001, and ns represents no significance. (D) Plasmids as indicated were co-transfected into the BmN cells infected with BmNPV. Lysates from BmN cells were used for immunoprecipitation with anti-FLAG antibody, followed by immunoblotting with the indicated antibodies. SUMOylated BmTCTP was further determined by an anti-SMT3 antibody. IgG-L and IgG-H were the light and heavy chains of anti-FLAG antibody.



It was interesting that when we knocked down or overexpressed the BmUBC9 in the BmN cells infected with BmNPV, the decrease of BmTCTP expression was delayed in BmUBC9 overexpression cells compared with that in BmUBC9 knockdown cells (Figure 5C), implying the possibility that BmUBC9 could be involved in the immune response of BmTCTP. To test this, we carried out the immunoprecipitation analysis to analyze the SUMOylation levels of BmTCTP in BmUBC9 knockdown or overexpression cells upon BmNPV infection. As shown in Figure 5D, deletion of BmUBC9 clearly disrupted the SUMOylation of BmTCTP, whereas overexpression of BmUBC9 allowed cells to maintain high levels of BmTCTP SUMOylation even in the cells infected with a long period of BmNPV. Hence, the present data indicated that BmUBC9 would be essential for BmTCTP SUMOylation as well as its stabilization.



BmTCTP Interactome Identified the Interaction With an Immune Molecule Interleukin Enhancer Binding Factor

To better understand how BmTCTP participates in the immune process, we next aimed to identify proteins interacting with BmTCTP in BmN cells. We established two cell lines stably expressing FLAG-TCTP-WT and FLAG-TCTP-K164R, respectively. Whole-cell lysates were prepared from both cell lines, and FLAG antibody against FLAG peptide was used for immunoprecipitation in the above cell lysates. The resulting bound or flow proteins were resolved on 10% SDS-polyacrylamide gel electropheresis (SDS-PAGE) gels and probed with anti-FLAG antibody (Figure 6A). The eluate after the elution was further applied to SDS-PAGE, and the peptides were generated via in-gel trypsin digestion and subjected to LC-MS/MS analysis. As a result, we obtained 271 interaction proteins in FLAG-TCTP-WT and 102 proteins in FLAG-TCTP-K164R, and there were 64 common proteins (Figure 6B). These differential interactomes between WT and K164R mutant indicated that the SUMOylation of BmTCTP may contribute to its own interaction with other proteins.




Figure 6 | Bombyx mori translationally controlled tumor protein (BmTCTP) interactome identified the interaction with an immune molecule Bombyx mori interleukin enhancer binding factor (BmILF). (A) The efficiency of anti-FLAG antibody-mediated BmTCTP immunoprecipitation. Anti-FLAG antibody was used for both IP and immunoblotting (IB). The input, flow, and elution proteins were resolved on 10% SDS-PAGE gels and probed with anti-FLAG antibody. IgG-L and IgG-H were the light and heavy chains of anti-FLAG antibody. (B) Venn diagram assay of the FLAG-TCTP-WT and FLAG-TCTP-K164R interacting proteins identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The LC-MS/MS data for each expression plasmid were shown in Table S2. (C) Functional categories of the interacting proteins were analyzed by WEGO. Proteins were classified into cellular component, molecular function, and biological process according to their Gene Ontology (GO) signatures, and the total silkworm genes were shown as a reference.



To classify the identified BmTCTP interacting proteins according to biological processes, molecular functions, or cellular component, we performed a Gene Ontology (GO) analysis to annotate protein functions. The resulting GO terms were used to categorize the proteins using WEGO program. It was shown that the majority of proteins will function in protein binding, as a protein kinase regulator, and as a protein transporter and participate in immune response and protein localization in silkworm (Figure 6C), suggesting that the silkworm BmTCTP would also act as a multifunctional protein through binding directly or indirectly to a number of proteins. Interestingly, among the interaction proteins, we found that only one immune molecule called ILF was just presented in TCTP-WT interactome but not in TCTP-K164R (Table S2), which implied that the BmILF may be involved in the immune function of BmTCTP.



BmTCTP Regulated BmILF Expression and Inhibited Viral Replication

Indeed, previous studies have demonstrated that human interleukin enhancer binding factor 2 (ILF2) is considered as an important host cellular protein, which exerts a negatively regulatory effect on the replication of various viruses, such as human immunodeficiency virus type 1 (HIV-1), porcine reproductive and respiratory syndrome virus (PRRSV), and Japanese encephalitis virus (JEV) (53–57). To further characterize the correlation between BmTCTP and BmILF and whether the silkworm BmILF was able to regulate BmNPV replication, we investigated their functions in the response to BmNPV infection. It has been demonstrated that TCTP-WT was able to interact with BmILF by IP experiment. We further analyzed their interaction by colocalization. As shown in Figure 7A, BmILF was primarily localized in the nucleus, and only a small part of BmILF in the cytoplasm could be colocalized with BmTCTP.




Figure 7 | Bombyx mori translationally controlled tumor protein (BmTCTP) regulated Bombyx mori interleukin enhancer binding factor (BmILF) expression and inhibited viral replication. (A) Plasmids encoding Red-TCTP and EGFP-ILF were co-transfected into the BmN cells. After 3 days of transfection, cells were fixed and stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 10 μm. (B) Plasmids as indicated were transfected into the BmN cells, and then cells were infected with Bombyx mori nucleopolyhedrovirus (BmNPV)-GFP for 72 h. Fluorescence microscopy was used to observe the viral amounts. Scale bar, 400 μm. (C) The viral DNA contents were detected by qRT-PCR analysis of the BmNPV GP41 gene. The expression of BmGAPDH gene was used as an internal control. The data presented are the means ± SD (n = 3). For the significant analysis: *P < 0.05. (D) The expression of BmILF gene was analyzed by qRT-PCR in BmTCTP overexpression cells at different concentrations, and the BmeIF-4a was used as an internal control. The data presented are the means ± SD (n = 3). For the significant analysis: *P < 0.05, **P < 0.01, and ***P < 0.001. (E) The fold changes of BmILF expression was analyzed by qRT-PCR in BmTCTP overexpression cells following the BmNPV infection at the indicated time points, and the BmeIF-4a was used as an internal control. The data presented are the means ± SD (n = 3). For the significant analysis: **P < 0.01 and ***P < 0.001.



To study the response of BmILF to the virus infection, we overexpressed BmILF in the BmN cells and infected BmNPV-GFP for 72 h. The viral fluorescence clearly showed that the expression of FLAG-ILF inhibited BmNPV compared with the control (Figure 7B). FLAG-ILF expression also significantly decreased levels of the viral DNA contents compared with the control by qRT-PCR for GP41 gene (Figure 7C). These results implied that the silkworm BmILF was able to negatively regulate BmNPV replication.

Interestingly, we found that the expression of BmILF could be induced by overexpressed BmTCTP; moreover, this increased expression of BmILF was dependent on the levels of BmTCTP (Figure 7D), which suggested a possibility that BmTCTP may regulate BmILF expression as well. Although the expression of BmILF was also decreased post-infection with BmNPV at the indicated time points, overexpression of BmTCTP, however, significantly upregulated BmILF expression (Figure 7E). Therefore, our data demonstrated that BmTCTP will exert antiviral function via regulating BmILF expression and may in turn form an immune complex to inhibit the replication of virus in silkworm.




Discussion

Increasing amount of evidence has proven that TCTP contributes to regulating immune function and plays important roles in diverse biological processes. In eukaryotes, TCTP has been considered as an antibacterial or antiviral factor. For example, RNAi of Drosophila melanogaster TCTP increased the mortality after oral infection with Serratia marcescens (37). The silence of TCTP in Litopenaeus vannamei led to the increase of viral replication of white spot syndrome virus (WSSV), and injection of purified TCTP into WSSV-infected Penaeus monodon increased its survival rate (58). RNAi of the silkworm TCTP inhibited the antimicrobial capacity and the intestinal innate immunity of the silkworm after oral infection of bacteria (38). Although the immune response of TCTP is widely accepted, its regulatory mechanisms are still largely unknown.

In the present study, we established that the silkworm BmTCTP could be modified by SUMOylation molecular BmSMT3 at the lysine 164, and the SUMOylated BmTCTP would contribute to its immune response and promote antiviral activity. Our data showed that BmTCTP RNAi led to increased susceptibility of the silkworm cells to virus infection, and by contrast, overexpression of BmTCTP significantly decreased the virus replication, implying a strong antiviral function of BmTCTP in silkworm. Unexpectedly, this antiviral function of BmTCTP had been attenuated by mutation of BmTCTP SUMOylation site, suggesting that the SUMOylation of BmTCTP would be required for the survival of the silkworm cells upon the virus challenge. Consistent with this, it was interestingly shown that the stabilization of BmTCTP SUMOylation by overexpressing BmTCTP-BmSMT3 fusion protein further suppressed the replication of the virus. Hence, the enhanced immune response of BmTCTP SUMOylation would be fascinating to evaluate the antiviral function in silkworm individuals. Recent work also showed that Drosophila Relish can be SUMOylated, and this SUMOylation prevents cleavage and activation of Relish, thus negatively regulating the immune response (59). All these data suggested that SUMOylation status in organisms would exactly contribute to differential immune response dependent on the different substrate proteins.

Furthermore, our results showed that BmUBC9 can act as a SUMO conjugating enzyme for BmTCTP SUMOylation. After the virus infection, knockdown or overexpression of UBC9 displayed differential SUMOylation status of BmTCTP. It was also shown that the decreased expression of BmTCTP following the virus challenge was partially rescued by overexpression of BmUBC9 rather than its knockdown, which implied that BmUBC9 may regulate BmTCTP expression as well. Future research is needed to improve our understanding of the molecular mechanisms underlying the BmUBC9-mediated regulation of BmTCTP promoter activity. However, it was demonstrated that the BmUBC9-mediated BmTCTP SUMOylation would be essential for antiviral function.

In order to decipher the immune function of BmTCTP, we also performed a systematic proteomics study by LC-MS/MS analysis in combination with IP to investigate its interaction proteins. As a result, a total of 309 potential BmTCTP binding proteins have been identified. The protein functional classification system showed that these proteins participate in various functional processes including protein binding, protein kinase regulation, protein transport, immune response, and protein localization, which is consistent with the reports of previous studies (17, 18). It was intriguing that the mutant of TCTP-K164R clearly affected the interaction of BmTCTP with a majority of target proteins, suggesting that the SUMOylation of BmTCTP would be also important for the interactions. Moreover, SUMO-activating enzyme was also specifically pulled down by TCTP-WT rather than by TCTP-K164R, further confirming the presence of SUMOylation in BmTCTP protein, which together provides a novel insight into deciphering the BmTCTP functions by SUMOylation.

Among the BmTCTP interactions, it was shown that BmILF, the only one immune molecule, is able to interact with TCTP-WT but not with TCTP-K164R, which gives us an exciting clue to understand the immunity function of BmTCTP. The human ILF homologue has been demonstrated as an important host cellular protein that exerts a negatively regulatory effect on the replication of various viruses (53, 55, 57). Our result also showed that overexpression of the silkworm BmILF significantly inhibited virus replication. Importantly, BmTCTP could induce the expression of BmILF, especially in the response of BmNPV infection. Given the interaction between BmTCTP and BmILF, and the induced expression of BmILF by BmTCTP, it was interesting to speculate that BmTCTP may regulate the expression of BmILF and further form the complex with BmILF upon virus challenge so as to act antivirus roles. Nevertheless, the molecular mechanisms by which BmTCTP regulates BmILF expression and activity require further investigation.

Taken together, our study unravels a signaling pathway mediated by BmUBC9-mediated SUMOylation of BmTCTP that can inhibit the replication of BmNPV. Further downstream signaling in the antivirus activity of BmTCTP would be ascribed to by the regulation of BmILF interaction with BmTCTP and/or BmILF expression in response to virus infection. It has been shown that diseases caused by viruses, especially by BmNPV, are the greatest challenge to sericulture and usually cause major economic losses of cocoon production every year (39, 40). A better understanding of the silkworm immune response will be helpful for the disease control. Therefore, our present study has provided a novel strategy to defend against a virus via the antiviral capacity of BmTCTP SUMOylation in cultured silkworm cells. It will be of great interest to examine whether the transgenic expression of BmTCTP SUMOylation form in silkworm individuals plays a similar role in replication control of the virus, which would be useful for generating antiviral silkworm lines in the future.
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Supplementary Figure 1 | RNAi efficiency of dsRNA for BmTCTP by immunoblotting analysis. Immunoblotting was used to evaluate RNAi efficiency of dsRNA targeting TCTP-ORF and TCTP-UTR in FLAG-TCTP expressing BmN cells. Proteins from different treatments were isolated and detected by anti-FLAG and anti-Tubulin antibodies.

Supplementary Table 2 | Identification of BmTCTP interacting proteins by mass spectrometry in silkworm.
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Antiviral immunity involves various mechanisms and responses, including the RNA interference (RNAi) pathway. During long-term coevolution, viruses have gained the ability to evade this defense by encoding viral suppressors of RNAi (VSRs). It was reported that p35 of baculovirus can inhibit cellular small interference RNA (siRNA) pathway; however, the molecular mechanisms underlying p35 as a VSR remain largely unclear. Here, we showed that p35 of Bombyx mori nucleopolyhedrovirus (BmNPV) reduces the accumulation of virus-derived siRNAs (vsiRNAs) mapped to a particular region in the viral genome, leading to an increased expression of the essential genes in this region, and revealed that p35 disrupts the function of siRNAs by preventing them from loading into Argonaute-2 (Ago2). This repressive effect on the cellular siRNA pathway enhances the replication of BmNPV. Thus, our findings illustrate for the first time the inhibitory mechanism of a baculovirus VSR and how this effect influences viral infection.
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Introduction

All living organisms are constantly exposed to all sorts of microbial pathogens. The conflict between viral pathogens and their hosts leads to the coevolution of antiviral defenses and viral suppression mechanisms of host resistance. As for insects, the RNA interference (RNAi) pathway is an important immune strategy against viruses. It has been validated that both RNA viruses such as Drosophila X virus (DXV) (1) and cricket paralysis virus (CrPV) (2) and DNA viruses such as invertebrate iridescent virus 6 (IIV6) (3) are targets of insect RNAi machinery. In antiviral RNAi response of insects, Dicer-2 (Dcr-2) and Argonaute-2 (Ago2) are two key proteins. Double-stranded RNAs (dsRNAs) produced in viral infection are detected and processed into approximately 20 nucleotides (nt) virus-derived siRNAs (vsiRNAs) by the nuclease Dcr-2 (4). Following dsRNA cleavage, the generated siRNAs are loaded into Ago2 to form the RNA-induced silencing complex (RISC), which induces the antiviral defense machinery to cleave specific complementary viral RNAs with the RNase activity of Ago2 (5, 6).

Baculoviruses are a large group of entomopathogenic viruses with double-stranded DNA genomes of 80–180 kb contained in rod-shaped nucleocapsids (7). Due to their high virulence and rapid establishment of infection, baculoviruses are widely used for biological pest control and exploited as vector for heterologous protein expression (8, 9). As a representative member of baculoviruses, Bombyx mori nucleopolyhedrovirus (BmNPV) is the main pathogen of silkworm, an important economic insect for silk production (10, 11), and causes great economic losses to sericulture around the world (12). Although DNA viruses do not replicate through a dsRNA intermediate, overlapping transcripts produced by compact genomes lead to significant amounts of dsRNA (13). Consistently, vsiRNAs can be detected during infections with baculoviruses and other insect DNA viruses (3, 14–16), and viral infections are improved in RNAi-defective mutants for these cases (17–20).

As an inevitable result of coevolution and natural selection, it is a universal phenomenon that viruses have developed countermeasures against the antiviral RNAi response of insects (21, 22). They encode viral suppressors of RNAi (VSRs) to inhibit the host RNAi pathway by diverse molecular mechanisms. For example, the protein 1A of Drosophila C virus (DCV) binds with long dsRNAs and shield them from Dcr-2-mediated cleavage (2). The protein B2 encoded by Flock House virus (FHV) binds with both dsRNAs and siRNAs to hinder their participation in the RNAi pathway (23–25) and also interacts with Dcr-2 to reduce siRNA production (26). Additionally, 1A of CrPV blocks catalytic activity of the RISC by direct interaction with Ago2 (27, 28). VP1 of Nora virus inhibits the cleavage ability of preassembled mature RISC by antagonizing Ago2 slicer activity (29, 30). Apart from VSRs encoded by RNA viruses, 340R of IIV6 stabilizes long dsRNAs and binds with siRNAs to inhibit its loading into RISC (31, 32). Also, it has been reported that p35 of baculovirus, which is well known as an inhibitor of apoptosis (33), has the ability to suppress cellular RNAi pathway in diverse insect and mammalian cells (34). However, the effect on viral infection and the molecular mechanisms underlying p35 as a VSR remain largely unknown. Considering the antiviral immunity of the RNAi pathway and the application of baculovirus, addressing these questions could not only bring a better understanding on the mechanisms of baculovirus infection and the detail of baculovirus-host interaction but also provide theoretical guidance for the prevention of the disease caused by baculovirus or for baculovirus-mediated lepidoptera pest control.

In this study, by using small RNA sequencing (RNA-seq), we found that p35 reduces the amount of vsiRNA derived from the region located in 50k–95k nucleotides (nt) of the minus strand of BmNPV genome, in which the essential genes of BmNPV are densely distributed. As predicted, the expression of most essential genes in this region increased due to the reduced vsiRNA level. Moreover, we found that p35 can prevent siRNA from being loaded into Ago2, which blocks the downstream steps of cellular RNAi pathway. As a result, weakened antiviral RNAi promotes the proliferation of BmNPV in the presence of p35, and such effect is independent of its inhibitory function of apoptosis. Taken together, our results indicated the dual role of p35 in evading antiviral RNAi and promoting viral infection, namely, changing the population of vsiRNAs and inhibiting their downstream functions.



Materials and Methods


Cell Line, Viruses, and Antibodies

The BmN cell line was cultured at 27°C in SF900 II SFM (Gibco) supplemented with 3% fetal bovine serum (FBS; Gibco). The T3 strain of BmNPV was maintained in our laboratory and used as the wild-type (WT) virus. The antibodies used in this study including anti-GP64 (Sigma, A2980), anti-GFP (TransGene, HT801), anti-Flag (HuaBio, 0912-1), anti-HA (Yeasen, 30702ES60), and anti-α-tubulin (Beyotime, AF5012) were commercially available.



Expression Plasmids and Transfection

The expression plasmids used in this study including pIZ-EGFP, pIZ-p35, pIZ-p35shift, pIZ-p35Flag, and pIZ-BmAgo2-HA were generated from the pIZ/V5-His plasmid. The pIZ/V5-His was preserved in our laboratory, and its multiple cloning sites (MCSs) had been optimized to be the same as the MCS of pFastBacHTB plasmid. All insertion open reading frames (ORFs) of the plasmids were confirmed by sequencing in both directions.

For transfection of the expression plasmids, BmN cells were resuspended and equally added to individual wells of a 6-well plate. Once monolayers had formed, the medium was replaced by 1ml TC-100 medium (Sangon, E60032) before transfection medium consisting of 125 μl TC-100 medium, 5 μl Lipo8000 (Beyotime, C0533), and 3 μg plasmid was added. The cells were incubated for 5 h after addition of the mixture and then replenished with 1.5 ml of SF900 medium supplemented with 3% FBS. For transfection of BmNPV bacmid, the method was similar. In brief, the medium of BmN cells was replaced, and a mixture containing 250 μl TC-100 medium, 8 μl LipoInsect (Beyotime, C0551), and 16 μg bacmid was added. The medium was rechanged after 4 h.



Generation of the p35KO and p35V71P Mutants of BmNPV

To generate the p35KO mutant, a p35 knockout BmNPV bacmid was constructed via λ-Red homologous recombination as described previously (35–37). A linear chloramphenicol acetyltransferase (cat) gene cassette flanked by 50-nt fragments homologous with the adjacent regions of the p35 ORF that mediate the insertion of the cat gene into the p35 locus while concomitantly deleting the p35 ORF (Figures S1A) was amplified from plasmid pKD3. The PCR fragment was gel purified and electroporated into Escherichia coli BW25113 competent cells containing the BmNPV bacmid and the temperature-sensitive plasmid pKD46 (38). Transformants were screened with kanamycin and chloramphenicol and confirmed by PCR (Figures S1B, E–H). For visualization of the viral infection, polyhedrin (polh) of BmNPV with its own promoter was inserted into the polh locus of the resulting p35KO bacmid using pFastBacDual plasmid via Tn7-mediated transposition, as previously described (39–41) (Figure S1A).

As for the p35V71P mutant, the mutated p35 gene whose nucleotides coding for the valine 71 were changed to those for proline was amplified via overlap extension PCR (Figure S1C), and mutation was confirmed by sequencing in both directions (Figure S1D). This mutated gene was then inserted into the polh locus together with the polh gene via Tn7-transpositon to generate the p35V71P bacmid (Figure S1A). The two mutant viruses were amplified and purified from BmN cells transfected with the corresponding bacmids.



Gene Silencing

To silence the genes, we used RNAi by generating dsRNA synthesized in vitro using the T7 RNAi transcription kit (Vazyme, TR102) according to the instructions from the manufacturer. T7 promoter sequences were incorporated in both forward and reverse primers designed to amplify the DNA fragments of target genes as transcription templates for dsRNA. The control template in this kit was used to generate dsCtr as a negative control.

For transfection of the dsRNA, BmN cells were resuspended and equally added to individual wells of a 6-well plate. Once monolayers had formed, the medium was replaced by 1ml TC-100 medium before transfection medium consisting of 125 μl TC-100 medium, 5 μl LipoRNAi (Beyotime, C0535), and 5 μg dsRNA was added. The cells were incubated for 5 h after addition of the mixture and then replenished with 1.5 ml of SF900 medium supplemented with 3% FBS.



Quantitative Real-Time PCR Analysis

BmN cells (1 × 106) infected with indicated viruses at a multiplicity of infection (MOI) of 10 or transfected with dsRNAs were harvested at the given time points. Total RNA of the cells was extracted using RNAiso Plus (Takara, 9109) to synthesize the first-strand cDNAs with the PrimeScript™ RT reagent Kit (Takara, RR047). Reactions were performed using Hieff® qPCR SYBR Green Master Mix (Yeasen, 11203) and run on a Light Cycler 480 (Roche). Bmrpl32 (Gene ID 778453) was used for normalizing the data. Three technical and three biological replicates per treatment were analyzed using the 2-△△Ct method to calculate the relative expression levels of selected genes. Student’s two-tailed t test was used for significant difference analysis between two samples. The statistical analysis and figure generation were completed by GraphPad Prism 8.



Analysis of Viral Growth Curve and Genome Copies

Viral growth curve analysis was conducted as described previously (42). In brief, BmN cells were infected in triplicate with indicated viruses at an MOI of 10. After 1 h of incubation at 27°C, fresh medium was added to cells, and this time point was defined as 0 h post infection (hpi). At the given time points, cells were centrifuged and supernatants containing the BV were harvested. The titers of BV were determined by TCID50 end-point dilution assay in BmN cells (43).

To quantify viral genomic DNA (gDNA) copies, total DNA of sediments obtained from the centrifugation was extracted using Universal Genomic DNA Extraction Kit (Takara, 9765). Viral gDNA copies were determined by quantification of a viral gene gp41 (Gene ID 1488698) by qPCR. DNA concentrations were measured by a NanoDrop instrument (Thermo), and 30 ng total genomic DNA was used for each qPCR reaction. Bmrpl27 (Gene ID 692703) served as an internal normalization control, and the 0 h sample was used as input to normalize the data. The differences in means between two or three sets of data at a certain time point were compared by t test or one-way ANOVA. GraphPad Prism 8 was used for statistical analysis and figure generation.



Western Blot

BmN cells (1 × 106) of different treatment conditions were harvested at the designated time points and lysed in cell lysis buffer (Beyotime, P0013) for 30 min on ice. Protein concentrations in lysates were determined using Bicinchoninic Acid (BCA) Protein Assay Kit (Takara, T9300A). For each sample, 20 μg of protein extract was separated by a 12% Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS PAGE) gel and transferred onto a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% non-fat milk in Tris Buffered Saline with Tween (TBST) for 2 h and incubated with corresponding antibodies for 1.5 h at room temperature or overnight at 4°C. Thereafter, Horseradish Peroxidase (HRP)-conjugated antibodies were used for enhanced chemiluminescence. α-Tubulin served as an internal reference.



Small RNA Sequencing and Analyses

BmN cells (1 × 107) were infected with BmNPV WT or p35KO mutant virus at an MOI of 10. After 48 h of infection, cells were harvested and total RNA of the cells was extracted. The small RNAs were size selected by PAGE gel, and the small RNAs ranging from 15 to 35 nt were excised. Approximately 3 μg of RNA per sample was used as the input material for library preparation, the libraries were generated using NEB Next Multiplex Small RNA Library Prep Set for Illumina (NEB), and index codes were added to attribute sequences to each sample. The prepared libraries were sequenced on an Illumina Hiseq 2500/2000 platform (Allwegene), and 50-bp single-end reads were generated.

For the analysis of viral small RNAs, raw reads generated from 3 independent libraries were cleaned using Trim Galore (Version 0.6.6) and mapped to the BmNPV genome (GenBank accession NC_001962) using Bowtie2 (Version 2.4.2) (44). Mapped reads were normalized to library size and expressed as reads per million (RPM). For the genome distribution, the number of 5’ ends of all vsiRNAs at each position was plotted. miRNA levels were analyzed by mapping the cleaned reads to the B. mori genome (SilkBase) (45). The union of differentially expressed miRNAs between two groups was used for miRNA heat map. Differential expression analysis of two groups was performed using R package edgeR (Version 3.30.3), and P value of 0.05 was set as the threshold for significant differential expression. Figures were generated using R package ggplot2 (Version 3.3.2) or pheatmap (Version 1.0.12) and embellished using Adobe Illustrator.



Apoptosis Detection of BmN Cells

BmN cells were resuspended and equally added to individual wells of a 96-well plate. At designated time points, BmNPV p35KO or p35V71P mutant was added at an MOI of 10. Apoptosis degree of the cells was determined by the activity of caspase-3 and caspase-7 using Caspase-Glo 3/7 Assay System (Promega, G8090) (46). Caspase-Glo 3/7 substrate and buffer in the kit were mixed, and each well was added by 100 μl of the reagent simultaneously. The luminescent signal was measured by Microplate Reader (Bio Tek) after incubation for 1 h. Caspase 3/7 activity was represented by relative light unit (RLU). Three replications were set for each time point, and the fresh medium served as the blank control.



β-Elimination

BmN cells (1 × 106) transfected with siRNA of Enhanced Green Fluorescent Protein (siEGFP) for 48 h were harvested, and small RNA of the cells was extracted using RNAiso for Small RNA (Takara, 9753). β-Elimination of the RNA was performed as the protocol described before (47).

In this study, 40 µg of RNA in 47.5-µl nuclease-free water was oxidized by addition of 12.5 µl 200 mM NaIO4 and 40 µl 5× borate buffer and incubation at room temperature for 30 min. In the control group, NaIO4 was replaced by RNase-free water. Unreacted NaIO4 was quenched by addition of 10 µl glycerol and incubation at room temperature for 10 min. To induce β-elimination, 10 µl of 500 mM NaOH was added and the reaction was kept at 45°C for 90 min. The treated RNA was purified by ethanol precipitation.



Northern Blot

Northern blot analysis was performed as the protocol described before (48). Here, 10 μg of small RNA were separated on a 7-M urea-denaturing 15% polyacrylamide gel and transferred onto a nylon membrane. siRNA Ladder Marker (TaKaRa, 3430) was used as a molecular size marker. UV-cross-linked membrane was prehybridized for 3 h and hybridized with biotin-labeled DNA probe. Viral probe was synthesized using Biotin Random Prime DNA Labeling Kit (Beyotime, D3118). The signal was detected using Chemiluminescent Biotin-labeled Nucleic Acid Detection Kit (Beyotime, D3308). Ethidium bromide–stained 5S rRNA served as an internal reference.



Cell Viability Assay

Cell viability was determined using Cell Counting Kit-8 (Beyotime, C0038) and Calcein-AM/PI Live-Dead Cell Staining Kit (Solarbio, CA1630) according to the protocol provided by the manufacturers. In brief, BmN cells in 96-well plate were infected with BmNPV at an MOI of 10 at designed time points. And the cells were added with corresponding reagent. The absorbance of each well was measured at a test wavelength of 450 nm.



Co-Immunoprecipitation and RNA Immunoprecipitation

For RNA immunoprecipitation, BmN cells (1 × 106) co-transfected with siEGFP and pIZ-BmAgo2-HA for 48 h were harvested and washed twice by PBS and then lysed using the lysis buffer with freshly added 1 mM Dithiothreitol (DTT), 200 U/ml RNase inhibitor (Promega), and protease inhibitor cocktail (Bimake, B14001) for 30 min at 4°C. Here, 10% of lysates were used as protein inputs and 20% of lysates were used for small RNA isolation as RNA inputs. The remnant lysates were prepared for immunoprecipitation overnight at 4°C using anti-HA magnetic beads (Bimake, B26201). Immunoprecipitation beads were washed with lysis buffer five times. Then, 25% of the washed beads were used for Western blotting, and the remnant beads were used for RNA extraction.

The co-immunoprecipitation is similar. In brief, cells cotransfected with pIZ-p35Flag and pIZ-BmAgo2-HA were lysed using the lysis buffer with freshly added cocktail for 30 min at 4°C. Here, 20% of lysates were used as inputs and remnant lysates were used for immunoprecipitation overnight at 4°C using Anti-Flag magnetic beads (Bimake, B26101). Immunoprecipitation beads were washed with PBS five times and used for Western blotting.




Results


BmNPV Is a Target of Cellular SiRNA Pathway

Baculovirus-derived siRNAs from Helicoverpa armigera single nucleopolyhedrovirus (HaSNPV)-infected HzFB cells and Autographa californica multiple nucleopolyhedrovirus (AcMNPV)-infected Sf9 cells have been reported previously (14, 34). Nonuniformly distributed vsiRNAs on viral genomes resulted in hot spots with a large number of mapped vsiRNAs and cold spot with a low number of mapped vsiRNAs. Also, the expression of genes in hot spots instead of cold spots was affected when Dcr-2 was silenced (18). To confirm the significance of cellular siRNA pathway in resistance of BmNPV, the key factors, Dcr-2 and Ago2, were knocked down respectively via dsRNAs, and the silencing efficacy was examined by qPCR. After 48 h of dsRNA transfection, the gene-silenced cells were infected with BmNPV, and the effect on viral amplification was assessed by quantifying viral titers and gDNA copies at various time points as well as the expression level of GP64, a key envelope protein of BmNPV.

After 48 h of dsRNA transfection, the expression of Dcr-2 and Ago2 was dramatically decreased (Figure 1A). As a consequence, the expression of GP64 was enhanced (Figure 1B), and viral replication was also increased. During 12–48 h, viral titers in Dcr-2- and Ago2-silenced groups showed a modest but significant increase compared with the negative control (Figure 1C). Also, viral gDNA copy number in RNAi-defective groups was significantly higher than the control until 96 h postinfection (Figure 1D). These results illustrated that BmNPV is also a target of RNAi like the viruses mentioned above, and its infection progress can be restricted by the siRNA pathway of the host. However, the siRNA pathway seems to make no difference on viral invasion at a relatively late stage, and it may be due to the overwhelming viral load that is unaffordable for the RNAi-mediated antiviral immunity.




Figure 1 | BmNPV infection is restricted by cellular RNAi pathway. (A) qRT-PCR confirmed the decline of Dcr-2 and Ago2 expression in BmN cells treated with dsDcr2 and dsAgo2 at 48 h post transfection relative to dsCtr-transfected control group. (B) Western blot analysis of viral envelope protein GP64 expression at 48 hpi. α-Tubulin was used as an internal reference. (C) Viral growth curves determined by TCID50 endpoint dilution assays in dsDcr2- and dsAgo2-treated cells and the dsCtr-treated control group. (log-transformed data). (D) Replication kinetics of BmNPV in BmN cells under the indicated treatments. qPCR data of viral gDNA copies were normalized to housekeeping gene Bmrpl27 and presented relative to the 0 hpi time point. (log-transformed data) (*P < 0.05, **P < 0.01, ***P < 0.001). dsCtr, control dsRNA; dsDcr-2, dsRNA for Dcr-2; UI, uninfected; dsAgo2, dsRNA for Ago2.





p35 of BmNPV Restricts SiRNA Pathway of the Host

In a previous study, p35 of AcMNPV was found to be responsible for the suppression of RNAi in diverse insect and mammalian cells, while the molecular mechanism of this suppression was not elucidated (34). Before exploring this mechanism, we firstly verified the RNAi suppression effect of BmNPV p35. To visualize the RNAi efficiency, the constructed pIZ-EGFP plasmid was cotransfected with dsRNA of EGFP (dsEGFP) into BmN cells. Subsequently, the cells were infected with wild type and p35-deleted BmNPV (Figure 2A). After 24 h of infection, the cells were harvested to detect the expression level of EGFP. In cells treated by dsEGFP without the existence of p35, namely, mock and p35KO virus-infected cells, the expression level of EGFP was much lower than that in the dsCtr-treated cells, while no obvious difference was observed between the dsCtr and dsEGFP treatments of WT virus-infected cells (Figure 2C). These results indicated that the p35 gene of BmNPV was responsible for the suppression of cellular siRNA pathway.




Figure 2 | Cellular RNAi pathway is restricted by BmNPV p35. (A) Strategy to generate the p35-defective BmNPV mutant (p35KO). p35 was replaced by a chloramphenicol resistance gene cat through λ-red homologous recombination. (B) Strategy to construct the negative control of p35 expression plasmid (p35shift). A stop codon was introduced next to the start codon that disables the translation of p35. (C–F) RNAi efficiency represented by Western blot analysis of EGFP expression in BmN cells treated by dsRNA and WT or p35KO BmNPV (C), dsRNA and p35 or p35shift plasmid (D), siRNA and WT or p35KO BmNPV (E), siRNA and p35 or p35shift plasmid (F). GP64 was used to represent the existence of BmNPV, and α-tubulin served as an internal reference.



To investigate whether the suppression effect is independent of viral infection, we constructed a pIZ-p35 plasmid to express p35 of BmNPV in vitro and a negative control pIZ-p35shift, in which a stop codon was introduced after the p35 ATG start codon by frameshift mutation to exclude the influence of p35 transcript (Figure 2B). As expected, after 48 h of cotransfection, the nullification of dsEGFP was only observed in pIZ-p35-transfected cells (Figure 2D), indicating that it is an individual function of p35.



p35 Mainly Interferes With Steps Downstream of Dcr-2 Cleavage in Gene Silencing

In siRNA pathway, there are two major parts for gene silencing, namely, Dcr-2 cleavage and its downstream steps. Considering that p35 is able to restrict cellular siRNA pathway, we wonder which step is primarily responsible for this effect. In contrast to dsRNA, transfected siRNAs do not require processing by Dcr-2 and directly participate in the next steps. Therefore, it is suitable to estimate the relative importance of Dcr-2 cleavage and its downstream steps by detecting siRNA-induced gene silencing efficiency of EGFP. If inhibition of Dcr-2 function is the predominant mechanism, p35 will fail to restrict the function of directly introduced siRNA, and vice versa.

In siEGFP-transfected cells, the expression of EGFP was obviously inhibited. Such an inhibitory effect could also be observed in p35KO BmNPV-infected and pIZ-p35shift-transfected BmN cells, but not in WT BmNPV or pIZ-p35-treated cells (Figures 2E, F). These results indicated that the skip of dsRNA cleavage cannot avoid the suppression of siRNA pathway, and the steps downstream of Dcr-2 cleavage are primarily responsible for this p35-mediated suppression.



p35 Impedes Virus-Derived Small Interference RNA From Loading on Argonaute-2

Previous results showed that the silencing efficiency of introduced siRNA could also be effectively restricted by p35 (Figures 2E, F), implying that the steps downstream of Dcr-2-induced dsRNA slicing were affected. After being processed by Dcr-2, resulted siRNAs must be loaded onto Ago2 to execute their function (6, 49, 50). Therefore, we hypothesized that this key process of RISC formation was blocked by p35 therein. To directly test this hypothesis, we analyzed sensitivity to β-elimination of introduced siEGFP. In previous studies, once siRNAs were incorporated in Ago2, a 2′-O-methyl group would be added on their 3′ termini by the protein Hen1 (51–53). Such a methylation modification endows siRNAs with the resistance to β-elimination. Unmodified siRNAs are sensitive to the reaction, being converted into RNAs with 3′-monophosphate by the reaction. The resulting RNAs migrate faster in polyacrylamide gel electrophoresis (47, 54), making it visible to determine whether the siRNA is loaded onto Ago2.

We conducted Northern blot to detect the effect of the β-elimination reactions and found that in the pIZ-p35-transfected cells, an appreciable fraction of siEGFP was sensitive to β-elimination, as evident from the increased mobility on gel, indicating that it had not been loaded into Ago2. In contrast, transfected siEGFP in mock-transfected and pIZ-p35shift-transfected cells was not affected by β-elimination, indicating that they were incorporated with Ago2 (Figure 3A).




Figure 3 | p35 prevents siRNA from loading onto Ago2. (A) Northern blot analysis of transfected siEGFP in BmN cells transfected with pIZ-p35 or pIZ-p35shift expression plasmid, and the samples were subjected to β-elimination (+) or mock treated (−). Cells without siEGFP transfection were used as the negative control (NC). Ethidium bromide–stained 5S rRNA was used as a loading control. (B) RNA immunoprecipitation assay of transfected pIZ-BmAgo2-HA and siEGFP in BmN cells transfected with pIZ-p35shift or pIZ-p35 plasmid. (IB, immunoblotting; NB, Northern blotting).



To further confirm that p35 prevents siRNA from loading on Ago2, we performed RNA immunoprecipitation assay with anti-HA magnetic beads by using pIZ-BmAgo2-HA- and siEGFP-transfected BmN cells in the absence or presence of p35. As expected, the binding between Ago2 and siRNA was significantly suppressed (Figure 3B). Together, these results proved that p35 can obstruct the steps downstream of Dcr-2 cleavage by preventing siRNAs from associating with RISC.



p35 Reduces the Accumulation of Virus-Derived Small Interference RNAs Derived From Certain Regions of Viral Genome

The functional mechanisms of VSRs are diverse. Some of them can restrict both Dcr-2 cleavage to alter vsiRNA generation and the formation of RISC to block the function of siRNA, as is described in the Introduction. Although p35 mainly affects the downstream steps of siRNA pathway, we also would like to make clear its role in vsiRNA accumulation. To this end, small RNA-seq of BmN cells infected with WT or p35KO BmNPV was conducted and the small RNAs mapped to BmNPV genome were analyzed. As observed before (14), small RNAs in both treatments were predominantly 20 nt in length (Figure 4D), which coincides with the typical size of Dcr-2 products. However, to our surprise, the distribution of mapped vsiRNAs across the viral genome was not similar in WT and p35KO BmNPV infection. Instead, in the context of WT BmNPV infection, the count of vsiRNAs mapped to approximately 50k–95k nt was evidently lower than that in the context of p35KO BmNPV infection (Figures 4A, B). Correspondingly, most of the genes in this region were mapped to more vsiRNAs in the absence of p35 (Figure S3A). To validate this phenomenon, Northern blot analysis was performed and the probes were generated from the viral fragments in the genome coordinates of 50k–95k nt. Consistent with the sequencing result, the band of approximately 20-nt vsiRNA complementary with probes appears more pronounced in the p35KO BmNPV-infected cells (Figures 4C and S3B), indicating a disequilibrium induced by BmNPV p35 in the accumulation of vsiRNA.




Figure 4 | p35-induced alternation in vsiRNA accumulation and miRNA expression. (A, B) Distribution of vsiRNAs across the viral genome after infection of WT (A) and p35KO (B) BmNPV, with vsiRNAs mapping to the plus and minus strands of the genome in red and blue, respectively. The average counts (n = 3) of all vsiRNAs at each position were plotted at 400 nt resolution. (C) Northern blot analysis of small RNA derived from the 50k–95k nt in the BmNPV genome coordinates at 48 hpi. A longer exposure of the blot in the black box allows visualization of the vsiRNAs. Ethidium bromide–stained 5S rRNA was used as a loading control. (D) Size profile of vsiRNAs from WT and p35KO BmNPV-infected BmN cells. Size distribution as the average percentage (n = 3) of total vsiRNAs is presented. (E) Heatmap of the changes in miRNA abundance in WT and p35KO BmNPV-infected BmN cells. Three libraries are presented separately. Hierarchical clustering is based on the averages of the 3 libraries. Color coding indicates log2-transformed fold changes relative to mock infection. (50 differentially expressed miRNAs with higher significance were selected to show).



In plants, Ago1 is a shared factor of antiviral RNAi and miRNA pathways that can load with both vsiRNAs and miRNAs (55). Due to this convergence of functions, VSRs of plants can affect cellular miRNAs (56). In contrast, Dicer and Argonaute proteins are exclusive in miRNA and siRNA pathways of insects (57). We thus analyzed miRNA profiles of uninfected and WT or p35KO BmNPV-infected cells to evaluate the role of p35 in miRNA pathway. The length distribution was not affected during viral infection, and most of the detected miRNAs were 20–22 nt as expected (Figure S3C). In both virus-infected cells, a reduction in the level was observed for the majority of changed cellular miRNAs, while the difference between the two virus-infected libraries was not remarkable. Generally, there appeared to be an identical trend of miRNAs in the infection of WT and p35KO BmNPV. However, two small sets of miRNAs were worthy of attention. One was represented by miR-2780d and miR-2744, which were only induced by p35KO BmNPV, and another was represented by miR-3275, which was only upregulated by p35 therein and might be related to some biological functions of p35 (Figures 4E and S3D). Together, these data suggest that p35 has little effect on the expression of cellular miRNA and the length distribution of small RNAs but alters the vsiRNA accumulation in the viral genome coordinates of 50k–95k nt.



The Decline of Virus-Derived Small Interference RNA in the 50k–95k Region Improves the Expression of Viral Genes in This Region

Since the existence of p35 reduced the vsiRNA accumulation of the 50k–95k nt in the BmNPV genome coordinates, we focused on the specific property of this region. To this end, we analyzed the distribution of genes important for viral replication and spread and found that the distribution density of essential genes (virus lacking these genes will not be able to survive) and important genes (viral infection and spread will be severely restricted without these genes) in the 50k–95k region was higher than that of other regions in the BmNPV genome (Figure 5A) (7, 58). Therefore, we examined how the decrease of vsiRNA affects the expression of these genes in the 50k–95k region. Considering that p35 is also well known as an inhibitor of apoptosis besides its VSR function (33), to eliminate the influence of apoptosis induced by p35KO BmNPV infection, we mutated valine 71 of BmNPV p35 to proline (p35V71P), which was previously shown to disrupt the spatial conformation of the reactive loop structure in p35 and to completely abolish its antiapoptotic activity by failing to inhibit the caspase activity (59, 60). The mutated p35 gene was confirmed by sequencing and recombined into p35KO BmNPV to generate the p35V71P-mutated virus.




Figure 5 | p35-induced vsiRNA decline promotes expression of genes in this region. (A) Distribution of genes in the 50k–95k region of the BmNPV genome with essential genes and important genes in red and pink, respectively. (B) Inhibition effect on siRNA pathway induced by the indicated viruses. GP64 was used to represent the existence of BmNPV, and α-tubulin served as an internal reference. (C) qRT-PCR analysis for the expression of genes in the 50k–95k region of viral genome at 48 hpi. ***P < 0.001.



The functional effect of BmNPV p35V71P was examined first. As expected, after destruction of the crucial site of apoptosis resistance, the mutated virus failed to restrict cellular caspase activity as the WT BmNPV did (Figure S2C), and apoptosis induced by p35V71P BmNPV in BmN cells was as severe as that in p35KO BmNPV-infected cells (Figure S4). Nevertheless, the function of p35V71P as a VSR was not affected by this single amino acid mutation. In p35V71P mutated virus-infected cells, gene silencing mediated by dsEGFP was obviously inhibited, and the inhibition effect was the same as the WT BmNPV (Figure 5B), demonstrating it an ideal strategy to avoid the discrepancy produced by distinct apoptosis rate with no impact on the suppression of cellular RNAi. Eight essential genes and 1 important gene (lef-7) in 50k–95k region were selected to analyze whether the altered vsiRNA level affects the gene expression of this region. In the p35V71P-infected BmN cells, mRNA levels of the tested genes showed an increase of 3~4-fold (Figure 5C). Taken together, our results indicated that the p35-induced decline of vsiRNA mapped to the 50k–95k of the BmNPV genome coordinates promoted the expression of critical genes in this region, which may create a favorable condition for viral infection.



The Restriction of RNAi Induced by p35 Facilitates Viral Infection

We have observed an enhanced viral infection in cells with RNAi defects caused by Dcr-2 or Ago2 knockdown and an increased gene expression in the region with reduced vsiRNA yield caused by the existence of BmNPV p35. Therefore, we hypothesized that the p35-mediated inhibitory effect on host siRNA pathway will contribute to an improved viral infection. In order to avoid the diversity in the level of cell apoptosis, we also used the mutant virus p35V71P as the control of p35KO mutant virus.

To assess the impact of the impaired siRNA pathway caused by p35, we infected BmN cells with the two mutant viruses respectively and monitored viral titers and DNA levels over time. A consistent infection and replication defect were observed in p35KO virus, with 4.2–5.1-fold lower viral titers and 2.4–3.3-fold lower DNA levels compared with the control (Figures 6A, B). To vindicate that such differences was due to the p35-induced inhibition on cellular RNAi instead of other variables, we generated RNAi-defective cells by knocking down the key factors of siRNA pathway, Dcr-2 or Ago2 as mentioned above, and infected these cells with the two mutant viruses, respectively. As expected, the differences in viral titers and DNA levels were not observed. Mutant viruses p35KO and p35V71P replicated with similar kinetics and accumulated to similar levels in RNAi mutant cells (Figures 6C–F). It is because that p35-induced suppression cannot lead to discrepancies in these RNAi-impaired cells. However, it is noteworthy that in the case of viral infection, cellular siRNA pathway was not completely blocked by p35, based on the fact that in the presence of p35, RNAi defects caused by Dcr-2 or Ago2 knockdown still led to significantly enhanced viral infection and accumulation (Figure S5). Overall, these data indicated that the VSR function of BmNPV p35 can create a favorable condition for the establishment of viral infection and the replication of viral genome during a relatively early stage, even though the antiviral activity of cellular siRNA pathway cannot be fully masked.




Figure 6 | p35-induced suppression on cellular RNAi facilitates viral infection. (A, C, E) Viral growth curves of p35KO and p35V71P BmNPV mutants determined by TCID50 endpoint dilution assays in dsCtr (A)-, dsDcr2 (C)-, and dsAgo2 (E)-treated cells. (log-transformed data). (B, D, F) Replication kinetics of the two mutated viruses under the indicated treatments. qPCR data of viral gDNA copies were normalized to housekeeping gene Bmrpl27 and presented relative to the 0 hpi time point. (log-transformed data) (*P < 0.05, ***P < 0.001).






Discussion

Unlike vertebrates, insects lack acquired immunity against specific viruses, while the RNAi pathway allows them to resist viral infection pointedly by capturing intermediates derived in viral metabolism and therefore plays a vital role in antiviral immunity. Facilitated by their large coding capacity and high mutation rate, both DNA viruses and RNA viruses have evolved various antagonists or modulators of diverse immune pathways including RNAi pathway during the long-term arms race (61–63). Here, we use an RNAi suppressor-defective mutant of BmNPV and combine small RNA-req with biochemistry experiments to show that p35 of BmNPV antagonizes cellular RNAi pathway through two ways, namely, reducing the accumulation of vsiRNAs mapped to the genome region where critical genes of virus are densely distributed and hindering vsiRNA from loading on Ago2 to block the downstream function of antiviral RNAi reaction. Such suppression on cellular RNAi enhances the expression of the critical genes and promotes the infection of BmNPV.

VSRs have been identified in over 10 insect-specific viruses. However, due to the difficulty of the experimental system to manipulate viral genomes of interest, these proteins are often characterized in isolation of transgenic expression, using recombinant proteins, or in heterologous systems (27, 31, 64, 65). By generating RNAi suppressor-defective virus, p35KO, the vsiRNA map of BmNPV-infected cells was sketched and it reveals for the first time the alteration on vsiRNA accumulation across the viral genome in the absence of p35. In addition, though the antiviral response toward baculoviruses and the VSR function of p35 have been reported before (14, 18, 34), its mechanism remained unclear. Our current data of the dual mechanism of p35-induced RNAi suppression and its influence on viral gene expression and infection may fill these gaps left by previous studies.

With respect to RNAi against dsDNA viruses, an overlap of transcripts of adjacent genes on opposite strands and the presence of secondary structures in transcripts are assumed to be the reason for the production of dsRNAs (13, 66, 67). Our results have shown in this study that p35 reduces the accumulation of vsiRNAs derived from the 50k–95k region to promote the expression of genes in this region. We supposed that the generation pathway may be affected by p35 through some mechanisms, such as temporally and spatially regulating the ratio of overlapping transcripts on opposite strands to reduce the probability of dsRNA formation, altering the stability of newly formed double-strand intermediates, disguising virus-derived transcripts as endogenous products, or preventing the Dcr-2 recognition of certain dsRNAs. The uneven distribution of vsiRNA mapped to baculovirus genome has already been reported (7, 18), while it was vague about the reason for this nonuniform distribution. We are also curious about why p35 mainly affects the level of vsiRNA in the genome coordinates of 50k–95k, which is coincidently the region with high density of crucial genes for replication and dispersal, and the mechanisms for this preference on the alternation of vsiRNA distribution remain to be further investigated. In addition to the impact on siRNA accumulation, we also observed that BmNPV modifies the expression of two small sets of cellular miRNAs in a p35-dependent manner, though the impact on other miRNA trends is relatively slight (Figures 4E and S3D), as is mentioned in p35 Reduces the Accumulation of Virus-Derived Small Interference RNAs Derived From Certain Regions of Viral Genome. Viral manipulation of the cellular miRNA expression is a common phenomenon for DNA viruses (68, 69), and further investigation on the mechanism and function of this impact will lead to a better understanding on the role of p35 in the small RNA field.

It should be noted that though the p35-induced antagonism on host RNAi evidently facilitates viral replication and gene expression, the antiviral activity of this immune pathway cannot be completely eliminated by p35 (Figures S5C, D). However, when monitoring the inhibition efficiency on RNAi using EGFP reporter gene, we found that the interference effect on EGFP expression almost completely disappeared in the presence of p35 (Figures 2C–F). Baculoviruses are highly pathogenic to insects with the ability to rapidly replicate and spread (70). Much more amount of siRNA will be produced in viral infection compared with the condition of transfection. A high level of vsiRNA may fully occupy the VSR function of p35, leading to the incomplete inhibition on host RNAi pathway, while the RNAi response triggered by transfected dsEGFP or siEGFP is finite, which can be effectively masked by p35. Previous results may support this hypothesis that a very large amount of dsRNA (80–160 μg) was also able to induce gene silencing in the presence of baculovirus (71, 72), which was much more than that used in this study (5 μg) for an equal number of cells in the absence of virus, and overexpression of p35 enhanced viral replication through suppression of antiviral RNAi response (18), implying that the VSR function of p35 was saturated.

Previous study has shown that p35 blocks RNAi downstream pathway instead of blocking dsRNA cleavage, which was concluded from the RNAi response activated by transfected dsRNA (7). By using a p35KO BmNPV mutant, our current data show that p35 can also influence the upstream of RNAi response activated by viral infection, while it is consistent with the earlier view that p35 suppresses the gene silencing mainly in the downstream RNAi pathway. We also directly confirmed for the first time that p35 hinders the Ago2 loading to disable the subsequent functions of siRNAs. However, no obvious interaction was observed between p35 and Ago2 (Figure S2D), implying that another mechanism is adopted in this suppression, perhaps by interacting with siRNAs to sequester them from Ago2, indirectly antagonizing the RNA binding activity of Ago2, or interfering with the function of other factors involved in this step. Further investigations on these questions are still needed and will shed more light on the understanding of viral strategies to optimize the cellular environment for viral life cycle and provide new insights into the viral interaction with the host antiviral innate immune response.
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Supplementary Figure 1 | Construction of recombinant bacmids. (A) Strategy for construction of p35KO and p35V71P bacmids. The ORF of p35 was replaced by a chloramphenicol acetyltransferase gene (cat) via λ-red homologous recombination. The indicated fragments were inserted into the polh locus to generate BmNPV p35KO and p35V71P mutants. (B) Diagram indicating the relative positions of primers A, B, C, and D (arrows) used for PCR screening of p35 deletion. The expected sizes of PCR products amplified from specific primer pairs were indicated. (C) Primers to mutate the nucleotides in p35 gene coding for the valine 71 into those for proline. (D) Sequencing confirmation of the mutation indicated in (C). (E–H) The results of agarose gel electrophoresis showing PCR products generated from primer pairs of A-B (E), A-D (F), C-B (G) and C-D (H) using p35 knockout or WT bacmid as template. (I–J) The results of agarose gel electrophoresis showing semi-quantitative RT-PCR products generated from primer pairs of qp35-F and qp35-R, and the cDNA from WT or p35KO BmNPV infected cells (I) and pIZ-p35shift + p35KO virus or pIZ-p35 + p35KO virus treated cells (J) was used as template.

Supplementary Figure 2 | Cell viability after viral infection and the interaction between Ago2 and p35. (A) Cell Survival State determined using the Calcein-AM/PI staining. almost all of the cells are alive before 48 hpi (showed by AM staining), and only a small minority of the cells died at 72 and 96 hpi (showed by PI staining). (B) Cell viability determined using CCK-8 assay. (C) Apoptosis analysis of BmN cells infected with WT, p35KO and p35V71P BmNPV. Apoptosis degree was determined by Caspase activity and showed by luminescent intensity. (D) No significant interaction between BmAgo2 and p35 was observed in Co-IP assay.

Supplementary Figure 3 | p35-induced alternation on small RNAs. (A) Volcano plot of genes mapped to different amount of vsiRNA in p35KO and WT viruses infected cell samples. Red plots represent genes mapped to up-regulated vsiRNA amount in p35KO sample and blue plots represent genes mapped to down-regulated vsiRNA amount, black plots represent genes with no significant changed vsiRNA amount. The significant standard is p_value<0.05, |FoldChange| ≥ 0.5. Annotated genes are those in the 50k-95k region of viral genome. (B) Northern blot analysis of small RNA derived from the 50k-95k nt in the BmNPV genome coordinates. The numbers represent relative signal intensity ratios of p35KO vs WT, and the data was generated by ImageJ and normalized using 5S rRNA. (complete picture of , including 3 replications and the first replication was showed in ). (C) Size profile of miRNAs from WT, p35KO BmNPV-infected and mock-infected BmN cells. Size distribution as the average percentage (n=3) of total miRNAs is presented. (D) Heatmap of the abundance of all the differentially expressed miRNAs in WT and p35KO BmNPV-infected BmN cells compared with the mock group.

Supplementary Figure 4 | Apoptosis degree of BmN cells after infection of p35KO or p35V71P mutated viruses at indicated time points. Uninfected cells and WT BmNPV-infected cells at 96 hpi. were served as control.

Supplementary Figure 5 | p35 fails to completely mask the antiviral activity of RNAi. The same data was presented in , but now grouped by viral genotype. (A, C) Viral growth curves of p35KO (A) and p35V71P (C) BmNPV mutants determined by TCID50 endpoint dilution assays with indicated treatments. (log-transformed data). (B, D) Replication kinetics of the two mutated viruses under the indicated treatments. qPCR data of viral gDNA copies was normalized to housekeeping gene Bmrpl27 and presented relative to the 0 hpi time point. (log-transformed data) (*P < 0.05, **P < 0.01, ***P < 0.001).
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Circular DNAs derived from single-stranded RNA viruses play important roles in counteracting viral infection. However, whether double-stranded RNA viruses generate functional circular DNAs is still unknown. Using circDNA sequencing, divergent PCR, DNA in situ hybridization and rolling circular amplification, we presently confirmed that in silkworm, Bombyx mori cytoplasmic polyhedrosis virus (BmCPV), a double-stranded RNA virus belonging to cypovirus, is prone to produce a BmCPV-derived circular DNA termed as vcDNA-S7. We have also found that vcDNA-S7 formation is mediated by endogenous reverse transcriptase (RT), and the proliferation of BmCPV can be inhibited by vcDNA-S7 in vitro and in vivo. Moreover, we have discovered that the silkworm RNAi immune pathway is activated by vcDNA-S7, while viral small interfering RNAs (vsiRNAs) derived from transcribed RNA by vcDNA-S7 can be detected by small RNA deep sequencing. These results suggest that BmCPV-derived vcDNA-S7, mediated by RT, can serve as a template for the biogenesis of antiviral siRNAs, which may lead to the repression of BmCPV infection. To our knowledge, this is the first demonstration that a circular DNA, produced by double stranded RNA viruses, is capable of regulating virus infection.
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Introduction

Due to its limited genome size and more restricted number of genes, viruses typically depend on host cells to achieve its proper infection and proliferation. Thus, viruses mostly fulfill their own life cycle, involving processes such as replication, transcription, and virus assembly, by hijacking or utilizing host factors. At the same time, the host starts its own defense system to resist the infection of the virus, as soon as virus invasion is surveilled (1–3). Therefore, both host and virus act as “opponents” fighting for their own survival.

Circular DNAs (circDNAs) are ubiquitous forms of DNA that are generally found in the mitochondria and chloroplasts of eukaryotes, bacteria, and DNA viruses. Recent studies have reported that chromosomes from a variety of eukaryotes can form extrachromosomal circular DNAs (eccDNAs) that may play important roles during tumorigenesis (4–7). In addition, some studies have shown that certain single-stranded RNA viruses can produce viral circular DNAs (vcircDNAs), mediated by the host retrotransposon, which have an important role in controlling virus infection (8, 9). For instance, the genomic RNA of a number of viruses, such as Drosophila C virus (DCV), flow house virus (FHV), Sindbis virus (SNV), and chikungunya virus (CHIKV), can form stable and chimeric vcircDNAs, mediated by retrotransposons. These vcircDNAs have transcriptional ability and can stably (and continuously) transcribe RNAs to produce a higher abundance of vsiRNAs, leading to a persistence of the viral infection by RNAi pathways (8, 9). However, all reported vcircDNAs are circDNAs derived from single-stranded RNA viruses. In fact, it is not yet known whether double stranded RNA viruses can also form vcircDNAs during viral infection.

Bombyx mori cytoplasmic polyhedrosis virus (BmCPV) is a typical species of cytoplasmic polyhedrosis virus (Reoviridae family), whose genome contains 10 double-stranded RNA segments. BmCPV specifically infects the midgut cells of silkworm, leading to the occurrence of cytoplasmic polyhedrosis (10) and consequent failure of sericulture. It has been reported that BmCPV can enter cells via the endocytic pathway (11, 12) and evade the silkworm immune-related pathways, such as Toll and IMD (13), which hijacks silkworm mRNAs (14–17), lncRNAs (18), miRNAs (19), circRNAs (20), protein expression (21) as well as metabolic progression (22) to favor the proliferative replication of viruses. In addition, studies have indicated that the BmCPV-related transcripts can be processed to form viral miRNAs and promote viral infection and favors viral replication (23, 24). However, how does silkworm may defend itself from BmCPV invasion? Studies have indicated that, when attacked by BmCPV, the defense system of silkworm can target the BmCPV genome as well as its transcripts to produce virus-derived small interfering RNAs (vsiRNAs) (25) as a means to resist virus infection. A recent study has shown that silkworm can also use BmCPV S5 segment dsRNA to encode small peptide vSP27 and control BmCPV infection (26, 27). Altogether, these results deepen the understanding of BmCPV interaction with silkworm and the control of BmCPV infection process. Yet, we believe that additional BmCPV-derived molecules may also be produced to control the virus infection process.

In this study, we confirmed that in silkworm, BmCPV can produce a circDNA termed as vcDNA-S7 whose formation is mediated by reverse transcriptase (RT) and the proliferation of BmCPV can be inhibited by vcDNA-S7. Moreover, we found that the RNAi pathway can be activated by vcDNA-S7, while viral small RNAs derived from transcribed RNA by vcDNA-S7 can be detected by small RNA deep sequencing. These results suggest that the BmCPV-derived vcDNA-S7 mediated by reverse transcriptase can regulate BmCPV infection via RNAi pathway. Collectively, our results show that silkworm can restrict BmCPV infection by a novel nucleic acid-based antiviral mechanism, which is dependent on RT activities.



Materials and Methods


BmCPV Virions Preparation

BmCPV virions was prepared according to our previous reports (12). Briefly, the 3rd instar silkworms were fed with fresh mulberry leaves, coated with 108/ml of BmCPV polyhedra suspension, for 8 h. After further feeding, midgut of infected silkworms was dissected at 7–10 days post-infection. Polyhedra was purified from midgut. To obtain related virions, purified polyhedra was resuspended with 0.01 mol/L Na2CO3-0.09 mol/L NaHCO3 buffer at 28°C for 20 min, followed by adjustment of pH to 8.0 with 1 M HCl. BmCPV virions were stored at 4°C for subsequent studies.



BmCPV Infection

The BmN cell line was derived from silkworm ovary. Previously, we have developed an BmCPV in vitro infection model based on BmN cells to study BmCPV–silkworm interaction in an easier-to-handle in vitro system (12, 27–29). Herein, the cells (1×105/well) were seeded in 6-well plates and cultured for 48 h in TC-100 insect medium (Germany, PanReac Applichem, A2017) supplemented with 10% fetal bovine serum (USA, BI, 04-001-1A-US). Then, the medium was removed and retained, and cells were incubated for 1 h with 5 µL BmCPV virions (1×105 cleaved polyhedra/µL) in serum free TC-100 medium. After that, cells were carefully washed once with phosphate-buffered saline (PBS) and cultured in complete medium. Fourth instar silkworms (strain Jingsong) were injected with 1µL BmCPV virions (1×105 cleaved polyhedra/µL).



Circle-Seq

The midgut of 4th instar BmCPV-infected silkworms (Jingsong strain) was dissected and circDNA sequencing was performed by CloudSeq Biotech Inc. (Shanghai, China) according to published procedures with slight modification [1]. Briefly, high molecular weight DNA was extracted from the midgut of infected silkworm with BmCPV, followed by removing linearized DNA with exonucleases Plasmid-Safe ATP-dependent DNase (USA, Epicentre, E3101K) to obtain eccDNAs. The enriched eccDNAs were amplified by phi29 polymerase (China, Beyotime, D7053S). This amplified DNA was sheared and fragmented by sonication (Belgium, Bioruptor) and then utilized for the library construction using the NEBNext® Ultra II DNA Library Prep Kit for Illumina (USA, New England Biolabs). Sequencing procedures were carried out according to the manufacturer’s instructions (USA, Illumina NovaSeq 6000 with 150bp paired-end reads). For Circle-seq data analysis, Fastqc software was used to evaluate the quality of the original data (30). This analysis was followed by a comparison between the original data and the BmCPV genomic RNA sequences using BWA software. The processing of the sam file to fit the format required by Circle-MAP was performed using Sam tools (30). Finally, eccDNA was identified by Circle-MAP, and respective genes were annotated accordingly (30). The raw sequencing data have been uploaded to NCBI database (accession number SRR16977180).



DNA Extraction and vcDNA-S7 Test

BmCPV-infected silkworm midgut or cells were grounded with cold 1×PBS. Thereafter, DNA was purified by phenol-chloroform extraction. The isolated DNA samples were incubated with RNase A (USA, Thermo Fisher, Cat: EN0531) and plasmid-safe DNase (USA, Epicentre, Cat: E3101K) mix at 37°C for 30 min. Reactions were terminated by addition of 10 mM EDTA. PCR was then performed using mock-treated or DNase-digested samples. Primer sequences used for the identification of viral circDNA (vcDNA-S7), derived from BmCPV genomic RNA S7, are shown in Table S1.



DNA FISH

DNA FISH assays were performed using a Ribo™ Fluorescent in situ Hybridization Kit (China, BOSTER, Cat: MK1030) according to the manufacturer’s protocol. The FISH probe targeting the junction site sequence of vcDNA-S7 (5’Biotin-CAGACGCCAACAAGGATCCTCAACCAC) was synthesized by Sangon Biotech (China, Shanghai). In brief, 1×104 BmN cells were digested with proteinase K at 48 h post-infection of BmCPV. Then, BmCPV-infected BmN cells were hybridized with FISH probe at 37°C overnight. Hybridization signals were detected using CY3 labeled streptomycin. Cell nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI). Cell images were captured using a Leica DM2000 microscope (Leica, Wetzlar, Germany).



Rolling Circular Amplification (RCA)

RCA can be used to confirm the circular configuration of a targeted molecule (31). For this, the total DNA of silkworm midgut infected with BmCPV was extracted. After linear DNA and RNA were respectively removed using DNase- plasmid safe and RNase A, RCA was carried out with a vcDNA-S7-F primer (which crossed the junction site of vcDNA-S7) in a final reaction volume of 20 µl containing 1×buffer, 1×dNTP mix, 1μg DNA, 2.5 µM primer, and ddH2O (up to 19 µl). In this experiment, the sequence flanking the junction site of vcDNA-S7 was cloned into the vector pMD-19T (China, TaKaRa, D104A) to construct the plasmid pMD19T-S7 as positive control. The RCA reaction was incubated at 95°C for 5 min and rapidly placed in an ice bath for 2 min, followed by the addition of 1 µl (10 U) phi29 DNA polymerase (China, Beyotime, Cat: D7053S) and then incubated at 30°C for additional 2 h. After a final incubation at 65°C for 10 mins, the RCA products were identified by PCR using primers (vcDNA-S7F and vcDNA-S7R) (Table S1).



Drug Treatment

Azidothymidine (AZT) is a widely used RT inhibitor that can inhibit endogenous RT activity (9). GSK-LSD1, an inhibitor of histone H3 lysine 9 (or histone H3 lysine 4) demethylases, has been reported to increase the methylation level of histone H3 lysine 9, thus increasing RT activity in mammalian cells. In this study, AZT (China, Absin, Cat: abs810874) and GSK-LSD1 (USA, Selleck, Cat: S7574) were used to modulate the retrotransposon activity of RT in BmN cells. MTT assays were carried out to determine the proper drug concentration for subsequent experiments. Briefly, 103 BmN cells were seeded in 96-well plates and treated with different concentrations of AZT (0, 1, 5, 10, 25, 50, 100 mM) or GSK-LSD1 (0, 1, 5, 10, 25, 50, 100 nm) for 24 h. Cells viability was evaluated by MTT. According to MTT assay, BmN cells were treated with 5 mM AZT and/or 50 nM GSK-LSD1 in the subsequent experiments. Before further treatments, BmN cells were seeded in 6-well plates at the density of 1× 106 cells/well and cultured for one day. Thereafter, cells were pretreated with 5 mM AZT for 4–6 h or 50 nM GSK-LSD1 for 24 h, followed by BmCPV infection and other downstream assays.



Sequence Alignment Analysis of the Silkworm RT

To determine the source of RT activity involved in the formation of vcDNA-S7, sequence alignment analysis of the silkworm RT was carried out using NCBI Neighbor Joining Blast (https://www.ncbi.nlm.nih.gov/blast/treeview/treeView.cgi?request=page&blastRID=YEZ2B06S016&queryID=gb|AAA17752.1|&entrezLim=&ex=&exl=&exh=&ns=100&screenWidth=1920&screenHeight=1080). The RT sharing homologous amino acid sequences were divided into a group.



siRNA Knockdown

Gene-specific siRNAs were designed and synthesized by Sangon Biotech (Shanghai, China). The sequences of respective siRNAs targeting RT genes are shown in Table S2. A total of 100 pmol siRNA was transfected into 1×106 BmN cells using Roch-X gem (Switzerland, Roche, Cat: 6366236001). At 48 h post-transfection, cells were infected with BmCPV, followed by real-time PCR to evaluate the expression level of target genes as well as the number of vcDNA-S7 copies at 48h post-infection.



Reverse Transcriptase (RT) Activity Assay

RT activity assay was performed according to previous studies (32). For this, BmN cells were washed three times with cold PBS and then lysed with CHAPS lysis buffer (China, ZYSW, ZY-25-01380) supplemented with 1×protease inhibitor (Switzerland, Roche, 11873580001). Cell lysis was performed at 0°C for 30 min, followed by centrifugation at 13,000 rpm at 4°C for 10 min to collect respective supernatants. BCA Protein Assay Kit (China, Sangon, C503021) was used to determine the protein concentration of each cell extract. RT activity was tested as follows. In vitro transcribed green fluorescent protein (GFP) gene RNA was served as a template in a 20 μl reaction volume, containing 10 μg or 1 μg of cell extracts, 10 ng of GFP RNA, 20 U of RNase inhibitor (USA, Promega, N251B), 10 nmol of GFP reverse primer, 0.2 mM dNTP, 1× reverse transcription buffer (China, TransGen, AT101) and nuclease-free water. The reaction mixture was incubated at 25°C for 5 min, and at 37°C for 30 mins, followed by incubation at 85°C for 5 min. Reactions devoid of cellular protein extract were set as negative controls. One unit of M-MLV reverse transcriptase (China, TransGen, AT101) was used as a positive control. Reverse-transcribed GFP cDNA was quantitated by real-time PCR using GFP-specific primers (Table S1). The relative RT activities between samples were compared according to the GFP cDNA levels.



Preparing vcDNA-S7 In Vitro

Based on the analysis of vcDNA-S7 linear sequence, there was a NheI restriction endonuclease site at its 3’ terminal end. Therefore, we designed specific primers carrying a NheI site and then performed PCR using a plasmid pIZT-CS7 containing the full-length cDNA of BmCPV genomic dsRNA S7 segment as a template. The amplified product was further digested with NheI and then circularized to obtain vcDNA-S7, using T4 DNA ligase. Finally, the ligation products were treated with plasmid safe™ ATP-dependent DNase in order to remove any linear and non-circular DNA. A flowchart for the in vitro synthesis of vcDNA-S7 is presented (Figure S1).



Quantitative Real-Time PCR

To explore the copy numbers of vcDNA-S7, 1×106 BmN cells were firstly inoculated with BmCPV. DNA was further extracted from infected cells, and the copies of vcDNA-S7 were determined by absolute quantitative real-time PCR using primers vcDNA-S7F and vcDNA-S7R (Table S1). Total RNA was extracted from BmN cells or silkworm tissues, and then reverse transcribed to cDNA using random primers (First Strand cDNA Synthesis Kit, Transgene, Beijing, China). The expression levels of genes were determined by real-time PCR using primers as shown in Table S1. The expression level of translation initiation factor eIF-4A (TIF-4A) gene was utilized as normalizer.



Western Blotting

Total protein lysates (30 µg/lane) were separated by SDS-PAGE and transferred onto Nitrocellulose filter membrane (USA, Millipore, HATF00010). Membranes were blocked with 3% BSA in phosphate-buffered saline (PBS) containing 0.05% Tween 20, followed by incubation with respective primary antibodies. The primary antibodies used were anti-H3K9me3 (China, ABclonal, A2360), anti-α-tubulin (USA, Proteintech, 66031-1-Ig), anti-BmCPV VP7 (viral structural protein 7) (27, 29) and anti-BmCPV Polh (polyhedrin) (prepared by our laboratory). The secondary antibodies presently used were HRP-labeled goat anti-rabbit IgG or goat anti-mouse IgG, at 1:5000 dilution (USA, Proteintech, SA00001-1). Protein-specific signals were measured using an enhanced chemiluminescence (ECL) Western blot detection kit (Sangon, Shanghai). Quantitative analysis of the visible bands was performed by ImageJ program.



Small RNA Sequencing

To assess whether small RNAs derived from vcDNA-S7 were present in vitro, 1×107 BmN cells were transfected with 6 µg vcDNA-S7. The BmN cells were collected at 48 h post-transfection, and small RNAs was then extracted for deep sequencing. Sequencing was carried out by Shanghai oebiotech Co., Ltd (Shanghai, China). The obtained small RNAs were further analyzed using vcDNA-S7 as a reference sequence. The raw sequencing data have been uploaded to NCBI database with the accession number SRR17050376.



Statistical Analyses

Data was expressed as mean ± SD (standard deviation). Statistical analyses were performed by one-way ANOVA and t-test to determine statistical significance between the groups, using GraphPad Prism6 software. p-value ≤0.05 was considered as a threshold of statistical significance.




Results


BmCPV-Derived vcDNA-S7 Is Present in BmCPV-Infected Cells

circDNAs ubiquitous forms of DNA that are generally found in DNA viruses, bacteria, as well as the mitochondria and chloroplasts of eukaryotes. Recent studies have reported that chromosomes of a variety of eukaryotes can form eccDNAs to perform important biological functions (4–7). To explore whether BmCPV infection could affect the generation of eccDNAs in B. mori, we performed circDNA sequencing of midgut from B. mori infected with BmCPV. Previous studies have shown that some single-strand RNA viruses are able to form viral circDNAs (vcircDNAs) (9). Interestingly, some BmCPV-derived vcircDNAs have also been identified when we presently aligned the sequenced data with BmCPV genome. Herein, we selected a vcircDNA termed as vcDNA-S7 with the highest abundance from BmCPV genomic dsRNA S7 for further investigations. The vcDNA-S7 is derived from the region 426-1045 nt of the sense strand of BmCPV genomic dsRNA S7 (GenBank: GQ150538.1). To further confirm whether vcDNA-S7 is a circular DNA molecule, total DNA was extracted from silkworm midgut infected with BmCPV. The obtained DNA was analyzed by PCR using primer pairs for the respective detection of vcDNA-S7s, mitochondrial DNA and the promoter of Bmotu gene (Potu) after treatment with DNase Plasmid-Safe to properly remove linear DNA. Specific PCR products amplified from mitochondrial (mtDNA) and Potu DNAs were observed in samples not treated with DNase Plasmid-Safe (Figure 1A). However, only mtDNA was amplified in samples treated with DNase Plasmid-Safe, suggesting that linearized DNA was selectively removed by this DNase treatment (Figure 1A). vcDNA-S7 was present in both DNase-treated and non-treated DNA samples from BmCPV-infected silkworm, but not in uninfected silkworm. Furthermore, the junction site representing vcDNA-S7 was confirmed by Sanger sequencing of PCR product (Figure 1B). A RCA assay (31) was further performed to confirm whether vcDNA-S7 structure is circular. As shown in Figure 1C, we observed RCA products at different molecular weights that were consistent with the theoretical values (Figure 1C). Moreover, in situ hybridization targeting vcDNA-S7 was conducted in BmN cells infected with BmCPV. As expected, vcDNA-S7 was identified in BmCPV-infected cells (Figure 1D). Collectively, our results confirmed that vcDNA-S7 is detectable in BmCPV-infected cells.




Figure 1 | mori produces BmCPV-derived circular DNA vcDNA-S7. (A) vcDNA-S7 was verified by divergent PCR. left, Schematic of primer to validate the junction site of vcDNA-S7. Green arrow represents divergent primers. Right, electrophoresis of PCR product from flanking sequence of the junction site of vcDNA-S7. DNA from BmCPV infected silkworm midgut and healthy silkworm midgut were extracted. RNAs and linear DNAs were respectively removed with RNase A and Plasmid-Safe™ ATP-Dependent DNase. mtDNA representing mitochondrial DNA as a positive control; Potu representing genomic linear DNA as a negative control. (B) Sanger sequencing of the products of divergent PCR. The green arrow represents the divergent primer and the red arrow represents the junction site of vcDNA-S7. (C) RCA validated that vcDNA-S7 is a circular molecule. Upper, schematic of RCA of circular molecules. Under, electrophoretic detection of RCA products. ‘BmN+CPV’ represents the BmN cells infected with BmCPV. The plasmid pMD19T-S7 containing the sequence flanking the junction site of vcDNA-S7 used as positive control. The genomic DNA from BmN cells were used a negative control. (D) Validation of vcDNA-S7 by in situ hybridization. Top row is normal cultured BmN cells and bottom row is BmN cells infected with BmCPV. Red fluorescence indicates the biotin labeled vcDNA-S7-specific probe, and blue indicates that the nuclei were stained by DAPI.





RT Activity Affects the Formation of vcDNA-S7

Viral RNAs can solely form DNA by reverse transcription. Specifically, retroviral RNAs can generate viral DNA (vDNA) by a RT encoded by the virus itself, while some non-retroviral RNAs can form vDNA using the RT of host retrotransposon (8). BmCPV is a non-retroviral RNA virus. As such, we speculated that the formation of vcDNA-S7 may also depend on silkworm RT activity. Previously, we have developed an BmCPV in vitro infection model utilizing BmN cells. Therefore, the effects of RT activity on the vcDNA-S7 formation were evaluated in BmN cells treated with RT inhibitor AZT or RT activator GSK-LSD1. As expected, AZT treatment was able to reduce RT activity (Figure 2A) as well as to inhibit vcDNA-S7 formation (Figure 2B). GSK-LSD1 treatment dramatically increased the level of H3K9me3 (Figures 2C, D) in BmN cells, as well as RT activity (Figure 2A). In particular, the formation of vcDNA-S7 was also promoted by GSK-LSD1 treatment (Figure 2E). Collectively, these results suggested that silkworm RT activity is involved in vcDNA-S7 formation.




Figure 2 | Reverse transcriptase activity is involved in the formation of vcDNA-S7. (A) Endogenous reverse transcriptase activity was measured in BmN cells. BmN cells were pre-treated with 5mM AZT or 50nM GSK-LSD1 for 24 h and then the cells were lysed and the reverse transcriptase activity was measured. Relative reverse transcriptase activity was calculated to 1U of commercialized M-MLV reverse transcriptase. (B) Effect of AZT treatment on the formation of vcDNA-S7. 1×106 BmN cells were pre-treated with AZT at the indicated concentrations for 24 h and were infected with BmCPV for additional 48 h. The copies of vcDNA-S7 were determined by real-time PCR. (C, D) GSK-LSD1 treatment improved the level of histone H3K9me. 1×106 BmN cells were pre-treated with GSK-LSD1 at the indicated concentrations for 24 h. The level of histone H3K9me was analyzed by western blotting (C). The grayscale of Western blotting signal bands is analyzed by software Image J (D, E) Effect of GSK-LSD1 treatment on the formation of vcDNA-S7. 1×106 BmN cells were pre-treated with GSK-LSD1 at the indicated concentrations for 24 h and were infected with BmCPV for another 48 h. The copies of vcDNA-S7 were determined by real-time PCR. (n=4, **P<0.01; ***P<0.001; ****P<0.0001; ns, no significance).



In order to determine the source of RT activity involved in the formation of vcDNA-S7, we carried out a sequence alignment analysis of the silkworm’s RT. As shown in Figure 3A, the RT of silkworm can be divided into 9 groups. We designed siRNAs based on the common sequence to knock down the expression of the corresponding RT genes. Analysis of siRNA interference efficiency showed that the designed siRNAs were able to inhibit the expression of corresponding RT genes (Figure 3B). When the RT genes in group 2 and 6 were silenced, the formation of vcDNA-S7 was inhibited (Figure 3C), suggesting that RT genes in group 2 and 6 were related to vcDNA-S7 formation. Since 18 RT genes are distinctively present in these two groups, the specific gene(s) involved in the formation of vcDNA-S7 is not fully clear. In the future, we expect to design specific siRNAs for each one of these 18 genes to better dissect which gene(s) is involved in vcDNA-S7 formation.




Figure 3 | The source of reverse transcriptase activity involved in vcDNA-S7 formation. (A) Cluster analysis of genes encoding reverse transcriptase in silkworm. reverse transcriptases genes in the silkworm were divided into 9 groups. (B) Silencing efficiency of siRNAs on 9 groups of genes encoding reverse transcriptase. siRNA. 1×106 BmN cells were transfected with siRNAs for 48 h, and were infected with BmCPV for another 48 h. Total RNA was extracted and the expression level of reverse transcriptase genes relative to housekeeper gene TIF-4A was detected by real-time PCR. (C) 1×106 BmN cells were transfected with siRNAs for 48 h, and were infected with BmCPV for another 48 h. The copies of vcDNA-S7 were determined by real-time PCR. (n=3, *, P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).





vcDNA-S7 Inhibits the Proliferation of BmCPV

To determine the biological functions of vcDNA-S7, we firstly explored the expression profile of vcDNA-S7 in different tissues of BmCPV-infected silkworm at the third day of the fifth instar. These tissues presently analyzed included the midgut, hemolymph, Malpighian tubule, ovary and testis, trachea plexus, and silk gland. Significant differences in vcDNA-S7 expression in different tissues were noticed, where the highest expression was observed in the midgut (Figure 4A). Since BmCPV can specifically infect the intestinal epithelial cells of silkworms, we suggested that vcDNA-S7 levels correlated with BmCPV infection. To understand the expression pattern of vcDNA-S7, the expression levels of vcDNA-S7 and viral structural protein 1 and 7 (VP1 and VP7) genes were determined by real-time PCR. In BmN cells, the expression of vp1 and vp7 genes increased rapidly and reached the peak at 48 h post infection (hpi), followed by a downward trend (Figure 4B). The expression pattern of vcDNA-S7 was similar to those of these viral genes (Figure 4C). Similar results were observed in the midgut of BmCPV-infected silkworm (Figures 4D, E).




Figure 4 | The expression pattern of vcDNA-S7. (A) The express pattern of vcDNA-S7 in different tissues of BmCPV infected silkworm. (B) mRNA levels of BmCPV vp1 and vp7 genes in BmCPV infected BmN cells at different stages were determined by real-time PCR. (C) copies of vcDNA-S7 in BmCPV infected BmN cells at different stages were determined by real-time PCR. (D) mRNA levels of BmCPV vp1 and vp7 genes in BmCPV infected silkworm midgut at different stages were determined by real-time PCR. (E) copies of vcDNA-S7 in BmCPV infected silkworm midgut at different stages were determined by real-time PCR (n=3).



Previous studies have indicated that RNA virus-derived DNAs may play roles in antiviral response of host (8, 9). To test the function of vcDNA-S7, BmN cells were transfected with vcDNA-S7, followed by infection with BmCPV at 24h post transfection. Total RNA and protein were extracted at 48 hpi, and the relative expression levels of BmCPV vp1 gene and Polh protein were detected by real-time PCR and Western blotting, respectively. As shown in Figures 5A–C, the levels of vp1 gene and Polh protein decreased in transfected cells with vcDNA-S7. To validate these results in vivo, 1 µg vcDNA-S7 was injected into the larvae at day 3 of fourth instar. At 24 h post-injection, silkworms were infected with BmCPV, and total RNA and protein of silkworm midgut were extracted at 48 hpi to verify the relative expression levels of BmCPV vp1 gene as well as VP7 protein. Our results indicated that, the expression levels of BmCPV vp1 gene as well as VP7 protein decreased in the midgut of injected silkworm with vcDNA-S7 compared with the control (Figures 5D–F). These data suggested that vcDNA-S7 can inhibit BmCPV infection.




Figure 5 | vcDNA-S7 inhibited BmCPV infection. (A–C) vcDNA-S7 down-regulated the expression level of BmCPV vp1 gene and polh protein in BmN cells. BmN cells (1×106) were transfected with 1 μg vcDNA-S7 for 24 h and were infected with BmCPV for another 48 h. The expression levels of vp1 gene relative to translation initiation factor (TIF-4A) were investigated by real-time PCR (A). The level of Polh protein was analyzed by western blotting (B). The grayscale of western blotting signal bands is analyzed by software Image J (C). (D–F) Injection of vcDNA-S7 into silkworm down-regulated the expression level of BmCPV vp1 gene and VP7 protein in BmN cells. The silkworm larvae of fourth instar were injected 1μg of vcDNA-S7 for 24 h and were infected with BmCPV for another 48 h. The expression levels of vp1 gene relative to translation initiation factor (TIF-4A) were investigated by real-time PCR (D). The protein level of VP7 was analyzed by western blotting (E). The grayscale of western blotting signal bands is analyzed by software Image J (F). (n=2, *P<0.05; **P<0.01).



Moreover, we have also evaluated the effects of RT activity on BmCPV infection. Our results indicated that expression levels of vp1 gene and VP7 protein in BmCPV-infected cells pretreated with AZT increased, while the results were the opposite when cells were pretreated with GSK-LSD1 (Figures 6A–C). Moreover, we have also found that treatment of cells with GSK-LSD1 could enhance the ability of vcDNA-S7 to inhibit BmCPV infection (Figures 6D–F). These results support the notion that RT activity cooperates with vcDNA-S7’s antiviral function.




Figure 6 | Endogenous reverse transcriptase activity inhibited BmCPV infection. (A–C) Endogenous reverse transcriptase activity inhibited virus infection in BmN cells. 1×106 BmN cells were pre-treated with 5 mM AZT or 50 nM GSKLSD1 and infected with BmCPV for 24 h. The relative RNA level of BmCPV vp1gene was determined by real-time PCR (A). The protein level of VP7 was analyzed by western blotting (B). The grayscale of western blotting signal bands is analyzed by software Image J (C). (D–F) Effect of endogenous reverse transcriptase activity on the inhibitory effect of vcDNA-S7 on virus. 1×106 BmN cells were pre-treated with 5mM AZT or 50 nM GSKLSD1 and were transfected 1μg vcDNA-S7 for 24 h. Then, the cells were infected with BmCPV for another 48 h. The relative RNA level of BmCPV vp1gene was determined by real-time PCR (D). The level of VP7 protein was analyzed by western blotting (E). The grayscale of western blotting signal bands is analyzed by software Image J (F). (n=2, *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).





vcDNA-S7 Provides vsiRNAs for RNAi Pathway

To understand the antiviral mechanism of vcDNA-S7, we tested the effects of vcDNA-S7 on key genes related to the innate immune pathway (including RNAi pathway, JAK-STAT pathway, Imd pathway, and Toll pathway) in silkworm. In BmN cells transfected with vcDNA-S7, the expression levels of peptidoglycan-recognition protein LB (BmPGRP-LB, Imd pathway), suppressor of cytokine signaling 6 (Bmspz-1, JAK-STAT pathway), and BmCS2 (Toll pathway) were not significantly changed, whereas the expression levels of BmDicer-2 and BmAgo-2 (RNAi pathway) were upregulated (Figure 7A), indicating that RNAi pathway was activated by vcDNA-S7. Since the molecules examined by the RNAi system are heterologous dsRNA while vcDNA-S7 is a DNA molecule, how is RNAi pathway activated by vcDNA-S7. Previous studies have indicated that RNA virus-derived circular DNAs can serve as a template for the biogenesis of antiviral siRNAs (33). To determine if vcDNA-S7 can serve as a template for generation of virus-specific siRNAs, we transfected BmN cells with vcDNA-S7, and the purified small RNAs at 48 h post transfection were subjected to deep sequencing. Using vcDNA-S7 as a reference sequence, we detected a total of 200 vcDNA-S7-specific viral small RNAs within a range of 15 to 40 nt (Figure 7B). The predominant classes of viral small RNAs are 15-nt and 16-nt. Besides, an abundant 20-nt vsiRNAs class originating from vcDNA-S7 was also observed, which is considered to be the product of Dicer-2 (25). These data suggest that vcDNA-S7 may serve as a template for the biogenesis of antiviral siRNAs.




Figure 7 | vcDNA-S7 can provide vsiRNAs for RNAi pathway. (A) Effects of vcDNA-S7 on the main immune pathways of mori. BmN cells (1×106) were transfected with 1μg vcDNA-S7 for 48 h. The relative RNA level of the key genes in the immune pathways (including RNAi, JAK-STAT, Imd, and Toll pathway) was determined by real-time PCR (n=2, ***P<0.001). (B) 1×107 BmN cells were transfected with 6 μg vcDNA-S7 for 48 h and small RNAs were deep sequenced. Size distribution of vsiRNAs derived from vcDNA-S7 was shown.






Discussion

In the present study, we have shown that a circular DNA vcDNA-S7 derived from BmCPV belonging to double-stranded RNA virus can be generated in the infected cells by endogenous RT and vcDNA-S7 can serve as a template for the biogenesis of antiviral siRNAs. Active RTs can be encoded by a series of intracellular retroelements, including long terminal repeat (LTR) retrotransposons, non-LTR retrotransposons, and endogenous retroviruses (34). Although most retroelements have been mutated during evolution, their open reading frames encoding RT remain mostly intact. In Drosophila and mosquito, LTR retrotransposons have been reported to be the main source of the reverse-transcriptase activity (8, 9, 35). In mouse embryonic stem cells, retroelements encoding MusD appear to provide a RT activity (32). In this study, silkworm RTs were clustered into 9 groups based on the sequence similarity, and two groups of them (including 18 genes) were found to be involved in the formation of vcDNA-S7. Domain analysis has indicated there are typical exonuclease-endonuclease phosphatase and RT superfamily domains in RT of these two groups, implying these two distinct domains might be critical for the formation of the vcDNA-S7. It has been previously reported that, in cells infected by virus, such as DCV, FHV, SNV, and CHIKV, viral genomic RNA forms chimeric DNA of virus-derived DNA as well as LTR-retrotransposon mediated by LTR-retrotransposon (8, 9). In this case, LTR sequences can mediate these chimeras to form chimeric circular DNAs by DNA repair mechanisms (8, 9). However, in this study, we found that vcDNA-S7 is completely derived from BmCPV genomic dsRNA S7 and does not contain any LTR sequence. Thus, it is unlikely that vcDNA-S7 could be formed by homologous end repair mediated by LTR sequence, thus suggesting that the mechanism of vcDNA-S7 formation may be distinct from previous studies (8, 9). In fact, previous reports have suggested that FHV may form a DNA molecule entirely derived from truncated genome of FHV but, nevertheless, unrelated to chimeras of viral DNA and LTR sequence (8). Moreover, it has been reported that a DNA complementary to vesicular stomatitis virus (VSV) (a non-retroviral RNA virus) RNA can be generated by reverse transcription via the long-interspersed element-1 retrotransposons (36). Interestingly, only virus-derived DNA sequences were detected, but no host-virus chimeric DNA sequences were found. Based on this observation, the authors proposed that VSV RNA alone is reverse transcribed into DNAs and that the virus-derived DNAs are present as extrachromosomal DNAs (36). However, the details of reverse transcription mechanism are unknown in this model. The route of vcDNA-S7 formation may be similar to that of VSV. Moreover, it is not yet known whether the formation of vcDNA-S7 does depend on the sequences flanking the split sites of vcDNA-S7. Further mechanistic studies focusing the formation mechanism of vcDNA-S7 are still warranted.

In the present study, we found that vcDNA-S7 is able to diminish BmCPV gene expression both in vivo and in vitro, implying that BmCPV-derived vcDNA-S7 produced by silkworms plays an important role in controlling the process of viral infection. Important antiviral immune cascades present in silkworm include RNAi, JAK-STAT, IMD, and Toll signaling pathways (13). In this study, vcDNA-S7 was found to activate the RNAi pathway, but not other antiviral pathways. Our previous study also showed that BmCPV infection is unable to activate silkworm JAK-STAT, IMD, and Toll antiviral pathways, mainly activating the RNAi pathway (13). It has confirmed that FHV-derived vcircDNAs can be stably and continuously transcribed, thus elevating dsRNA yields. This increase on dsRNA levels leads to a higher abundance of viral vsiRNAs in Drosophila, which may boost an RNAi-mediated antiviral immune response (8, 9, 35). In this study, Small RNA deep sequencing showed that vcDNA-S7 mediated by RT can serve as a template for the biogenesis of antiviral siRNAs. To date, the study have demonstrated that, in silkworms, the predominant vsiRNA class generated by Dicer-2 is 20-nt in length (25). Herein, we also observed an abundant 20-nt vsiRNAs class originating from vcDNA-S7, which is considered to be a Dicer-2 product. However, another predominant classes of vsiRNAs were those of 15-nt and 16-nt. Previous study showed that an abundant 17-nt vsiRNAs class originating from BmCPV S7 segment was observed, which are produced by a yet-to-be-defined mechanism (25). Therefore, we guessed that the predominant classes of 15-nt, 16-nt vsiRNAs are also produced by an unknown RNase of silkworm. Generally, it is thought that Dicer-2 acts on the cleavage of BmCPV dsRNAs into vsiRNAs (particularly on the silkworm surveillance of BmCPV genomic dsRNAs), and then act on viral RNAs to defend against antiviral infection (25). Our study provides a novel explanation for the source of vsiRNAs in B. mori resistance to BmCPV by mediating RNAi pathway. Studies have also shown that vcircDNAs are formed during the process of recognizing self vs. non-self in mosquito (37). Thus, a response of host towards the virus genome to produce vcircDNAs can be regarded as a defense against virus. In Drosophila, vcircDNAs derived from FHV can improve the tolerance of Drosophila to FHV (9). B. mori cytoplasmic polyhedrosis caused by BmCPV infection is a chronic disease, which may also be related to the presence of circular DNAs derived from BmCPV.

One latest study has shown that the endogenous reverse-transcriptase can convert the viral RNA into DNA in mouse embryonic stem cells during virus infection. Thereafter, these viral DNAs and viral RNAs form a DNA/RNA hybrid structure. This DNA : RNA heteroduplex recruits RNase H1 to hydrolyze the viral RNA present in this hybrid, resulting in the suppression of viral replication (32). Our preliminary results showed that knockdown of silkworm RNase H1 promote BmCPV gene expression. Conversely, overexpression of RNase H1 inhibits BmCPV gene expression (data not shown), suggesting that RNase H1 plays an important role in BmCPV infection. RNase H proteins are the most ancient and abundant proteins in eukaryotes. In this context, the production of vcDNA by endogenous RT and the RNase H1-mediated antiviral pathway could also be involved in the control of virus infection in insects. Further mechanistic studies resolving this topic should be performed in the future.

To combat viral infection, multicellular organisms evolved mechanisms to limit replication of viral pathogens. Adaptive immunity (also known as specific immunity) is an effective means to combat viral infection, where the organism obtains immune memory due to pathogen infection to resist any re-infection process eventually conducted the pathogenic agent. It is well known that, in jawed vertebrates, a protein-based antiviral response provides a reservoir of immunological memory to target specific viral pathogens. Immunological memory also exists in nucleic acid immunity. For instance, CRISPR-Cas9 is related to an adaptive immune defense, developed by bacteria and archaea during long-term evolution, against invading viruses and foreign DNA (38). vcDNA-mediated RNAi antiviral response is essentially one subtype of nucleic acid immunity. Recent studies have shown that RNAi antiviral effects, mediated by RNA virus-derived vcircDNAs, can be transferred in insects, thus allowing offspring to possess immune memory and be protected from invasion by the same pathogen (39). In this study, vcDNA-S7 can also be found in other tissues, including gonads in addition to the midgut, suggesting that the generated vcDNA-S7 in BmCPV-infected midgut can be transferred into other tissues in some other manners. According to our study, vcDNA-S7 may exist as episomes (a extrachromosomal genetic determinant which can reproduce autonomously or as an integral part of the chromosomes) (37) or integrated into silkworm genome to create a DNA-based template for an antiviral response appears to allow some sustained immunological memory.

In addition to its role in antiviral response, circular DNAs are commonly found in a number of species, including Drosophila (40), Arabidopsis (41), yeast (4), mouse (5), and human cell lines (42). Circular DNAs have attracted increasing attention due to their various biological functions, including driving genome rearrangement (43), carrying enhancers to regulate the expression of certain oncogenes (44), accelerating adaptive evolution (6), and stimulating innate immunity (45). In this regard, vcDNA-S7 may have similar biological functions which need to be further explored.

In conclusion, BmCPV can produce a viral-derived vcDNA-S7 mediated by endogenous RT and vcDNA-S7 can serve as a template for the biogenesis of antiviral siRNAs, resulting in the repression of BmCPV infection (Figure 8). To our knowledge, this is the first report disclosing the formation of vcircDNAs by double-stranded RNA viruses. This research not only provides a new perspective to understand the genetic information carried by BmCPV genome, but also provides new directions to study the interplay between BmCPV and their hosts.




Figure 8 | Mechanism of BmCPV-derived circular DNA vcDNA-S7 controlling BmCPV infection. Silkworm infected with BmCPV produce viral-derived vcDNA-S7 mediated by reverse transcriptase. vcDNA-S7 can be transcribed to RNA and produce vsiRNAs to control BmCPV infection by RNAi pathway.
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Bombyx mori nucleopolyhedrovirus (BmNPV) is one of the most serious pathogens and causes serious economic losses in sericulture. At present, there is no epigenetic modification of BmNPV transcripts, especially of m6A, and this modification mediates diverse cellular and viral functions. This study showed that m6A modifications are widespread in BmNPV transcripts in virally infected cells and the identified m6A peaks with a conserved RRACH sequence. m6A sites predominantly appear in the coding sequences (CDS) and the 3′-end of CDS. About 37% of viral genes with m6A sites deleted from the viral genome did not produce any infectious virions in KOV-transfected cells. Among the viral genes related to replication and proliferation, ie-1 mRNA was identified with a higher m6A level than other viral genes. The m6A sites in the ie-1 mRNA may be negatively related to the protein expression. Viral replication was markedly inhibited in cells overexpressed with BmYTHDF3 in a dose-dependent manner, and a contrary effect was found in si-BmYTHDF3-transfected cells. Collectively, the identification of putative m6A modification in BmNPV transcripts provides a foundation for comprehensively understanding the viral infection, replication, and pathobiology in silkworms.
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Introduction

Bombyx mori nucleopolyhedrovirus (BmNPV) is one of the most serious pathogens and causes serious economic losses in sericulture (1). Its genome is circular double-strand DNA with 130 kb and encodes 141 putative proteins (2). BmNPV is a classical member of baculoviruses with two types of virions in the whole life cycle. The budded virus (BV) is responsible for the horizontal transmission among the cells, and the occlusion-derived virus (ODV) is responsible for the vertical transmission (3). BmNPV belongs to the nuclear-replicated virus and is inevitably modified by a series of host modification enzymes, including m6A modification.

N6-Methyladenosine (m6A) is one of eukaryotic mRNA’s most abundant internal modifications. It is also a dynamic reversible RNA modification, which plays an important role in the structure, positioning, and function of RNA (4, 5). m6A is involved in various biological processes, including stress response, fertility, stem cell differentiation, circadian rhythm, microRNA biogenesis, and cancer occurrence development (6–9). m6A modification systems in eukaryotic cells mainly include methyltransferase (Writer), demethylases (Eraser), and m6A reader protein (Reader) (10). The motif domain of RRAmCH (R=G/A, G > A, H=A, C, U) is recognized by Writer and Reader in the cells (5). m6A modification on mRNA is catalyzed by the methyltransferase complex (Writers), including methyltransferase-like 3/14 (METTL3/METTL14) and other cofactors (11). Demethylase fat mass and obesity-associated protein (FTO) and alkB homologous protein (ALKBH) as Erasers are mainly responsible for the demethylation of m6A modification (12). The YTH domain-containing m6A reader proteins (YTHDF1, YTHDF2, YTHDF3, YTHDC1, and YTHDC2) and the homogeneous nuclear protein family (HNRNPA2B1 and HNRNPC) can recognize the m6A site or region by participating in the regulation of mRNA stability, mRNA structure, mRNA nuclear export, and mRNA splicing and translation (13–19). To date, m6A modifications appear in many DNA and RNA viral mRNAs via the host m6A modification machinery (20). m6A modifications were reported to play important roles in the viral life cycle. Both influenza A virus (IAV) mRNA and viral genome RNA are m6A modified, and the expression level of a viral gene can be upregulated by cis-regulation of this m6A modification (21). m6A modification appears in the RNA genome of hepatitis C virus (HCV), and simultaneous silencing of m6A methyltransferase-like 3/14 (METTL3/METTL14) significantly increased the expression level of the viral NS5A protein. By silencing the demethylase FTO gene, the non-structural 5A (NS5A) protein level was significantly reduced (22). Similarly, the effects of Writer and Eraser on Zika virus (ZIKV) were consistent with HCV (23). The m6A modification system inhibits HCV production by affecting viral assembly, while inhibition of ZIKV is through its effects on viral replication (23–25). After vesicular stomatitis virus (VSV) infection, the level of DEAD-box 46 (DDX46) RNA helicase and demethylase ALKBH5 in the nucleus increased significantly, which inhibited antiviral protein expression and the host innate immune response to VSV (26). When the human immunodeficiency virus (HIV) infects lymphocytes, the level of m6A methylation is elevated in both viral RNAs and host cellular RNAs. Downregulation of METTL3 and METTL14 gene expression levels in CD4 T lymphocytes inhibits HIV replication, while downregulation of ALKBH5 gene expression levels promotes HIV replication (25). METTL3 also interacted with enterovirus 71 (EV71) RNA-dependent RNA polymerase (RdRp) 3D. The 3D protein stability and transcriptional efficiency were increased by increasing 3D sumoylation/ubiquitination modification to promote viral replication (27). The m6A modification of human metapneumovirus (HMPV) can help the virus successfully evade host immune system recognition, thus promoting HMPV replication and gene expression (28). It has been reported that mRNAs of DNA viruses are modified by m6A and participate in the viral life cycle. It was found that Kaposi sarcoma-associated herpesvirus (KSHV) replication was inhibited by knockdown of the METTL3 or YTHDF1-3 gene (29). m6A modification has a positive regulatory effect in the life cycle of Simian virus 40 (SV40), and overexpression of YTHDF2 can accelerate virus replication (30). The m6A modification site located in the 3′UTRs and 3′ epsilon loop of the hepatitis B virus (HBV) genome is not conducive to the stability of HBV RNA. The m6A modification site located in the 5′ ϵ ring of the HBV genome has a positive regulatory effect on pregenomic RNA (pgRNA) reverse transcription (31). EBV virus (EBV) transcripts are many m6A modification sites. YTHDF1 can recognize m6A sites accelerating viral RNA uncapping and recruit RNA degradation complexes to inhibit viral infection and replication (32). m6A modification in adenovirus (ADV) transcripts involves regulating splicing and viral RNA expression (33). The porcine epidemic diarrhea virus (PEDV) genome contains multiple m6A modification sites and negatively regulates the virus infection (34). Our preliminary findings showed that the expression levels of writers (BmMETTL3 and BmMETTL3) and reader (BmYTHDF3) of m6A machinery in BmN cells were negative to the expression of viral structural protein VP39 in BmNPV infection (35). These studies indicate that both DNA and RNA viruses are regulated by the m6A modification system in host cells during viral infection, but the m6A modification system has different regulatory mechanisms for different viruses.

BmNPV belongs to the nuclear-replicated virus. Whether m6A modification is introduced into the viral transcripts in the viral proliferation process, and whether this apparent modification is beneficial for the virus to evade the detection of the host’s innate immune system, is still unclear. In this study, the m6A modification was investigated by methylated RNA immunoprecipitation (MeRIP) sequencing from the BmNPV-infected midgut, and m6A sites were widespread in the viral transcripts. Furthermore, the m6A machinery negatively mediated the viral replication. The results will uncover the roles of BmNPV transcript m6A modification in the viral life cycle and provide a scientific base for anti-BmNPV.



Materials and Methods


Sample Preparation

The domesticated silkworm strain (Jingsong×Haoyue) was reared in our lab with fresh mulberry leaves at 25°C. The polyhedrin (1*106) of BmNPV stored in our lab at Soochow University was evenly coated on the mulberry leaves with 4*4 cm for the first day of 5 instar larvae. 48 h postinfection, the midguts were collected and extracted for total RNA. BmN cells were cultured in TC-100 medium with 10% fetal bovine serum (HyClone, Logan, UT, USA) in a 26°C incubator. The recombinant BmNPV-GFP was gifted by Professor Xiaofeng Wu from the Zhejiang University.



Methylated RNA Immunoprecipitation Sequencing

30 silkworm larvae were infected by BmNPV, and the midguts were used to extract the total RNA with the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The total RNA was fragmented with the corresponding buffer (10 mM ZnCl2, 10 mM Tris–HCl pH 7.0). The obtained fragments were captured with the m6A antibody, and the corresponding libraries were utilized for MeRIP sequencing (MeRIP-Seq), and further bioinformatics analysis was also conducted by Shanghai OE Biotech. Co., Ltd. (Shanghai, China). The sequencing data were deposited in the NCBI with accession numbers (SRR10141250, SRR10141249, SRR10141248, and SRR10141247) (35). BmNPV T3 (accession number: L33180.1) was used as the reference genome for mapping.



MeRIP-qPCR

The method for preparation of total RNA for MeRIP-qPCR was the same protocol as MeRIP sequencing, except that total RNA was not treated with the fragmentation buffer. Briefly, BmNPV-infected BmN cells were lysed with lysis buffer. The lysed cells were separated into parts. One part of lysate was incubated with an anti-m6A antibody, and another part was incubated with IgG control (Rabbit) conjugated to Protein A/G beads in 1 ml RNA immunoprecipitation (RIP) buffer. After incubation at 4°C overnight, the beads were washed with wash buffer 3 times, and the RIP samples were reverse transcribed into cDNA using the PrimeScript RT Reagent Kit (TaKaRa, Dalian, China) and subjected to RT-qPCR. Translation initiation factor 4a (TIF-4A) was used as a housekeeping gene (36). The specific primers for each viral gene used in real-time PCR are listed in Supplementary Table 1. All experiments were conducted three times.



Plasmids and siRNA

The genome loci of ie-1 in BmNPV T3 (L33180.1) are 116994.118748 and were synthesized by the Sangon Biotechnology company (Shanghai, China). The DNA sequence was inserted into the Kpn I and Xba I sites in the pIZT-V5/his vector (Invitrogen, Frederick, MD, USA) for pIZT-V5his-ie. A mutant fragment of ie-1 was mutated A to T at the potential m6A sites. This mutant DNA sequence was also synthesized by the Sangon Biotechnology company (Shanghai, China) and was inserted into the sites of Kpn I and Xba I in the pIZT-V5/his vector for pIZT-V5his-ie-1mut. pIZT-BmYTHDF3 and siRNA (si-BmYTHDF3) specifically targeting BmYTHDF3 were reported in our previous study (35).



Western Blotting

BmN cells (1*105) were transfected with 2 μg pIZT-V5/his vector and pIZT-V5his-ie-1mut with Lipofectamine (Roche, Mannheim, Germany), respectively. 48 h post-transfection, the cells were harvested and lysed in RIPA lysis buffer (Beyotime, Shanghai, China) supplemented with protease inhibitors (Beyotime, Shanghai, China). The expression levels of IE-1 and enhanced green fluorescence protein (EGFP) were detected with anti-His, anti-tubulin, and anti-EGFP antibodies (Proteintech, Rosemont, IL, USA) as the primary antibodies, and horseradish peroxidase-conjugated goat anti-mouse IgG (Proteintech, USA) was used as the secondary antibody. The reactions were visualized using an ECL reagent (Sangon, Shanghai).



Overexpression and Depletion of BmYTHDF3 in BmN Cells and BmNPV Infection

BmN cells (1*105 cells/well) were transfected with a recombinant expression plasmid (pIZT-BmYTHDF3) with the transfection reagent. 48 h post-transfection, BmN cells were infected with BmNPV-GFP (MOI = 2) and harvested for extraction of total proteins at 12 h postinfection for Western blotting. Meanwhile, BmN cells (1*105 cells/well) were transfected with specific siRNA targeting BmYTHDF3 (si-BmYTHDF3) with the transfection reagent. 48 h post-transfection, BmN cells were infected with BmNPV-GFP (MOI = 2) and harvested for extraction of total proteins at 12 h postinfection for Western blotting. The expression of the Bm59 gene of BmNPV was used as the indicator of viral replication (37).



Bioinformatics

m6A modification sites on the interested RNA sequences were carried out by the SRAMP prediction server (38). The motif discovery from the sets of sequences was investigated by HOMER software (39). The flexibility of protein local structures was studied through (i) the B-factor of the X-ray experiment and (ii) the fluctuation of residues during molecular dynamics simulations (40). The Flexibility Prediction was utilized to analyze the flexibility classes (0, 1, and 2 represent rigid, intermediate, and flexible, respectively) according to the observed dynamic properties from the target protein sequences.




Results


m6A Modifications Are Widespread in BmNPV Transcripts in Virally Infected Cells

BmNPV-infected silkworm midguts were collected and sequenced with methylated RNA immunoprecipitation combined with high-throughput sequencing (MeRIP-Seq) to understand the m6A modification in mRNAs, including host mRNAs and viral mRNAs (Figure 1A). Our previous study found that thousands of m6A peaks were identified from BmNPV-infected tissues, and the host m6A modification system was related to the expression of the viral gene. However, this modification is still a puzzle whether it appears in the BmNPV mRNAs. To better understand the post-transcription modification, especially m6A sites on the viral genes and the potential roles in the viral life cycle, we compared the MeRIP-Seq data with the BmNPV T3 (L33180.1) reference genome and found that 74 regions with high potential m6A methylation (m6A peak) were identified in 59 mRNA transcripts of BmNPV (Figure 1B and Table 1). Among these m6A peaks, the mean size of the m6A peak is 262 bp, while the maximum and minimum peaks are 599 and 135 bp, respectively. HOMER motif enrichment analysis was utilized to analyze the RRACH motif conservation in 74 identified m6A peaks. The results showed that four conserved RRACH motifs were identified from the alignments between the de novo motif and known motifs and met the requirement of the motif domain of RRAmCH (R=G/A, G > A; H=A, C, U) (Figure 1C). The positions of m6A sites were analyzed to understand the appearance of m6A sites in viral mRNAs. The results indicated that m6A modification mainly appeared in coding sequences (CDS) and the 3′-end of CDS (Figure 1D). These results suggested a potential biofunctional significance for m6A modification in viral mRNA.




Figure 1 | BmNPV transcripts are m6A modified. (A) The workflow of MeRIP is for the detection of m6A modification in BmNPV transcripts. (B) The distribution of m6A peaks on the genome of BmNPV T3 (L33180.1). (C) The conserveness of the RRACH motifs within the identified m6A peaks using HOMER. (D) Distribution of m6A peaks on viral transcripts including 5′-UTR, CDS, and 3′-UTR.




Table 1 | The information of m6A peaks on BmNPV transcripts from the MeRIP sequencing.





Viral Genes With m6A Sites Were Classified Into Four Phenotypes

The KOV (bacmid)s were subdivided into four phenotypes (A to D) according to the results from the knockout BmNPVs (KOVs) for each viral gene using the lambda red recombination system (41). The defined phenotypes of type-A and -B KOVs could produce infectious viruses, but types C and D did not produce any infectious virions in KOV-transfected cells (2). According to the appearance of m6A in the viral genes, we found 33, 4, 17, and 5 viral genes in types A, B, C, and D, respectively (Table 2).


Table 2 | The KOV (bacmid)s were subdivided into four phenotypes (A to D) according to the results from the knockout BmNPVs (KOVs) for each viral gene using the lambda red recombination system.





Validation of m6A Modification in Viral Genes

To know the existence of the m6A site in viral genes, multiple genes related to viral replication (lef-8, lef-5, lef-3, VP80, GP64/78, and ie-1) were selected for validation using m6A antibody immunoprecipitation combined with qPCR (MeRIP-qPCR). The results showed that all these viral genes could be enriched by the m6A antibody and detected by qPCR (real-time PCR) using the corresponding primers of each gene (Supplementary Table 1). Compared to the relative expression levels of viral genes in the complex of the m6A antibody and viral mRNAs with m6A modification, the results showed that ie-1 mRNA with a higher m6A level than other viral genes was identified from the complex (Figure 2), indicating that enriched m6A modification in the ie-1 gene may be related to the transcription or translation.




Figure 2 | Validation of m6A modification in viral replication-related genes using m6A antibody immunoprecipitation combined with qPCR (MeRIP-qPCR). The IgG or anti-m6A antibody enrichment of the viral mRNAs was measured by MeRIP-qPCR in BmNPV-infected BmN cells. *P < 0.05 and ***P < 0.001.





The Expression Level of IE-1 Was Related to the m6A Sites

To further validate the function of m6A sites in the ie-1 mRNA, the wild-type and mutant ie-1 plasmids were constructed by cloning a wild-type 1,752-nucleotide (nt) length fragment (remove the TAA) encompassing the m6A peak region in the ie-1 mRNA and a mutant fragment with A > T mutations at the potential m6A sites, respectively (Figure 3A). The plasmids were transfected into BmN cells for Western blotting assay, which exhibited a higher IE-1 expression level on the mutant plasmid than wild-type ie-1 (Figure 3B), confirming that the presence of m6A sites in the ie-1 mRNA may be related to its expression. To exclude the influence of codon on protein expression, the flexibility of protein local structures was studied through (i) the B-factor of the X-ray experiment and (ii) the fluctuation of residues during molecular dynamics simulations (40). The prediction results showed that these 5 amino acid mutants in the IE-1 had not altered the protein flexibility (Figure 4).




Figure 3 | Construction of the ie-1wt and ie-1mut plasmids and detection of the expression level of IE-1 in BmN cells transfected with plasmids. (A) The wild-type and mutant ie-1 plasmids were constructed by cloning a 1,752-nt length fragment (remove the TAA) encompassing the m6A peak region in the ie-1 mRNA and a mutant fragment with A > T mutations at the potential m6A sites, respectively. (B) IE-1 expression was detected from the plasmid-transfected BmN cells with Western blotting assay. pIZT-V5-His plasmid as the control.






Figure 4 | The flexibility of protein local structures was studied through (i) the B-factor of the X-ray experiment and (ii) the fluctuation of residues during molecular dynamic simulations. IE-1wt (58T, 63N, 134T, 175T, and 181N) > IE-1mut (58S, 63I, 134S, 175S, and 181I).





m6A Reader (BmYTHDF3) Negatively Regulated the Viral Replication

Our previous study concluded that cytoplasmic YTH-domain family 3 (BmYTHDF3) was indicated as the m6A reader of the m6A machinery in silkworm, Bombyx mori, and the m6A modification system was predicted to play important roles in the BmNPV infection (35). The appearance of m6A modification in the ie-1 gene means that BmYTHDF3 could recognize these m6A sites. However, the exact roles of BmYTHDF3 in the replication of BmNPV are still not clear, and we used the recombinant expression plasmid (pIZT-BmYTHDF3) and specific siRNA targeting BmYTHDF3 transfected into BmN cells followed by BmNPV-GFP infection for examining the roles of BmYTHDF3 in the viral replication. The Western blotting assay showed that the EGFP was markedly inhibited in cells overexpressed with BmYTHDF3 in a dose-dependent manner, and a contrary effect was found in si-BmYTHDF3-transfected cells (Figures 5A, B). Meanwhile, a real-time PCR assay obtained similar results via detecting the Bm59 gene expression level in BmN cells overexpressed with BmYTHDF3 and transfected with si-BmYTHDF3 (Figures 5C, D), suggesting that BmYTHDF3 could inhibit the BmNPV infection in BmN cells via recognizing the m6A sites in the viral gene.




Figure 5 | Knockdown of BmYTHDF3 suppressed BmNPV infection and replication. (A) The infection of BmNPV in BmN cells transfected with pIZT-BmYTHDF3 (1, 2, and 3 μg) or pIZT-V5/His as control following BmNPV-GFP infection was detected by Western blotting. (B) The infection of BmNPV in BmN cells transfected with si-BmYTHDF3 (50, 100, and 150 pmol) or si-NC as control following BmNPV-GFP infection was detected by Western blotting. (C) The relative expression level of Bm59 in BmN cells transfected with pIZT-BmYTHDF3 (1, 2, and 3 μg) or pIZT-V5/His as control following BmNPV-GFP infection was detected by real-time PCR. (D) The relative expression level of Bm59 in BmN cells transfected with si-BmYTHDF3 (50, 100, and 150 pmol) or si-NC as control following BmNPV-GFP infection was detected by real-time PCR. **p < 0.05 and ***p < 0.001.






Discussion

Increasing data indicated that m6A modification not only exists in the cellular mRNAs but also is widespread in the viral transcripts, including DNA and RNA viruses. Viral m6A modifications have been reported as pro-viral or antiviral functions depending on the virus species, cell type, and viral RNA location (20). We showed that m6A modification is widespread in BmNPV transcripts in virally infected cells. Viral genes with m6A sites were classified into four phenotypes according to the results from the knockout BmNPVs (KOVs) for each viral gene using the lambda red recombination system (41). We demonstrated that ie-1 mRNA with a higher m6A level than other viral genes was examined, and the expression level of IE-1 was related to the m6A sites in the viral ie-1 gene. Furthermore, m6A reader protein BmYTHDF3 suppressed the BmNPV infection in BmN cells, maybe recognizing the m6A sites in the viral gene.

m6A machinery regulates cellular RNAs of viral RNAs by writers, erasers, and readers in cells (42). The appearance of m6A modification in viral RNAs and cellular m6A modification systems played vital roles in the viral life cycle. Our previous study found that the cellular mRNAs with m6A modification were altered following BmNPV infection and the expression levels of writers and readers negatively mediated BmNPV infection (35). However, the precise regulation of m6A modification on viral infection was vague. Therefore, we made assumptions about widespread m6A sites in the BmNPV transcripts like other viruses, and the viral RNA with m6A sites could be regulated by cellular m6A reader proteins. Presently, any reports showed that BmNPV transcripts could be modified by the m6A machinery. MeRIP-Seq data were aligned with the BmNPV T3 (L33180.1) reference genome, and 74 regions with high potential m6A methylation (m6A peak) were distributed in 59 viral mRNA transcripts. Among these m6A peaks, four conserved RRACH motifs were identified as other species. The enrichment analysis of m6A peaks on viral mRNAs showed that most were distributed on the CDS and 3′-CDS of viral mRNAs. It is known that m6A modification was found near the 3′ UTR and stop codon in mammals and mice (43). The methylation landscape across human adult tissues showed m6A sites preferentially around stop codons, essential for maintaining basic cellular function. Most of the m6A in the genes with tissue specificity were found in the 5′-UTR (44), suggesting that these viral genes with m6A sites may be essential for distinct regulatory effects in the aspect of host range, viral replication, assembly, and host–virus interaction. 22/59 viral genes were demonstrated to be required to produce infectious viruses, and the m6A site appearance in these genes may be related to the viral replication. Furthermore, several viral genes related to viral replication were selected to be validated by MeRIP-qPCR, and the results also showed that m6A modifications were enriched in these selected viral genes. Among them, the modification level of m6A on the ie-1 gene was higher than other genes, indicating that these m6A sites might regulate their transcription or translation.

In our previous study, we found that the expression level of VP39 was decreased in BmN cells overexpressed with BmMETTL3 or BmYTHDF3, while the reverse results were obtained in the BmN cell depletion of BmMETTL3 or BmYTHDF3 using corresponding specific siRNAs (35). These suggested that the m6A modification system plays an important role in BmNPV infection with an unknown mechanism. The role of the YTHDF readers on viral replication was extensively examined by depletion and overexpression studies in numerous DNA and RNA viruses (29, 32, 45). Increasing data showed that YTHDF readers regulate the mRNA fate of cellular or viral m6A RNAs. It is described to regulate splicing, nuclear export, cap-independent translation, and decay (46). To better understand the regulatory effects of m6A machinery on the expression of viral genes or viral replication, the expression level of IE-1 was detected from BmN cells transfected with the wild-type and mutant ie-1 plasmids, and Western blotting assay exhibited a higher IE-1 expression level on the mutant plasmid than wild-type ie-1, confirming that the presence of m6A sites in the ie-1 mRNA may be related to its expression. When these mutant sites were introduced into ie-1, any adverse effect on protein flexibility was detected. Using the BmNPV-GFP-infected BmN cells overexpressed with BmYTHDF3 and transfected with si-YTHDF3, we found that the EGFP and viral gene Bm59 were significantly decreased and increased, respectively. These results suggest that BmYTHDF3 suppressed the BmNPV infection in BmN cells via recognizing the m6A sites in viral genes. The m6A modification system has different regulatory mechanisms for different viruses (45, 47). The appearance of m6A modification on viral RNA will be used as a molecular marker for evading host innate immune recognition of non-self RNA (28). Altogether, many BmNPV transcripts have been modified by the m6A machinery, including many genes related to viral infectivity. BmYTHDF3 suppressed the BmNPV infection by recognizing the m6A sites in viral genes, resulting in impairment of viral gene expression, avoiding viral overproliferation.
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Western flower thrips, Frankliella occidentalis, is a serious pest by directly infesting host crops. It can also give indirect damage to host crops by transmitting a plant virus called tomato spotted wilt virus. A fungal pathogen, Beauveria bassiana, can infect thrips. It has been used as a biopesticide. However, little is known on the defense of thrips against this fungal pathogen. This study assessed the defense of thrips against the fungal infection with respect to immunity by analyzing immune-associated genes of F. occidentalis in both larvae and adults. Immunity-associated genes of western flower thrips were selected from three immunity steps: nonself recognition, mediation, and immune responses. For the pathogen recognition step, dorsal switch protein 1 (DSP1) was chosen. For the immune mediation step, phospholipase A2 (PLA2) and prostaglandin E2 synthase were also selected. For the step of immune responses, two phenoloxidases (PO) genes and four proPO-activating peptidase genes involved in melanization against pathogens were chosen. Dual oxidase gene involved in the production of reactive oxygen species and four antimicrobial peptide genes for executing humoral immune responses were selected. All immunity-associated genes were inducible to the fungal infection. Their expression levels were induced higher in adults than in larvae by the fungal infections. However, inhibitor treatments specific to DSP1 or PLA2 significantly suppressed the inducible expression of these immune-associated genes, leading to significant enhancement of fungal pathogenicity. These results suggest that immunity is essential for thrips to defend against B. bassiana, in which DSP1 and eicosanoids play a crucial role in eliciting immune responses.
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Introduction

The western flower thrips, Frankliniella occidentalis, is a polyphagous insect pest. It causes serious economic damage to crops directly by infesting host plants and indirectly by transmitting viral disease (1). Tomato spotted wilt virus (TSWV), a type species of Tospovirus and the only plant-infecting genus in the virus family of Bunyaviridae, can be effectively transmitted by F. occidentalis in a persistent-propagative fashion (2). However, it is difficult to control thrips with conventional synthetic insecticides due to their short life cycle (about 2 weeks), high fecundity, thigmotactic behavior, and insecticide resistance (3).

Alternative control tactics have been introduced to effectively and nonchemically reduce populations of thrips (4, 5). Beauveria bassiana is an entomopathogenic fungus and an effective epizootic microorganism against F. occidentalis (6). It has been reported that B. bassiana application is effective in controlling F. occidentalis by reducing 70% of thrips’ population when its spore granules are applied to soil to infect pupae of thrips under greenhouse conditions (7). Furthermore, this fungal treatment can reduce the reproductive potential of thrips survived from exposure to a sublethal dose (8). On the other hand, the fungal pathogenicity is usually attenuated by the attack of various insect immune responses (9, 10). In thrips, immune responses are also likely to be effective in defending them against fungal infections (11).

Insect immunity is innate and only programmed nonself molecular patterns such as peptidoglycans and β-1,3-glycan are induced upon bacterial and fungal infections, respectively (12). These nonself signals are recognized by pattern recognition receptors and then propagated by immune mediators to immune executive tissues such as hemocytes and fat body by exhibiting cellular and humoral immune responses (13). Cellular immune responses including phagocytosis, nodule formation, and encapsulation usually performed by hemocytes are acutely induced upon infections (14). Humoral immune responses then mop up the residual pathogens with toxic chemical reactions by producing various antimicrobial peptides (AMPs) or phenoloxidase to induce melanization (15). A recent discovery of damage-associated molecular pattern (DAMP) adds another type of nonself recognition to the insect immune system (16). Dorsal switch protein 1 (DSP1), an ortholog of vertebrate high mobility group box 1, is localized in the nucleus to modulate gene expression by regulating the binding of transcriptional factors to promoters (17). Upon immune challenge, it is released to plasma to act as a DAMP molecule and activate immune responses in coleopteran and lepidopteran insects (16, 18).

From several RNA-seq analyses, a number of immune-associated genes have been annotated in F. occidentalis (19). Indeed, TSWV can activate the immune system of F. occidentalis (20). The objective of this study was to determine the immune responses of F. occidentalis against B. bassiana infection.



Materials and Methods


Insect Rearing and Fungal Culture

Adults of western flower thrips (F. occidentalis) were obtained from Bio Utility (Andong, Korea) and reared under laboratory conditions (temperature of 27 ± 1°C; photoperiod of 16:8 h (L: D), and relative humidity (RH) of 60 ± 5%). Two larval instars (L1 and L2) and adults were reared on sprouted bean seed kernels. L2 stage and adults < 3 days after adult emergence were used for immune and pathogenicity tests. An entomopathogenic fungus, B. bassiana, was cultured in a potato dextrose agar (PDA) plate at 25 ± 1°C and RH of 70 ± 5% with a 16:8 h (L:D) photoperiod for 14 days.



Chemicals

3-Ethoxy-4-methoxyphenol (EMP) was purchased from Sigma-Aldrich Korea (Seoul, Korea) and dissolved in dimethyl sulfoxide (DMSO). Triton X-100 (t-octylphenoxy-polyethoxyethanol) was purchased from Sigma-Aldrich Korea and used as an adjuvant in fungal bioassay analysis. p-Bromophenacyl bromide (BPB) and methylarachidonyl fluorophosphate (MAFP) were purchased from Sigma-Aldrich Korea. DAPI (4,6-diamidino-2-phenylindole) was purchased from Thermo Scientific (Steingrung, Dreieich, Germany) and dissolved in DMSO. BZA (benzylideneacetone) was purchased from Sigma-Aldrich Korea and dissolved in DMSO. Phosphate-buffered saline (PBS) was prepared with 100 mM phosphoric acid. Its pH was adjusted to 7.4 using NaOH.



Bioinformatics and Phylogenetic Analyses of Immune Genes

DSP1 sequence of F. occidentalis (Fo-DSP1) was obtained from GenBank with an accession number of XP_026278027.1. Sequences of F. occidentalis were obtained for secretory phospholipase A2 (Fo-sPLA2A and Fo-sPLA2B), calcium-independent phospholipase A2 (Fo-iPLA2A and Fo-iPLA2B), microsomal prostaglandin E synthase type 2 (Fo-PGES2) and dual oxidase (Fo-Duox), phenoloxidase-activating protease (Fo-PAP2A, Fo-PAP2B and Fo-PAP3), phenoloxidase (Fo-PO1, Fo-PO2A and Fo-PO2B), antimicrobial peptide genes (Fo-Apol, Fo-Def, Fo-Lyz, and Fo-Tra1) from National Center for Biotechnology Information (www.ncbi.nlm.nih.gov). GenBank accession numbers of these genes and related orthologs are described in Supplementary Tables S1–S7. Phylogenetic analyses were performed using MEGA6.06 and ClustalW programs from EMBL-EBI (www.ebi.ac.uk). Bootstrapping values were obtained with 1,000 repetitions to support branching and clustering. Protein domains were predicted using Prosite (https://prosite.expasy.org/) and SMART search program (http://smart.embl-heidelberg.de/).



Preparation of Fungal Suspension

Conidial suspension of B. bassiana was prepared by scraping the fungal culture from 14 days old PDA medium into an Eppendorf tube containing 1 mL of autoclaved Triton X-100 (0.1%) solution (Duksan Pure Chemicals, Ansan, Korea). Conidia of the suspension were counted using a Neubauer hemocytometer (Marienfeld-Superior, Lauda-Königshofen, Germany) under 40× magnification.



Pathogenicity of B. bassiana to F. occidentalis

To assess the pathogenic activity of B. bassiana, L2 larvae and adults were fed with different concentrations (1×108, 1×107, 1×106, 1×105, 1×104 conidia/mL) of conidial suspension. Briefly, a piece of sprouted bean seed kernel was dipped in 1 mL of conidial suspension from each concentration for 5 min and kept for 10 min to dry under a clean bench. The aseptic condition was strictly followed throughout the process. After L2 larvae or adults were released into a Petri dish (5 × 2 cm), the Petri dish was sealed with parafilm (Bemis Company, Zurich, Switzerland). These Petri dishes were kept in a desiccator (4202-0000, Bel-Art Products, Pequannock, NJ, USA) with a constant temperature of 25 ± 1°C and 75 ± 5% RH which was maintained using a saturated solution of NaCl according to Winston and Bates (21). Dead insects were counted every 12 h up to 5 days by confirming mycosis development on insect cadaver. Each treatment had three replicates. Each replication used 10 larvae or adults.



Immune Challenge With B. bassiana

Sprouted bean seed kernels were dipped into 1 mL of conidial suspension (1×106 conidia/mL) for 5 min and dried for 10 min under aseptic conditions. They were then placed in Petri dishes (5 × 2 cm), in which test insects were fed. After 3 h, the diet was replaced with the fresh kernel. For RNA extraction, both larvae and adult insects were collected at 6, 12, and 24 h after fresh kernel feeding. Each time point was replicated three times with 100 larvae and 80 adults.



RNA Extraction, RT-PCR, and RT-qPCR

RNA was extracted from different developmental stages (~100 L2, ~100 pupae, or ~100 adults per sample) of F. occidentalis using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Extracted RNA was quantified using a spectrophotometer (NanoDrop, Thermo Scientific, Wilmington, DE, USA). RNA extract (100 ng per reaction) was used for cDNA synthesis with an RT-premix (Intron Biotechnology, Seoul, Korea). Synthesized cDNA was used as a template for PCR amplification with gene-specific primers (Supplementary Table S8). To determine cDNA integrity, the elongation factor 1 (EF1) gene was used. RT-PCR began with initial heat treatment at 94°C for 5 min followed by 35 cycles of denaturation at 94°C for 1 min, annealing at a specific temperature depending on primers (Supplementary Table S8) for 30 s, and extension at 72°C for 1 min. PCR reaction was terminated with a final chain extension step at 72°C for 10 min.

Quantitative PCR (qPCR) was performed using SYBR Green Real-Time PCR master mixture (Toyobo, Osaka, Japan) on a Real-Time PCR System (Step One Plus Real-Time PCR System, Applied Biosystem, Singapore). The reaction mixture (20 μL) contained 10 pmol of primers used in RT-PCR and 80 ng of cDNA template. After activating Hotstart Taq DNA polymerase at 94°C for 5 min, the reaction was amplified with 40 cycles of denaturation at 94°C for 30 s, annealing at a specific temperature depending on primers (Supplementary Table S8) for 30 s, and extension at 72°C for 30 s. The expression level of EF1, a reference gene, was used to normalize target gene expression levels. Each treatment was replicated with three independent biological sample preparations. Quantitative analysis was performed using the comparative CT (2-ΔΔCT) method (22).



PLA2 Enzymatic Activity

A commercial assay kit (sPLA2 Assay Kit, Cayman Chemical) was used with diheptanoyl thio-phosphatidylcholine as enzyme-substrate to measure PLA2 activities in whole bodies of 100 individuals at each stage (L2 larva, pupa, and adults). Whole body extracts were obtained after homogenizing in 100 mM phosphate-buffered saline (PBS, pH 7.4). For inhibitor assay, protein samples were incubated at 25°C with inhibitors (BPB or MAFP) for 30 min. For the immune challenge, larva and adult insects were challenged with B. bassiana (1×106 conidia/mL) as mentioned earlier. Samples were collected at 6 h, 12 h, and 24 h post-treatment. sPLA2 enzyme activities were measured using Ellman’s reagent [5,5′-dithio-bis-(2-nitrobenzoic acid), DTNB] to produce 5-thio-2-nitrobenzoic acid. DTNB was prepared at 10 mM in 0.4 M Tris buffer (pH 8.0). Assay buffer used 25 mM Tris (pH 7.5) containing 10 mM CaCl2, 100 mM KCl, and 0.3 mM Triton X-100. The reaction mixture (175 μL) contained 10 μL of plasma sample, 10 μL of DTNB, 5 μL of assay buffer (or inhibitor for inhibition assay), and 150 μL of the substrate. All inhibitors were used at 100 µM. For negative controls, the same volume of reaction mixture consisted of 10 μL of DTNB, 15 μL of assay buffer, and 150 μL of the substrate. Absorbance was measured at 405 nm. Absorbance for non-enzymatic blank controls was calculated and subtracted from sample wells. The actual extinction coefficient for DTNB was 10.66 mM−1. Specific enzyme activity (pmol/min/μg) was calculated by dividing absorbance change by protein amount used as enzyme source for the reaction. Each treatment was replicated with three biologically independent enzyme preparations using different larval or adult samples. Protein concentration was determined by Bradford (23) assay using bovine serum albumin (BSA) as standard.




Additive Effect of EMP or BZA on Fungal Pathogenicity to F. occidentalis

Sprouted bean seed kernels were dipped into 1 mL of the conidial suspension (1×105 conidia/mL) containing different concentrations of EMP (0, 10, 100, 500, and 1,000 ppm) or BZA (0, 10, 100, 500, and 1,000 ppm) for 5 min and dried at 25°C for 10 min under sterile condition. After 10 min, 10 L2 larvae or adults were released into Petri dishes (5 × 2 cm) containing treated kernels. These treated insects were then incubated in an incubator at 25°C as described above and subjected to mortality recording for 5 days at 24 h interval. Each treatment was replicated three times with each replication using 10 individuals.


Analysis of Immunosuppressants on Immune Responses of F. occidentalis

B. bassiana (1×105 conidia/mL) was treated along with EMP (1,000 ppm) or BZA (1,000 ppm). Briefly, sprouted bean seed kernels were dipped into 1 mL of the conidial suspension (1×105 conidia/mL) containing EMP or BZA for 5 min and dried at 25°C for 10 min under sterile condition. These treated kernels were provided for feeding for 3 h. After 3 h of feeding, treated kernels were replaced with fresh kernels. Samples for RNA extraction were collected at 24 h post-treatment. Each treatment was replicated three times with each replicate having 100 insects.



Immunofluorescence Assay of F. occidentalis Midgut

Midgut from each adult was collected onto slide glass containing 10 µL of TC100 insect tissue culture medium (Welgene, Gyeongsan, Korea) and incubated at 25°C in a wet chamber for 10 min. After removing TC100, the midgut was then fixed with 4% formaldehyde for 20 min at room temperature (RT). Fixative was replaced with PBS followed by incubation at 25°C for 10 min. After washing with PBS twice, the midgut was permeabilized with 0.2% Triton X-100 in PBS for 10 min at RT. After washing with PBS thrice, the midgut was blocked with 5% skimmed milk in PBS at RT for 20 min. After washing with PBS once, the midgut was incubated with 10 µL of primary antibody (16) raised against Se-DSP1 in rabbit which was diluted in 3% BSA in PBS (1:100) at RT for 1 h 20 min. After washing with PBS thrice, the midgut was incubated with 10 µL of FITC-tagged anti-rabbit secondary antibody (Sigma-Aldrich Korea, diluted with 3% BSA in PBS at 1:5,000) at RT for 1 h. After washing with PBS thrice, the midgut was incubated with 10 µL of 4′,6-diamidino-2-phenylindole (DAPI, 1 μg/mL) (Thermo Scientific, Rockford, IL, USA) in PBS at RT for 5 min for nucleus staining. Finally, after washing with PBS thrice, 5 µL of glycerol and PBS (1:1) mixture was added and cover glass was placed on it. It was then observed under a fluorescence microscope (DM2500, Leica, Wetzlar, Germany) at 400 × magnification.



Statistical Analysis

Data of continuous variables were subjected to one-way analysis of variance (ANOVA) using PROC GLM in the SAS program (24). Means were compared with the least significant difference (LSD) test at Type I error = 0.05. Median lethal concentration (LC50) and time (LT50) were subjected to Probit analysis using EPA Probit Analysis Program, ver. 1.5 (U.S. Environmental Protection Agency, USA).




Results


Larvae and Adults of F. occidentalis Are Susceptible to B. bassiana Infection

Susceptibility of F. occidentalis to B. bassiana was assessed by oral feeding bioassays using larvae or adults (Figure 1). Both developmental stages were susceptible to B. bassiana. Dead insects showed sporulation symptoms on body surfaces (Figure 1A). The fungal virulence increased in a dose-dependent manner after treatment with fungal spores. However, larvae and adults showed different susceptibilities to B. bassiana. Most (> 95%) larvae were dead after treatment with fungal spores at 108 spores/mL. However, only 60% of adults were dead after the same treatment. Median lethal concentrations were different by more than 30 folds between these two developmental stages (Figure 1B). In addition, the speed-to-kill was apparently slower for adults by almost two folds than for larvae at the same fungal treatment.




Figure 1 | Virulence of B. bassiana, an entomopathogenic fungus, to F. occidentalis. (A) Insecticidal activities of B. bassiana at different doses (conidia/mL) to larvae and adults at different time points. Seed kernels were dipped in 1 mL of conidial suspensions from each concentration for 5 min and left to dry at 25°C for 10 min under a clean bench. The photos were taken to confirm the fungal growth from dead insects at 10 days after the fungal treatment. Control without fungi did not show any mortality during this assay. (B) Median lethal concentration (LC50) and median lethal time (LT50) of fungal toxicity. Second instar larvae (L2) and adults were used in this bioassay. To estimate median lethal concentrations (LC50s), a fungal concentration of 1×106 conidia/mL was used for each test sample. Median lethal times (LT50s) were estimated with the same fungal concentration. An experimental unit (Petri dish) contained 30 larvae or adults. The Petri dish was sealed by parafilm. Each treatment was replicated three times. Both experiments were performed under a constant temperature of 25 ± 1°C with relative humidity (RH) of 75 ± 5% using a saturated solution of NaCl in a desiccator.





Fungal Infection Induces Damage-Associated Molecular Pattern (DAMP)

The apparent difference between larvae and adults in fungal pathogenicity suggests a differential defense in immune responses of F. occidentalis. DSP1, a DAMP molecule in other insects, was suspected to be activated in the gut of F. occidentalis in response to an oral infection of B. bassiana. Domains of Fo-DSP1 possess HMG Box A and Box B with additional N- and C-terminal extensions (Figure 2A). Its predicted amino acid sequence was clustered with other insect DSP1s (Figure 2B). Midguts were isolated from adult insects and used for the analysis of Fo-DSP1 localization with a polyclonal antibody raised against Se-DSP1 of Spodoptera exigua (Figure 2C). The cross-reactivity of the antibody was supported by high sequence homology (69.6%) between Fo-DSP1 and Se-DSP1. Immunofluorescence assay showed that Fo-DSP1 was localized in the nucleus stained with DAPI. Fo-DSP1 was expressed in larval to adult stages, with adult males showing the highest expression level (Figure 2D). Fungal challenge used diet contaminated with B. bassiana significantly increased the expression level of Fo-DSP1 in both larval and adult stages (Figure 2E). However, there was a difference in their induction patterns. Fo-DSP1 was induced only at 12 h after the fungal treatment at the larval stage while it was induced expression constantly from 6 to 24 h at the adult stage.




Figure 2 | Identification and molecular characterization of DSP1 in F. occidentalis (Fo-DSP1). (A) Domain analysis of Fo‐DSP1. Domains were predicted using Prosite (https://prosite.expasy.org/) and SMART protein (http://smart.embl-heidelberg.de/). ‘CC’, ‘HMG’, and ‘AT’ stand for the coiled-coil region, high mobility group, and acidic tail, respectively. (B) Phylogenetic analysis of Fo‐DSP1 with other DSPs from different insect orders. Phylogenetic analysis was performed using MEGA6.06. Bootstrapping values were obtained with 1,000 repetitions to support branching and clustering. Amino acid sequences of DSP1 were retrieved from GenBank with accession numbers shown in Supplementary Table S1. (C) Localization of Fo-DSP1 in the nuclei of the midgut. Fo-DSP1 and nucleus were stained with antibodies against DSP1 (Green) and DAPI (Blue) against nuclear DNA. Fo-DSP1 was detected with a polyclonal antibody raised against S. exigua DSP1. (D) Expression of Fo-DSP1 in different developmental stages of larva (‘L’), pupa (‘P’), male (‘M’), and female (‘F’) adult. (E) Inducible expression of Fo-DSP1 in L2 larvae or adults upon challenge with B. bassiana (1×106 conidia/mL) at different time points. RNA samples were collected from the whole body extracts of larvae (~100), pupae (~100), or adults (~100) for each treatment. The expression of an endogenous gene, EF1, confirms equal gel loading and integrity of cDNA preparation. Each measurement was replicated three times. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).





Eicosanoid Biosynthesis Is Induced by DSP1 in Response to Fungal Infection

DSP1 can mediate immune responses by activating PLA2 activity in insects (16, 18). Four PLA2 genes were obtained from GenBank (Figure 3A). Among 16 gene Groups (‘I-XVI’) of PLA2, four PLA2s of F. occidentalis were separately clustered with Group III (Fo-sPLA2A), Group XV (Fo-sPLA2B), Group VI (Fo-iPLA2A), and Group VIII (Fo-iPLA2B). Two secretory PLA2s (Fo-sPLA2A and Fo-sPLA2B) were found to have a signal peptide or Ca2+-binding domain while two Ca2+-independent cellular PLA2s (Fo-iPLA2A and Fo-iPLA2B) were not. These two iPLA2s were different in the ankyrin repeat domain, which was predicted only in Fo-iPLA2B.




Figure 3 | Identification and molecular characterization of two secretory phospholipase A2 (sPLA2) and two calcium independent PLA2 (iPLA2) genes in F. occidentalis named as Fo-sPLA2A, Fo-sPLA2B, Fo-iPLA2A, and Fo-iPLA2B. (A) Domain and phylogeny analyses of Fo-PLA2s. Phylogenetic analysis was performed using MEGA6.06. Bootstrapping values were obtained with 1,000 repetitions to support branching and clustering. Amino acid sequences of PLA2s were retrieved from GenBank with accession numbers shown in Supplementary Table S2. Four Fo-PLA2s are denoted in the phylogeny tree by rectangular boxes. Domains were predicted using Prosite (https://prosite.expasy.org/) and SMART protein (http://smart.embl-heidelberg.de/). Different colored boxes and shapes represent different regions in the domain. (B) Expression of Fo-PLA2s in different developmental stages of larva (‘L’), pupa (‘P’), male (‘M’), and female (‘F’) adult. (C) Inducible expressions of four Fo-PLA2s (Fo-sPLA2A, Fo-sPLA2B, Fo-iPLA2A, and Fo-iPLA2B) in L2 larvae or adults upon challenge with B. bassiana (1×106 conidia/mL) at different time points. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment. The expression of an endogenous gene, EF1, confirms equal gel loading and integrity of cDNA preparation. Each measurement was replicated three times. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. (D) Enzyme activity of Fo-sPLA2. For inhibitor assay, protein samples were collected from the whole body extracts of larvae (~100) for each treatment. Protein samples were incubated with p-bromophenacyl bromide (BPB) or methylarachidonyl fluorophosphate (MAFP) in vitro for 30 min. To check enzyme activity in naïve condition, the whole body extracts of larvae (~100), pupae (~100), and adults (~100) were used. (E) Fo-sPLA2 enzyme activity after challenge with B. bassiana (1×106 conidia/mL) at different time points. Protein samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment. Each treatment was replicated with three biologically independent enzyme preparations using different larval or adult samples. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).



Four PLA2s of F. occidentalis were expressed in all developmental stages. They were highly expressed in adult stages (Figure 3B). The fungal challenge with B. bassiana significantly increased expression levels of four PLA2s in both larval and adult stages (Figure 3C). Especially, Fo-sPLA2B was highly induced by several hundred folds in its expression levels in both larval and adult stages in response to the fungal challenge.

PLA2 enzyme activity was analyzed using different PLA2 inhibitors: BPB as a specific inhibitor for sPLA2 and MAFP as a specific inhibitor for cPLA2 (Figure 3D). Protein extracts of larvae had PLA2 enzyme activities, which were significantly inhibited by both inhibitors. PLA2 activities were detected in different developmental stages of F. occidentalis. They were increased in both larval and adult stages after the fungal infection (Figure 3E). The susceptibility of PLA2 enzyme activity to MAFP suggests a presence of cPLA2 in F. occidentalis, but its genome does not have a typical cPLA2 ortholog.

PGE2 is one of the PGs commonly detected in different insects (15). F. occidentalis ortholog of PGE2 synthase 2 (Fo-PGES2) was obtained from GenBank (Table S3). Its amino acid sequence indicated an enzyme catalytic domain (Figure S1A). Phylogenetic analysis indicated that Fo-PGES2 was clustered with other membrane-bound PGES2 genes (Figure S1B). Fo-PGES2 was expressed in different developmental stages (Figure 4A). Its expression was highly inducible in larval and adult stages by the fungal infection (Figure 4B).




Figure 4 | Inducible expression of prostaglandin E2 synthase (PGES2) in F. occidentalis (Fo-PGES2) upon fungal challenge. (A) Expression levels of Fo-PGES2 in different developmental stages of larva (‘L’), pupa (‘P’), male (‘M’), and female (‘F’) adult. (B) Inducible expression of Fo-PGES2 in L2 larvae or adults upon challenge with B. bassiana (1×106 conidia/mL) at different time points. RNA samples were collected from the whole body extracts of larvae (~100), pupae (~100), or adults (~100) for each treatment. The expression of an endogenous gene, EF1, confirms equal gel loading and integrity of cDNA preparation. Each measurement was replicated three times. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).





Effects of Specific Inhibitors for DSP1 and PLA2 on Defense Against Fungal Infection by B. bassiana

EMP is known to bind to and inactivate DSP1 in S. exigua and Tenebrio molitor (16, 18). BZA is a specific inhibitor for PLA2 of insects (25). These two inhibitors were used to treat larvae and adults of F. occidentalis along with B. bassiana (Figure 5). Both inhibitors increased the insecticidal activity of B. bassiana to F. occidentalis in a dose-dependent manner (Figure 5A).




Figure 5 | Synergistic effect of EMP or BZA on pathogenicity of B. bassiana to F. occidentalis. (A) Effects of different concentrations of EMP or BZA on the pathogenicity of B. bassiana to larvae and adults. Seed kernels were dipped into 1 mL of the conidial suspension (1×105 conidia/mL) containing different concentrations of EMP (0, 10, 100, 500, and 1,000 ppm) or BZA (0, 10, 100, 500, and 1,000 ppm) for 5 min and dried at 25°C for 10 min under sterile condition. Mortality of larvae or adults was recorded for 5 days at 24 h interval. An experimental unit (Petri dish) contained 30 larvae or adults. The Petri dish was sealed with parafilm. Each treatment was replicated three times. Both experiments were performed under a constant temperature of 25 ± 1°C and 75 ± 5% relative humidity (RH) using a saturated solution of NaCl in a desiccator. EMP or BZA alone did not show any mortality at all concentrations in both developmental stages during this assay. (B) Suppressive effect of EMP on the induction of B. bassiana on the expression of Fo-DSP1 in larvae and adults. To check immunosuppressive activity, B. bassiana (1×105 conidia/mL) along with EMP (1,000 ppm) was used as mentioned previously. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. (C) Suppressive effect of EMP on the induction of B.bassiana on the expressions of four Fo-PLA2s (Fo-sPLA2A, Fo-sPLA2B, Fo-iPLA2A, and Fo-iPLA2B) in L2 larvae or adults upon challenge with B. bassiana in larvae and adults. To check the immunosuppressive activity, B. bassiana (1×105 conidia/mL) along with EMP (1,000 ppm) was used as mentioned previously. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment at 24 h post-infection. (D) Inhibitory effect of EMP or BZA on PLA2 enzyme activity in larvae or adults. Protein samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment at 24 h post-infection. Each treatment was replicated with three biologically independent enzyme preparations using different larval or adult samples. (E) Inhibitory effect of EMP or BZA on the expression of Fo-PGES2 in larvae or adults. To check immunosuppressive activity, B.bassiana (1×105 conidia/mL) along with EMP (1,000 ppm) or BZA (1,000 ppm) was used as mentioned previously. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment at 24 h post-infection. The expression of an endogenous gene, EF1, confirms equal gel loading and integrity of cDNA preparation. Each measurement was replicated three times. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).



To clarify the effects of inhibitors on the enhancement of fungal pathogenicity, expression levels of Fo-DSP1, Fo-PLA2s, and Fo-PGES2 were examined after inhibitor treatments. The induction of Fo-DSP1 after fungal treatment was significantly suppressed by EMP treatment in both developmental stages (Figure 5B). Fo-DSP1 expression after treatment with EMP was also observed in the negative control when EMP alone was used for treatment. Results showed that EMP suppressed the basal level of Fo-DSP1 in naïve F. occidentalis. EMP treatment also suppressed expression levels of all four PLA2s (Figure 5C). The negative control of PLA2 gene expressions by EMP was supported by the suppression of PLA2 activities (Figure 5D). The increase of PLA2 activity after fungal infection was significantly suppressed by the addition of EMP or BZA, a specific PLA2 inhibitor. Similarly, BZA or EMP treatment significantly suppressed Fo-PGES2 expression in both larvae and adults, although the suppression was more prominent in adults than in larvae (Figure 5E).



Eicosanoids Mediate Immune-Associated Oxidases of F. occidentalis in Response to the Fungal Infection

Fungal infection used a feeding method to determine whether F. occidentalis might defend the fungal conidia through its gut immunity. Dual oxidase (Duox) plays a crucial role in gut immunity in insects (26). A Duox gene (Fo-Duox) was obtained from GenBank (Table S4). The additional peroxidase domain in N-terminus supports its identity from NADPH-dependent oxidase (Figure S2A). Its predicted amino acid sequences shared homologies with other insect Duox genes (Figure S2B). Fo-Duox was expressed in different developmental stages (Figure 6A). Its expression was highly up-regulated in larvae and adults upon the fungal challenge (Figure 6B). However, the induction of this gene was prevented by the addition of an inhibitor specific to DSP1 or PLA2 (Figure 6C).




Figure 6 | Inducible expression of dual oxidase (Duox) in F. occidentalis (Fo-Duox) upon fungal challenge. (A) Expression levels of Fo-Duox in different developmental stages of larva (‘L’), pupa (‘P’), male (‘M’), and female (‘F’) adult. RNA samples were collected from the whole body extracts of larvae (~100), pupae (~100), or adults (~100) for each treatment. (B) Inducible expression of Fo-Duox in L2 larvae or adults upon fungal challenge with B. bassiana (1×106 conidia/mL) at different time points. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment. (C) Inhibitory effects of EMP or BZA on the expression of Fo-Duox in larvae or adults. To check this immunosuppressive activity, B. bassiana (1×105 conidia/mL) along with EMP (1,000 ppm) or BZA (1,000 ppm) were used as mentioned previously. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment at 24 h post-infection. The expression of an endogenous gene, EF1, confirms equal gel loading and integrity of cDNA preparation. Each measurement was replicated three times. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).



In hemocoel, acute cellular immune responses are likely to be activated by hemocytes with help of the catalytic activity of phenoloxidase (PO), leading to melanization against pathogens (27). PO is produced in an inactive prophenoloxidase (PPO) form, which is cleaved by a specific serine protease called PO-activating protease (PAP) (28). Three PAP genes (Fo-PAP2A, Fo-PAP2B, and Fo-PAP3) were obtained from GenBank (Table S5). Domain analyss of these three PAPs possess typical clip domain along with catalytic domain (Figure S3A). Different subtypes of PAPs were clustered with their clade members (Figure S3B). All three PAPs were expressed in different developmental stages, with adult females having the highest expression levels (Figure 7A). Fungal infection induced their expressions, with larvae responding to the fungal infection earlier than adults (Figure 7B). The addition of inhibitors specific to DSP1 or PLA2 significantly suppressed the up-regulation of the three PAPs (Figure 7C).




Figure 7 | Inducible expression of three prophenoloxidase-activating proteinases (PAPs) in F. occidentalis (Fo-PAP) named Fo-PAP2A, Fo-PAP2B, and Fo-PAP3 upon fungal challenge. (A) Expression levels of Fo-PAP in different developmental stages of larva (‘L’), pupa (‘P’), male (‘M’) and female (‘F’) adult. RNA samples were collected from the whole body extracts of larvae (~100), pupae (~100), or adults (~100) for each treatment. (B) Inducible expression of Fo-PAP in L2 larvae or adults upon a fungal challenge with B. bassiana (1×106 conidia/mL) at different time points. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment. (C) Inhibitory effect of EMP or BZA on the expression of Fo-PAP in larvae or adults. To check immunosuppressive activity, B. bassiana (1×105 conidia/mL) along with EMP (1,000 ppm) or BZA (1,000 ppm) were used as mentioned previously. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment after 24 h of post-infection. The expression of an endogenous gene, EF1, confirms equal gel loading and integrity of the cDNA preparation. Each measurement was replicated three times. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).



Three PO genes (Fo-PO1, Fo-PO2A, and Fo-PO2B) were obtained from GenBank (Table S6). Two POs (Fo-PO1 and Fo-PO2B) are likely to be secretory proteins due to their signal peptides in their N termini (Figure S4A). However, Fo-PO2A appeared to be a transmembrane protein based on domain analysis. A phylogeny tree analysis showed that Fo-PO2A and Fo-PO2B were closely clustered away from Fo-PO1 (Figure S4B). All three POs were expressed in different developmental stages, with the adult stage having the highest expression levels (Figure 8A). Fungal infection induced their expression, with larvae responding to the fungal infection earlier than adults (Figure 8B). The addition of an inhibitor specific to DSP1 or PLA2 significantly suppressed the up-regulation of these three POs in response to the fungal infection (Figure 8C).




Figure 8 | Inducible expression of three prophenoloxidases (PO) in F. occidentalis (Fo-PO) named Fo-PO1, Fo-PO2A, and Fo-PO2B upon fungal challenge. (A) Expression levels of Fo-PO in different developmental stages of larva (‘L’), pupa (‘P’), male (‘M’), and female (‘F’) adult. RNA samples were collected from the whole body extracts of larvae (~100), pupae (~100), or adults (~100) for each treatment. (B) Inducible expression of Fo-PO in L2 larvae or adults upon a fungal challenge with Beauveria bassiana (1×106 conidia/mL) at different time points. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment. (C) Inhibitory effect of EMP or BZA on the expression of Fo-PO in larvae or adults. To check this immunosuppressive activity, B. bassiana (1×105 conidia/mL) along with EMP (1,000 ppm) or BZA (1,000 ppm) were used in a way mentioned previously. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment after 24 h of post-infection. The expression of an endogenous gene, EF1, confirms the equal gel loading and the integrity of the cDNA preparation. Each measurement was replicated three times. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).





Eicosanoids Induce AMPs of F. occidentalis in Response to the Fungal Infection

Four AMPs were obtained from GenBank. All AMPs were expressed in different developmental stages, in which most of them except defensin (Fo-Def) showed the higher expressions in adults compared to immature stages (Figure 9A). All four AMPs were inducible to the fungal infection, in which larvae up-regulated the AMP expressions earlier than adults except lysozyme (Figure 9B). The addition of inhibitors specific to DSP1 or PLA2 significantly suppressed the up-regulation of these AMPs in response to the fungal infection (Figure 9C).




Figure 9 | Inhibitory effect of EMP or BZA on the expression of four antimicrobial peptides (AMPs) in F. occidentalis named as Fo-Apol (apolipophorin III), Fo-Def (Defensin), Fo-Lyz (lysozyme), and Fo-Tra1 (transferrin 1). (A) Expression of four AMPs in different developmental stages of larva (‘L’), pupa (‘P’), male (‘M’), and female (‘F’) adult. RNA samples were collected from the whole body extracts of larvae (~100), pupae (~100), or adults (~100) for each treatment. (B) Inducible expression of four AMPs in L2 larvae or adults upon a fungal challenge with Beauveria bassiana (1×106 conidia/mL) at different time points. (C) To check this immunosuppressive activity, B. bassiana (1×105 conidia/mL) along with EMP (1,000 ppm) or BZA (1,000 ppm) were used in the way mentioned previously. RNA samples were collected from the whole body extracts of larvae (~100) or adults (~100) for each treatment after 24 h of post-infection. The expression of an endogenous gene, EF1, confirms the equal gel loading and the integrity of the cDNA preparation. Each measurement was replicated three times. Fold changes are calculated by ratios of expression levels of immune-challenges (‘TRT’) over naïve (‘CON’) thrips. Different letters above standard deviation bars indicate significant differences among means at Type I error = 0.05 (LSD test).






Discussion

A fungal pathogen, B. bassiana, has been widely used as a mycoinsecticide for the biological control of F. occidentalis (8). However, little was known on the defense responses of thrips against this fungal infection. Results of this study revealed that fungal infection by B. bassiana induced different immune responses of F. occidentalis, a worldwide invasive agricultural pest that is now distributed from northern temperate zones to southern temperate zones (1).

Both larvae and adults of F. occidentalis were infected by B. bassiana after an oral administration using a diet. Especially, larvae were more susceptible to B. bassiana than adults. This supports a previous pathogenicity report showing that B. bassiana gives serious pathogenicity to different developmental stages of F. occidentalis, with the second larval instar being the most susceptible (29). In addition to an insecticidal activity of B. bassiana, treatment with B. bassiana at a sublethal dose can alter the progeny sex ratio of F. occidentalis by producing a male-biased sex ratio (8). This thrips species exhibits an arrhenotokous reproductive mode, which produces males from unfertilized eggs (30). For a practical application, pupae in the soil have been proposed as control targets of B. bassiana in a granular formulation, in which fungal conidia can complete processes of surface attachment, germination, and penetration of the body wall of WFT pupa to enter the host within 60 h after treatment (7). These findings suggest that fungal conidia in the gut of F. occidentalis might effectively penetrate the gut epithelium and enter the hemocoel to kill both larvae and adults.

Upon the fungal infection, F. occidentalis expressed immune responses by activating DSP1, an ortholog of vertebrate HMGB1 known to act as a damage signal in response to pathogen infection in insects (31). HMGB1 is ubiquitously expressed and localized in the nucleus to bind to DNA for regulating gene expression through chromatin remodeling (32). Upon immune challenge, HMGB1 is released passively from dead cells or actively from activated immune cells and acts as a DAMP to activate innate immune responses (33). In insects, DSP1 in the nucleus can act as a corepressor of Dorsal protein in Drosophila melanogaster (34). In a mosquito, Aedes aegypti, DSP1 can facilitate chromatin remodelling for Toll-associated transcriptional factor to bind to promoter in response to immune challenge (35). In S. exigua, DSP1 is released to plasma upon bacterial challenge. It can activate PLA2 to mediate various immune responses (16). Later, Mollah et al. (31) showed that DSP1 activates Toll immune signalling to PLA2 activation via Pelle kinase in S. exigua. In F. occidentalis in our current study, DSP1 was obtained from its genome and its expression was confirmed in this study. High conserved domain structure and sequence showed that the antibody raised against S. exigua DSP1 reacted with DSP1 of F. occidentalis and allowed us to observe DSP1 of F. occidentalis in its midgut. EMP, a secondary metabolite of a bacterial metabolite of Xenorhabdus hominickii (36), is known to inhibit the release of DSP1 in the nucleus (31). When EMP was applied together with the fungal conidia against thrips, it significantly increased the fungal virulence of B. bassiana and suppressed other immune responses including PLA2 activation. Interestingly, except for adult females, DSP1 expression levels were increased in different development stages of thrips. Although the fungal infection induced DSP1 expression in larvae and adults, relatively lower levels of DSP1 expression in the larvae suggested their higher susceptibility to the fungal infection compared to adults.

Four PLA2 genes of F. occidentalis were analyzed in this study and classified into secretory (Fo-sPLA2A and Fo-sPLA2B) and intracellular (iPLA2A and iPLA2B) ones. All four PLA2s were expressed in larvae and adults of thrips. PLA2 has been found in all biological systems. They are classified into at least 16 Groups (I-XIV) based on their amino acid sequences (15). These diverse PLA2s are conveniently divided into sPLA2, iPLA2 (Ca2+ independent cellular PLA2), and cPLA2 (Ca2+ dependent cellular PLA2). Groups III (Fo-sPLA2A) and XV (Fo-sPLA2B) are sPLA2s whereas Groups VI (iPLA2A) and VIII (iPLA2B) are iPLA2s. No cPLA2 has been identified in insects. PLA2 catalyzes the committed step for eicosanoid biosynthesis (37). Its activation upon fungal infection by B. bassiana suggests up-regulation of eicosanoid levels in F. occidentalis in larvae and adults. The increase of PLA2 activity is likely to be induced by up-regulation of PLA2 gene expression and direct activation of its enzyme activity. The immune challenge with bacteria or fungi including B. bassiana up-regulates sPLA2 and iPLA2 gene expressions in S. exigua (38, 39). This induction may be associated with Toll immune signaling (27). Indeed, Shafeeq et al. (40) have shown that the Toll immune signaling pathway can activate PLA2 probably through phosphorylation using a kinase called Pelle. DSP1 can activate the Toll signal pathway in S. exigua (16). These findings suggest that B. bassiana fungal infection may trigger the Toll immune signal in F. occidentalis, which in turn activates PLA2. The activity of PLA2 was required for inducing immune responses of F. occidentalis in response to B. bassiana fungal infection because a specific PLA2 inhibitor, BZA, treatment significantly increased the virulence of B. bassiana by suppressing immune responses.

Among various eicosanoids, PGE2 expression was upregulated in F. occidentalis in response to B. bassiana fungal infection in this study because PGES gene was up-regulated. PGE2 is present in diverse insect species. It mediates cellular and humoral immune responses (41). PGE2 is especially required for cellular immune responses by stimulating the cytoskeletal rearrangement of actin filaments (42). It can also activate melanization via the release of PPO (43). This suggests that up-regulation of PGE2 level in response to B. bassiana fungal infection can stimulate cellular immune responses by activating hemocytes to perform nodule formation or encapsulation, which is effective in defending insects against fungal infections (27, 44). Melanin formation is required for cellular immune responses through the catalytic activity of PO. Our current study showed an up-regulation of PPO gene expression in response to B. bassiana fungal infection.

AMPs and reactive oxygen species (ROS) are two major players in the immune defenses of the insect gut (26). They are likely to be up-regulated in F. occidentalis in response to an infection of B. bassiana through oral intake. Four different types of AMPs (apolipophorin III, defensin, lysozyme, and transferrin) were also up-regulated upon the fungal infection. In addition, Duox gene expression was highly up-regulated after the fungal infection. Duox catalyzes the production of ROS after being activated by Ca2+ (45). PGE2 induces Ca2+ signals through its specific receptor on the membrane via cAMP (42). Especially, the promoter of Duox gene in S. exigua has a cAMP response element (CRE) that can bind to CRE-binding protein, which is activated by cAMP in response to PGE2 (46). Immune responses of F. occidentalis in response to TSWV infection have been analyzed. It has been found that TSWV infection can up-regulate expression levels of lectins for pathogen recognition, Toll with its downstream signal genes, and antimicrobial peptides such as defensin and cecropin) (20). Ogada et al. (47) have analyzed the roles of stress proteins in immune responses of F. occidentalis against TSWV infection through a comparative proteomic analysis. TSWV can infect the midgut epithelium of F. occidentalis before migrating to the salivary gland for transmission (48). These findings suggest that F. occidentalis can recognize the pathogen in the gut upon infection and induce immune responses using AMP and ROS. Our current study suggests that DSP1 can act as a damage signal after B. bassiana infection, which activates PLA2 via Toll signaling. Resulting eicosanoids from the biosynthetic activity of PLA2 can lead to cellular and humoral immune responses of F. occidentalis.

This study focused on the immune responses of F. occidentalis to B. bassiana fungal infection. However, behavioral and physiological processes of F. occidentalis also play a role in its defense against B. bassiana fungal infection. For example, B. bassiana infection is known to induce febrile responses in certain host insects, which can reduce the pathogenicity of the fungus (49). Consequently, defensive thermoregulation may decrease the efficacy of B. bassiana as a biological control agent (50). Fungal-infected thrips preferentially move to cooler areas while healthy thrips seek out warmer temperatures because their cold-seeking behavior can suppress the growth of B. bassiana in infected thrips, thus significantly improving the survivorship of infected thrips (51). Therefore, the defense of F. occidentalis against B. bassiana fungal infection in diverse physiological processes should be considered.
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The housefly larvae gut microbiota influences larval health and has become an important model to study the ecology and evolution of microbiota–host interactions. However, little is known about the phage community associated with the housefly larval gut, although bacteriophages are the most abundant members of the microbiota and have the potential to shape gut bacterial communities. Changes to bacteriophage composition are associated with disease, but how phages impact insect health remains unclear. We noticed that treating 1-day-old housefly larvae with ~107, ~109, and ~1011 phage particles per ml of bacteriophages led to changes in the growth and development of housefly larvae. Additionally, treating housefly larvae with bacteriophages led to bacterial composition changes in the gut. Changes in the compositions of these gut bacteria are mainly manifested in the increase in harmful bacteria, including Pseudomonas and Providencia and the decrease in beneficial bacteria, including Enterobacter and Klebsiella, after different growth and development periods. The alterations in gut microbiota further influenced the larval growth and development. Collectively, these results indicate that bacteriophages can perturb the intestinal microbiome and impact insect health.
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Introduction

The larvae of the housefly, Musca domestica L. (Diptera: Muscidae), are colonized with microorganisms (1) that have significant impacts on their health. The housefly larval gut provides suitable environments for microbial colonization, and bacteria in the gut potentially participate in the daily activities of housefly larvae and play important roles in many physiological functions, such as nutrition, metabolism, and immunity (2). Therefore, the larval gut microbiota of houseflies has become an important experimental model to study microbiota–host interactions. Generally, insects harbor abundant bacteria, archaea, viruses, and fungi as intestinal microbiota, forming their gut ecosystems (3). In most ecosystems, bacteriophages (phages hereafter) outnumber their bacterial prey/hosts by a factor of 10 and likely represent the most abundant foreign microorganism on the insect. Intestinal viruses, while containing members that directly infect eukaryotic cells, are largely composed of bacteriophages that target bacteria (4, 5).

Phages are predators of the bacterial world (6), and they maintain high bacterial strain-level diversity through red queen/kill-the-winner dynamics (7, 8). Because they are more genetically diverse than their bacterial prey/hosts, they are considered to play central roles in the evolution, ecology, and functioning of microbial communities (9, 10). In addition to their importance for understanding microbial community dynamics, phage–host interactions have been utilized in a variety of fields of microbiology, such as in phage therapy (11), for identifying pathogens (12), and as phage display technology (13). Despite the vital and complex contributions of phages to microbial ecology, there is a lack of knowledge about their roles in the ecology and evolution of housefly larvae-microbiota interactions.

Shifts in intestinal microbiota following phage changes can impact the health of animal hosts (14). Studies involving insect-associated phages include those from mosquitos (15), honeybees (16), black soldier flies (17), houseflies (18), etc. Phages associated with the specialized gut microbiota of housefly larvae have not been studied to date. There are no studies regarding housefly larvae-associated phages. We hypothesize that phages are likely to play an important role in modulating the bacterial community in the housefly larval gut, especially because bacterial diversity has been detected in the housefly gut microbiota (1, 2, 19, 20).

Here, we present an insect gut model to study the effects of the expansion of intestinal bacteriophages on the health of the host insect and microbiota–host interactions. We sought to isolate phages that target the intestinal strains Enterobacter hormaechei from housefly larvae intestines. In this study, a model intestinal phage in domestic flies was established through phage feeding experiments and amplification. We further analyzed whether the invasion of bacteriophages changed the composition of the host intestinal microbes (through 16S rRNA gene analysis) and microbiota-host interactions (by feeding bacteria to disorder the gut microbiota). The results of this study provide valuable insights into how changes in the abundance of a single phage play a role in changes in the interactions of the intestinal flora and health of insects.



Results


Isolation of Housefly Larval-Associated Bacteriophages of Enterobacter hormaechei

We identified and sequenced an E. hormaechei-specific bacteriophage, Phc, that was easily propagated and purified from housefly larval intestines. Phage Phc has a good lysing effect on E. hormaechei (Figure 1A) and demonstrated a narrow intraspecies host range and could not infect any of the other 8 strains isolated from housefly larval intestines, including Pseudomonas aeruginosa, Klebsiella pneumoniae, Acinetobacter bereziniae, Providencia stuartii, Lactococcus lactis, Lysinibacillus fusiformis, Providencia vermicola and Bacillus safensis (Suplementary Figure 1). As observed by transmission electron microscopy (Figure 1B), the head of the phage, which belongs to the Drexlerviridae family, has an icosahedral structure with an unretractable tail.




Figure 1 | Biological properties of E. hormaechei phage Phc. (A) Morphology of bacteriophage plaques in nutrient agar medium. The plaques of Phc are medium in size and transparent. (B) Electron micrograph of negatively stained, purified bacteriophages used in this study. The Phc was a Caudovirales with uncontracted tails. (C) The MOI of phage Phc. E. hormaechei strain was infected with phage phc at various MOI (0.000001–100) and incubated at 37 C for 5 h. (D) One-step growth curve of phage Phc. Phage Phc has a short latent period and large burst size against E. hormaechei. (E) The thermal stability of phage Phc. Phage Phc (~108 PFU/mL) was incubated at various temperatures ranging from -80 to 70°C for 1 h. (F) The pH stability of phage Phc. Phage Phc is stable over a relatively narrow range of pH values, and it (∼108 PFU/mL) was incubated at different pH values ranging from 5 to 12 at 37°C for 1 h. Values are means ± standard deviations from triplicates of each treatment.



The bacteriophage PHc presented a latency period of 30 min, with a burst size of approximately 4.73×108 particles/infected cell (Figure 1D). When the MOI is 10, the number of released phages is up to 8.5×109 PFU/mL (Figure 1C). It can withstand pH5-12 environments for 1 h (Figure 1F). In addition, it is tolerant of temperatures from -80°C to 70°C for 1h (Figure 1E). In conclusion, the stability of the phage Phc is good. After genome sequencing analysis, the genome of Phc had 52,494 base pairs, with an average GC content of 36.82% (Supplementary Figure 2). A neighbor-joining phylogenetic tree based on terminase small subunit protein (Figure 2) showed that Phc (GenBank accession MZ669808) belonged to the order Caudovirales and family Drexlerviridae and was highly similar to Enterobacter phage Ec_L1 (100% similarity) (GenBank accession: NC_042122.1).




Figure 2 | A neighbor-joining phylogenetic tree showing the relatedness of phage Phc to similar phages for which data are publicly available from the NCBI. A neighbor-joining phylogenetic tree based on terminase small subunit protein similarity between the phage used in this experiment (red color) and other similar phages for which data are publicly available from the NCBI (black color). The Phc belonged to the order Caudovirales and the family Drexlerviridae subfamily Tempevirinae and was highly similar to Enterobacter phage Ec_L1 (GenBank accession: NC_042122.1). The scale bar represents 0.050 amino acid substitutions per site, and values next to the nodes show bootstrap values based on 500 samples.





The Effects of Bacteriophage Expansion on the Growth and Development of Housefly Larvae

To amplify the intestinal phages of housefly larvae, ~103, ~105, ~107, ~109 and ~1011PFU/mL of the Enterobacter hormaechei-specific bacteriophage Phc was added to the housefly larval diet, and the body weights and lengths of the housefly larvae fed different diets were analyzed. The growth and development of the housefly larvae treated with ~107, ~109 and ~1011 PFU/mL phage were negatively affected, not ~103 and ~105 PFU/mL. Specifically, on the second day, the housefly larval growth began to slow, and the body lengths and weights of the larvae were lower than those of the control group (Figures 3A, B). These results demonstrate that compared with the control group, treatment with bacteriophages isolated from the housefly larval tract can cause bacteriophages to expand in the intestines and threaten the health of housefly larvae.




Figure 3 | Changes in the development of housefly larvae treated with different dilutions of E. hormaechei ‘s phage. (A) The body weights of the housefly larvae changed significantly over time in the different treatments (B) The body lengths of the housefly larvae changed significantly over time in the different treatments. NCt0, PHs103, PHs105, PHs107, PHs109 and PHs1011 represent housefly larval samples treated with sterile water and sterile water containing 103,105,107,109 and 1011 PFU/mL phage. Data are shown as the means ± SEM. Repeated measures ANOVA was followed by Sidak correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s., no significance.





The Effects of Increased Bacteriophage Abundance on the Housefly Larval Intestinal Microbiota

We analyzed the intestinal specimens of housefly larvae in the phage feeding group PHs and the normal feeding group NCt from day 1 to day 4, resulting in 12 samples (NCt1, 2, 3, and 4 and PHs1, 2, 3, and 4). To examine the effects of mass amplification of phage Phc on bacterial community composition, 16S rRNA genes of housefly larval intestinal bacterial were sequenced (BioProject ID: PRJNA749627), yielding a total of 1,166,060 high-quality bacterial sequences with sequence numbers ranging from 42,148 to 57,332 per sample; these sequences were normalized and clustered into 6358 OTUs at a 97% similarity level among all the samples (Table S2). The presence of phages influenced the composition of the intestinal microbiome (R2 = 0.091, P-value= 0.033, Figure 4A and Table S3). Principal component analysis (PCA) (Figure 4A) showed that each sample was clustered with itself; the first axis of the PCA explained 44.22% of the total variation in the bacterial community, and the second axis of the PCA explained an additional 21.61%. However, the presence of phages prevented the PHs group and the NCt group from merging. Moreover, Shannon indices suggested that the presence of bacteriophages change the bacterial diversity in the PHs group on the 3rd (P < 0.05) and the 4th (P < 0.01) days (Figure 4B). Therefore, the disturbance of the intestinal bacteria caused by bacteriophage treatment became obvious after one day.




Figure 4 | Changes in the composition and diversity of the intestinal bacterial community in different treatments. (A) Principal component analysis (PCA) distinguishing the dissimilarity of the OTU profiles among all the gut bacteria of housefly larvae samples. Repeated measures PERMANOVA was followed by Adonis’s correction for multiple comparisons. (B) Dynamics of the Shannon index of intestinal bacteria in the two groups of housefly larvae. Data are shown as the mean ± SEM. The t-test is used for statistical data. *P < 0.05, **P < 0.01.



Here, we selected the 16 most abundant genera for analysis. At the genus level (Figure 5), Providencia was the most abundant in housefly larvae regardless of health status after 1 day of treatment (1d hereafter) (Figure 5A), although its relative abundance was slightly higher in the PHs group than in the NCt group. The PHs group (1d) had more Providencia (88.81%) (P< 0.01), whereas the NCt group had slightly greater proportions of Klebsiella (3.91%), Morganella (9.30%) (P< 0.001) and Acinetobacter (8.85%) (P< 0.05) and notably greater proportions of Enterobacter (14.08%) (P< 0.01). For the PHs group, after 2 days of treatment (2d hereafter) (Figure 5B), we observed a greater proportion of Pseudomonas (increasing from 4.11% to 16.44%) (P< 0.01) as well as an increase in Proteus (17.68%) (P< 0.0001); the samples in the NCt group (2d) carried more Enterobacter (30.15%) (P< 0.001) than their phage amplification counterparts. Providencia was the most abundant genus in the PHs group after 3 days of treatment (3d hereafter) (Figure 5C), totaling 29.53% (P< 0.05) of the reads, followed by Klebsiella and Proteus at 22.00% and 12.44% (P< 0.05), respectively. The samples in the NCt group (3d) hosted more Enterobacter (33.27%) ((P< 0.01) and Bordetella (27.07%) (P< 0.001) than those in the PHs group. On the fourth day (Figure 5D), the healthy group (NCt) and the phage amplification treatment group (PHs) had similar genus compositions. Moreover, we observed that the proportion of Enterobacter increased from 4.35% to 13.13% in the PHs group. In general, the number of reads assigned to Enterobacter was greater in the NCt group than in the PHs group, whereas the bacterial community was dominated by different genera in the PHs group.




Figure 5 | Relative abundances of the 16 most abundant genera of intestinal bacteria in phage-infected housefly larvae and the control group. Changes in the relative abundances of 16 most abundant genera in different treatments occurred on the 1st (A), 2nd (B), 3rd (C) and 4th (D) days and the key on the left show significant changes for each genus. Data are shown as the means ± SEM. Repeated measures ANOVA was followed by Sidak correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





The Effects of Microbiota Disturbance on the Growth and Development of Housefly Larvae

Compared with the healthy group, the increase in bacteriophage abundance caused disorders of intestinal bacteria in the treatment group. As described above, we found that the genus-level composition was quite different between groups, with varying abundances of Enterobacter, Providencia, Pseudomonas, and Klebsiella, for example. In particular, the reduction in Enterobacter caused by the increased abundance of phages led to changes in the abundances of other bacteria. To verify whether these bacteria were in competition with Enterobacter, we used a short-term in vitro bacterial culture experiment. We conducted an antagonism assay (Figure 6) with the cultivable bacterial strains P. aeruginosa, P. stuartii, P. vermicola and E. hormaechei isolated from the intestines of housefly larvae. We observed that P.stuartii and P. vermicola have an inhibitory effect on the growth of E. hormaechei. We speculate that the changes in the proportions of these bacteria are another key factor affecting the health of the housefly larvae. Next, we fed housefly larvae the cultivable bacterial strains E. hormaechei, K. pneumoniae, P. stuartii and P. aeruginosa (OD600 = 2.0) isolated from the intestines of housefly larvae. As shown in (Figures 7A–D), E. hormaechei and K. pneumoniae promoted the growth of housefly larvae, whereas P. stuartii and P. aeruginosa both inhibited the growth and development of housefly larvae to varying degrees; in particular, P. aeruginosa had lethal effects on the larvae. Together, these results indicate that increased abundance of intestinal phages leads to a lack of beneficial bacteria and an increase in harmful bacteria that together have a negative impact on the health of housefly larvae.




Figure 6 | Antagonism experiment of Enterobacter hormaechei and other cultivable bacteria in housefly larval intestines. Data are shown as the means ± SEM. A t-test was used for the statistical analysis. ****P < 0.0001.






Figure 7 | Effects of cultivable bacteria in housefly larval intestines on larval development. Ehlb (A), Kplb (B), Pslb (C) and Palb (D) refer to housefly larval samples fed diets with E. hormaechei stock solution, K. pneumoniae stock solution, P. stuartii stock solution and P. aeruginosa stock solution, respectively. The data are represented as the means ± SEM. Each treatment included 12 biological replicates. Repeated measures ANOVA was followed by Sidak correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s., no significance.





Intestinal Bacterial Symbiosis and Interaction Network

In this study, to analyze the interaction between bacterial communities in more detail, we built and analyzed a co-occurrence network based on OTUs. The bacterial community networks of the NCt group and the PHs group showed different symbiotic patterns. Here, we used the network topology parameter node and edge number and betweenness to evaluate the complexity of the intestinal microbial networks. The higher the number of nodes and edges was, the smaller the betweenness, and the higher the network complexity. The NCt group has many nodes and links and a small betweenness, so the network interaction of this group was more complex than that of the PHs group. Moreover, the average path length of the PHs group was greater than that of the NCt group, and there were more barriers to communication between bacterial groups in the PHs network (Figure 8A and Table S4). These results indicate that the housefly larvae in the NCt group were healthier than those in the PHs group (21).




Figure 8 | Intestinal bacterial co-occurrence microbiome networks of the NCt and PHs groups. (A) Effects of single phages on bacterial co-occurrence networks. Bacterial co-occurrence networks associated with single-phage experiments. Each node represents a bacterial OTU, and each edge represents a negative (displayed in blue) or positive correlation (displayed in red). The node colors represent taxon classifications at the phylum level. (B) Based on a NetShift analysis of the NCt and PHs groups, the potential driver taxa are essential for observing the bacterial changes in correlated network co-occurrences after phage treatment and are marked PHs-NCt. Each node size is proportional to its NESH (neighbor shift) score (a score identifying the importance of a given microbial taxon in the association network), and the nodes colored red are important driver taxa. As a result, the large red nodes represent driver taxa that are particularly important during phage infection. The line colors indicate node (taxa) connections as follows: the association appears in only the case groups (red edge), the association appears in only the control groups (green edge), and the association appears in both the case groups and the control groups (blue edge).



Based on NetShift analysis (22) (Figure 8B), the associations of most taxa in the PHs group and the Ct group are completely different, and the number of important associations increases with the presence of phages. (Picture; 10 and 32 associations, respectively). In addition, separate analyses performed with NetShift revealed two potential driver groups related to changes in microbiome composition (Figure 8B). Among these groups, we considered Morganella, Proteus, Pseudomonas, Ochrobactrum, Myroides and Enterobacteriaceae_unclassified to be the key bacterial genera in the PHs group after the increase in the abundance of the Enterobacter hormaechei phage Phc. These bacterial genera play an important role in changing the floral structure of the PHs group.




Discussion

The present study provides several important advances in our understanding of gut-associated phages and their specific role in the housefly larval gut microbiota (Figure 9). First, we show that the health of housefly larvae was negatively affected by the increased abundance of housefly larval gut bacteriophages. Second, we reveal that many invading phages can survive in the intestines for a period of time and disrupt the gut flora. Third, we demonstrate that intestinal flora disorders caused by phage amplification are an important factor affecting larvae of domestic flies, as we propagated some bacteria that are subject to significant changes in vitro and tested whether their increase affected the health of housefly larvae. These findings illustrate the complexity of bacteria–phage interactions in insect guts and suggest that the invasion of phages affects not only their target bacteria but also the interactions among and structure of the gut flora indirectly.




Figure 9 | Schematic diagram of the effect of phage on housefly larvae.



A model of intestinal phage amplification can be created by one-time administration of phages. Previous studies have shown that continuous administration of phages can significantly inhibit the growth of intestinal bacteria (23). Therefore, we consider continuous feeding of bacteria to larvae to reduce the consumption of this phage in the future. Previous studies have also shown that increasing the number of phages improved the biocontrol efficacy of combinations (24, 25). Phages in phage combinations kill pathogens through different receptors or mechanisms, which limits the evolution of bacterial resistance in phage therapy (26, 27). Only one type of phage was used in our experiment, and the bacteria may have quickly developed resistance to this phage. It is important to study the effects of multiple phage combinations on bacteria–phage interactions in insect guts in the future.

There is much research on how phages shape gut flora in mammals (28–30). However, there are few reports discussing when and how phages shape the abundances and compositions of host-associated bacteria in insect guts. Our study is the first to explore the dynamics of the gut microbiome of housefly larvae of all ages after phages invade the guts. Notably, we found that the proportions of Enterobacter and Klebsiella, etc. decreased, while the abundances of Pseudomonas and Providencia, etc. increased in the housefly larvae model of phage amplification at an age-specific stage. Because the phages we used target E. hormaechei, the reduction in Enterobacter may have been an effect of the phage targeting action. We demonstrated a narrow intraspecies host range of phage Phc, which could not infect any of the other 8 strains (P. aeruginosa, K. pneumoniae, A. bereziniae, P. stuartii, L. lactis, L.fusiformis, P. Vermicola and B. safensis) isolated from housefly larval intestines. Therefore, the changes in Klebsiella, Pseudomonas, and Providencia were driven indirectly by the increased phage abundance. This study shows the dynamic diversity and variation in gut bacterial communities and improves our understanding of the possible relationship between the growth and development of gut microbiomes and domestic fly larvae and stress responses to the external environment.

Changes in microbiota composition are an important factor affecting insect health (31). We propagated bacterial taxa that are subject to significant changes in vitro and tested whether their increased abundances in intestines affected the health of housefly larvae. Subsequently, we found that feeding housefly larvae P. stuartii and P. aeruginosa caused stunted growth, whereas feeding housefly larvae K. pneumoniae and E. hormaechei promoted their development. Our plate confrontation assays also demonstrated that P. stuartii and P.s aeruginosa significantly inhibit the growth of E. hormaechei, so we suspect that several bacterial groups, such as Pseudomonas and Providencia, are negatively correlated with Enterobacter and positively correlated with Klebsiella. These results also demonstrate that the increasing abundance of harmful bacteria due to the lack of beneficial bacteria is another key factor affecting the health of housefly larvae. Finally, we used a co-occurrence network to analyze potential mutual changes in gut flora. Furthermore, we were able to identify several driver taxa that could play a key role in bacterial symbiotic networks and be enriched in phage groups. NetShift analysis identified Morganella, Proteus, Pseudomonas, Ochrobactrum, Myroides and Enterobacteriaceae_unclassified as key bacterial genera after the massive amplification of phages, and these genera play an important role in changing the floral structure of the PHs group.

The use of phages in insect intestinal models for creating interference in intestinal floral composition is promising. Although the concept of using phages to control disease-causing bacteria in humans and plants is not new, phage use is still rare in insect models. We report that the interaction of phages with their bacterial hosts and their effects on bacterial composition may play an important role in the health and disease of larvae.



Methods


Animal and Microbial Strains

The housefly (Musca domestica) colony was reared and maintained in the Laboratory of Vector and Insect Diseases of Shandong First Medical University for approximately 15 years. Houseflies were reared in gauze cages (30 cm × 30 cm × 30 cm). The adult flies were provided with brown sugar and water as a diet. The diet of housefly larvae was composited with sterilized wheat bran and sterilized water (1:1), mixed to paste in proportion. The insects were kept in an artificial climate chest at 28 ± 1°C, a 45-55% relative humidity (RH) and a photoperiod of LD 16:8 h.

The bacterial strains Enterobacter hormaechei, Pseudomonas aeruginosa, Klebsiella pneumoniae, Acinetobacter bereziniae, Providencia stuartii, E. cloacae, Lactococcus lactis, Lysinibacillus fusiformis, P. vermicola and Bacillus safensis were isolated from housefly larval intestines using traditional isolation and culture methods. Strains were cultured at 37°C in LB broth (yeast extract, 5.0 g l−1; tryptone, 10.0 g l−1; NaCl, 10.0 g l−1) for 24 h with shaking (170 r.p.m.) before all the experiments. For long-term storage, bacterial cultures were stored in glycerol [1:1 (v:v)] at -80°C.



Bacteriophage Isolation

We chose a lytic phage (Phc) that was isolated from housefly larval intestines as our model phage (Table S1). The bacterial strain E. hormaechei was used as an enrichment host to isolate bacteriophages isolated from housefly larval intestines.

Approximately 10 1- to 3-day-old larvae were starved for 4 h, placed in aseptic centrifugal tubes, sterilized with 75% (v/v) ethanol for 10 min, and then rinsed 3 times with sterilized water to remove bacteria from the insect surface. After rinsing, the gut contents were extracted, resuspended in 10 mL of phosphate buffered saline (PBS) and stored at -80 °C until use. For phage isolation, the gut contents were thawed, and an equal volume of LB broth was added. After incubation at room temperature for 2h the samples were centrifuged for 20 minutes at 6000 rpm. The supernatant was collected and passed through sterile syringe filters (0.22 µm, Millex-GP, Merck-Millipore, USA) to separate phages from bacteria that remained in the supernatant. Twenty milliliters of LB broth, 20 mL of gut content filtrate and a 1 mL overnight culture of E. hormaechei were combined and incubated with shaking at 37 °C overnight. The following day, cell debris was removed by centrifugation for 20 minutes at 6000 rpm. The supernatant was collected and filtered through a 0.22 µm filter and checked for the presence of phages by depositing 10 mL on double-layered plates containing the lawns of E. hormaechei cells. The top agar layer, together with phages within the clearing zones, was collected and soaked in PBS. After appropriate dilution, the suspensions were plated for plaque formation. At least three more successive single-plaque isolations were performed to obtain pure cultures. The phage solution was serially diluted, and 100 µL of each dilution was mixed with bacteria, 0.7% LB agar and 100 µL of overnight culture of the host. The suspension was carefully distributed on the top of the LB agar plates and incubated overnight at 37°C. The phage titer was calculated by multiplying the number of plaques by the dilution factor.



Phage Biological Characteristics Assay

To determine the host range (32) of phage Phc, spot test method was used. Briefly, take 10ul 108 PFU/mL phages and drop them on the bilayer agar plates containing bacterial solution(E. hormaechei, P. aeruginosa, K. pneumoniae, A. bereziniae, P. stuartii, E. cloacae, L. lactis, L. fusiformis, P. vermicola and B. safensis), and observe the growth status of bacteria on the plates after 24 h. The presence of plaques means that the bacteria are sensitive to bacteriophages, and the absence of plaques indicates that the bacteria are resistant to phages. The optimal multiplicity of infection (33) (MOI is defined as the ratio of the number of phages to the number of host bacteria) of phage Phc was determined in a coculture of E. hormaechei. Phage Phc and E. hormaechei were co-cultivated in 5mL of LB broth at different MOIs (100, 10, 0.1, 0.01, 0.001, 0.0001, 0.00001, 0.000001). The preparations were incubated with shaking at 110 rpm and 37°C. Phage titer is measured after 6 h and the largest number is the optimal number of infections. The one-step growth curve experiment (34) is as follows. 500 μL of 108 PFU/mL of phage suspensions and 500 μL of optimal MOI host bacterial solution were incubated at 37°C and were taken after 5min. The mix cultures were collected and centrifuged (4°C; 10,000 rpm; 5 min) to pellet mixture of virus and bacteria. The resulting supernatant was discarded, and the pellet was resuspended in 1mL of PBS. Subsequently, the suspension resuspended in 19 ml of LB broth and incubated at 37°C. Aliquots was collected at 10min intervals for a total of 120 min and filtered through a 0.02 µm filter, and the titers determined by the double-layer agar method. Adaptability assay for phages at different pH, take 100 μL of 108 PFU/mL of phage fluid into LB broth of 900ul at pH 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0, 13.0 and 14.0 and incubated at 37°C. Phage titer is measured 1 h after incubation of the mixture. For temperature stability determination, take 100ul of 108 PFU/ml of phage into 900ul fresh LB broth for incubation at different temperatures (-80°C, -20°C, 4°C, 25°C, 37°C, 50°C, 60°C and 70°C), and aliquots were taken after 1h of incubation. All assays were performed as described previously with some modifications and were performed in triplicate.



Phage Electron Microscopy

Negative stain transmission electron microscopy (TEM) was used to image purified phage preparations. The purified phage (109 PFU/mL) was placed on a carbon-coated copper grid, washed with deionized H2O, stained with 1% uranyl acetate for 20 seconds and subsequently air-dried. The specimen was blotted with filter paper between steps.



Phage Genome Sequencing and Bioinformatics Analysis

Phage chromosomal DNA was isolated using the λ phage genomic DNA purification kit (ABigen) following the manufacturer’s instructions. Whole-genome sequencing was performed with an Illumina HiSeq 4000 platform. The METAVIRALSPADES pipeline [DOI: 10.1093/bioinformatics/btaa490] was used to identify the phage in the sample (mainly including sequence assembly, phage sequence identification, and phage integrity identification). Gene predictions and annotations were carried out using GeneMarkS. Annotated genome map was made using the criclize package in R. Phage sequences were deposited in the NCBI and accession numbers are MZ669808 (Phc). Single Protein Based Phylogenetic Analysis: A neighbor-joining phylogenetic tree based on phage tail fiber protein similarity between the phage Phc used in this experiment and other 24 similar phages that are publicly available at NCBI (Figure 2). Phylogenetic trees, based on 500 bootstrap replicates, were constructed by employing Neighbor-Joining (NJ) methods using MEGA 6.0 (35).



Phage Infection in a Housefly Larval Model

The initial phage stocks were prepared by growing phages with the stock E. hormaechei strain in LB medium for 24 h as described above, with the addition of centrifugation (10 min at 8,000 g) and filtration (0.22 μm) steps to isolate and purify phages from bacteria. The phage titers were adjusted to ~103, ~105, ~107, ~109 and ~1011 phage particles per ml, and the phage stocks were stored at 4°C. We selected 1-day-old housefly larvae hatched for a 4-day feeding experiment to test the impacts of phage expansion in the presence of a natural intestinal microbiome. The diet of the housefly larvae was composed of sterilized wheat bran and sterilized water (1:1), which were mixed to paste. The sterile water of the experimental group contained ~103, ~105, ~107, ~109 and ~1011 total phage particles per ml. The control treatment did not include the addition of phages. The larvae in the experimental group were treated in the same way as those in the control group for the remaining 3 days. Ten 1-day-old larvae were reared in a 5 ml perforated test tube (a total of 15 tubes were made) to ensure ventilation and placed in an incubator at a temperature of 26 ± 1°C, a relative humidity of 60% ± 10%, and an illumination ratio of 12:12 (L:D). For each group, the experiment was carried out in three perforated test tubes independently, and 4 samples were taken from each test tube every day as replications. The body lengths and weights of the housefly larvae were recorded daily. Housefly larvae that treated with sterile water and sterile water containing 109 PFU/mL phage were collected from the test tubes daily until 4 days after treatment. The surfaces of the housefly larval samples were thoroughly cleaned with sterile water, and then the whole intestine was dissected under sterile conditions. The dissected intestines were washed with sterile water 3 times and then placed in sterile centrifuge tubes containing sterile normal saline, with one sample per tube, and the sample number was marked on the tube. Finally, ten intestinal samples were mixed as a sample unit. Each sample unit was a pool containing ten intestinal samples from phage-infected housefly larvae or controls. Three units of 24 repetitions were used for 16S rRNA high-throughput sequencing of intestinal bacteria.



DNA Extraction of the Intestinal Bacteria

The intestinal samples were homogenized in a tissue lyser (Qiagen, Hilden, Germany) followed by genomic DNA isolation using the Wizard Genomic DNA Purification Kit (Promega; A1120) according to the manufacturer’s instructions, with DNA suspended in 30 μl nuclease-free water. The concentration and quality of extracted DNA were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and 2% agarose gel electrophoresis, respectively. Extracted DNA was stored at -20°C until further processing.



Determining Changes in Gut Composition Using Illumina MiSeq Sequencing

The hypervariable V3-V4 region of the bacterial 16S rRNA gene was amplified with the primers 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-GGACTACNNGGGTATCTAAT-3’). Quality control of the original data was carried out using Trimmomatic v0.39 software (http://www.usadellab.org/cms/index.php?page=trimmomatic). Based on the overlap (minimum: 10 bp) between PE reads after quality control, PE reads were assembled using FLASH v1.2.11 software (FLASH: fast length adjustment of short reads to improve genome assemblies). QIIME v1.9.1 software (36) (QIIME allows analysis of high-throughput community sequencing data) was adopted for processing, and VSEARCH v2.14.1 software (VSEARCH: a versatile open-source tool for metagenomics) was used for detecting chimeric sequences. Based on a sequence similarity level of 97%, the UCLUST method in QIIME software was employed to perform OTU clustering analysis. Based on the Silva reference database (Release 138), taxonomic annotations were made for the OTUs in each sample. Sequencing data of the microbiome was deposited in the Sequence Read Archive (SRA) database and can be accessed by the BioProject accession number PRJNA749627.



Plate Confrontation Assay Between E. hormaechei and Other Cultivable Bacteria

To determine the interactions between the other cultivable bacteria (K. pneumoniae, P. aeruginosa, P. stuartii and P. vermicola) and E. hormaechei, we conducted plate confrontation experiments on NA medium plates (peptone, 10.0 g l−1; agar, 20 g l−1; NaCl, 5.0 g l−1; and beef extract, 3.0 g l−1) in a microaerobic environment. E. hormaechei and other cultivable bacteria were inoculated in LB liquid medium (yeast extract, 5.0 g l−1; tryptone, 10.0 g l−1; and NaCl, 10.0 g l−1) and cultured at 37°C overnight (the concentration of the bacterial solution was adjusted to OD600 = 1). The other cultivable bacterial cultures were inoculated with a sterile cotton swab on half of a nutrient agar plate using the spread plate method, and the opposite side of the agar plate was used as a negative control. Six-mm-diameter sterile filter papers were dipped in E. hormaechei bacterial liquid. After slight drying, the filter papers were placed on the two sides of the agar medium coated with other bacteria. All the plates were incubated at 37°C and placed in an anaerobic incubator for 24 hours. Finally, the bacterial growth diameter was recorded. The colony sizes of E. hormaechei and other cultivable bacteria were measured to evaluate their interactions. The experiments were conducted with six independent biological replications.



Cultivated Bacteria to Feed Housefly Larvae

E. hormaechei, K. pneumoniae, P. aeruginosa, P. stuartii and P. vermicola were inoculated in LB liquid medium (yeast extract, 5.0 g l−1; tryptone, 10.0 g l−1; and NaCl, 10.0 g l−1) and cultured at 37°C overnight (OD600 = 2) before the feeding experiment. The diet of one-day-old housefly larvae was composed of paste made from sterilized wheat bran and the cultured bacterial liquid described above (1:1), whereas the control group was provided the same amount of LB broth. Other than their slightly different diets, the growth conditions of the control group were the same as those of the larvae infected with the phages, as described above. The body lengths and weights of the housefly larvae were recorded daily. For each group, 6 sample repetitions were recorded per day.



Bacterial Co-Occurrence Networks

Network analysis was conducted only between single- and three-phage treatments to specifically focus on phage effects on the microbiome. Networks were drawn using Gephi (37), and the ‘NetShift’ method was used to identify potential keystone driver taxa underlying differences in microbiomes exposed to single-phage and three-phage communities.



Statistical Analysis

All data were analyzed using SPSS Statistics v.20 and Prism 8 (GraphPad software). The remaining statistical analyses were conducted in the R open-source software (version: V4.1.2, http://www.r-project.org/). Beta diversity indices, including the PCA were analyzed using the “vegan” package in R, using the Bray-Curtis dissimilarity. The graph constructed using the ggplot2 package. PERMANOVA analyses were performed using the Adonis function from the Vegan package.
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Supplementary Figure 1 | Resistance of E hormaechei and other cultivable bacterial isolates in housefly larval intestines to the phages used in the experiments. The infectivity of the phage Phc against host bacteria and nonhost bacterial isolates (other cultivable bacteria) from housefly larval intestines.

Supplementary Figure 2 | Annotated genome map for the phage Phc used in the experiments. In the circular genome map, the outermost black circle represents the full length of the genome, the innermost multicolored circle represents the annotated functional protein, the second outermost blue circle represents the GC content, and the third outermost purple circle represents the GC skew.
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Insects are by far the most abundant and diverse living organisms on earth and are frequently prone to microbial attacks. In other to counteract and overcome microbial invasions, insects have in an evolutionary way conserved and developed immune defense mechanisms such as Toll, immune deficiency (Imd), and JAK/STAT signaling pathways leading to the expression of antimicrobial peptides. These pathways have accessory immune effector mechanisms, such as phagocytosis, encapsulation, melanization, nodulation, RNA interference (RNAi), lysis, autophagy, and apoptosis. However, pathogens evolved strategies that circumvent host immune response following infections, which may have helped insects further sophisticate their immune response mechanisms. The involvement of ncRNAs in insect immunity is undeniable, and several excellent studies or reviews have investigated and described their roles in various insects. However, the functional analyses of ncRNAs in insects upon pathogen attacks are not exhaustive as novel ncRNAs are being increasingly discovered in those organisms. This article gives an overview of the main insect signaling pathways and effector mechanisms activated by pathogen invaders and summarizes the latest findings of the immune modulation role of both insect- and pathogen-encoded ncRNAs, especially miRNAs and lncRNAs during insect–pathogen crosstalk.
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1 Introduction

Insects are often subjected to pathogen (bacteria, fungi, viruses, etc.) attacks, and their survival indicates advanced defense mechanisms (1). These organisms of interest endue physical barriers preventing intruders from entering their body cavity (hemocoel) (2, 3). These intruders generally reach insect body parts through the degradation of the cuticle by enzymatic digestion or by ingestion (midgut) (4), which are followed by the induction of the host’s immune defense mechanisms via the binding of their pathogen-associated molecular patterns (PAMPs) (5). Activation and coordination of insects’ innate immune defenses rely on evolutionary and highly conserved immune factors. This immunity is classified into humoral and cellular reactions (6). Humoral responses include the production of antimicrobial peptides (AMPs) (7). Studies showed that the Toll, immune deficiency (Imd), and the Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathways are the most characterized in insects, and their activation results in the production of effector molecules such as AMPs with the potential to kill insect invaders (8–12) (Section 2; Figure 1). However, it was reported that these signaling pathways could be encountered by pathogens and lead to their replication and proliferation (13–15). Cellular reactions, meanwhile, rely on insect hemocytes (primary immune cell defenses) involved in phagocytosis, nodulation, encapsulation, autophagy, apoptosis, and so on (4, 16, 17). Given all this arsenal of immune defense described above, insects lack an adaptive immune response, unlike mammals, and rely only on innate immunity (18, 19). We may speculate that insect immune defense against pathogens lacks a memory immunity that allows rapid and robust responses to neutralize and kill pathogens quickly. Nonetheless, we are far from reaching the exhaustive portrayal of how these organisms that represent the Earth’s most abundant and diverse living organisms defend themselves.




Figure 1 | Schematic illustration of the main signaling pathways (Toll, Imd, and JAK/STAT) in insects upon microbial attacks. See Section 2 for the description of the paths.



Several factors such as insect gut microbiota, nutritional stress, and noncoding RNAs (ncRNAs) play an immune-modulatory role during insect–pathogen crosstalk (20–23). Noncoding RNAs (ncRNAs), also termed nonprotein-coding RNAs are RNA molecules that do not have the potentiality to encode proteins (24). In addition to ribosomal RNA (rRNA) and transfer RNA (tRNA), ncRNAs can be divided into two groups, small ncRNA (sncRNA) and long ncRNA (lncRNA), based on their size. sncRNA can be further divided into miRNA, piRNA, siRNA, etc. lncRNA can be subdivided into sense, antisense, intronic, intergenic, cis-, and trans-RNA based on their biogenesis and mechanism of action (25). This review concentrates on the involvement of miRNAs and lncRNAs in insect immune regulation upon pathogen invasions. miRNAs and lncRNAs have varied regulatory roles at the epigenetic, transcriptional, or posttranscriptional levels and participate in almost all biological processes, including immunity and host–microbial interactions. Moreover, lncRNAs and miRNAs showed differential expression levels upon insect pathogenic infections or pesticide exposure, further proving their involvement in modulating insect immune responses. For instance, infection of Galleria mellonella (G. mellonella) with both uropathogenic Escherichia coli (UPEC) and asymptomatic bacteriuria (ABU) caused significant changes in the abundance of miRNAs in the larvae. It highlighted the differential expression of 147 conserved miRNAs and 95 novel miRNA candidates. In addition, by utilizing next-generation sequencing (NGS), Dubey et al. (26) identified 126 miRNAs from Aedes aegypti (A. aegypti) cell line Aag2, and 13 of them were regulated during chikungunya virus (CHIKV) infection. Moreover and interestingly, the review written by Awais et al. (27) summarizes the diversity and multitude of differentially regulated miRNAs in Bombyx mori (B. mori) upon several viral attacks, such as B. mori cypovirus (BmCPV), B. mori nucleopolyhedrovirus (BmNPV), and B. mori Autographa californica multiple nucleopolyhedrovirus (AcMNPV). In parallel, the Drosophila melanogaster (D. melanogaster) lncRNA CR44404 (renamed lincRNA-IBIN) was highly induced (1300-fold) by Gram-positive or Gram-negative bacteria in Drosophila adults or a parasitoid wasp Leptopilina boulardi in Drosophila larvae (28). Moreover, lncRNA-155 targeted the protein tyrosine phosphatase 1B to modulate innate immunity against influenza A virus (IAV) infection in mice (29). In contrast, the lncRNA-1317 supported host antiviral defense mechanism during dengue virus serotype 2 (DENV-2) infection in A. aegypti (30). Although the fact that the expression levels of insect-encoded miRNAs and lncRNAs are altered during microbial attacks, little is known about the different mechanisms employed by these ncRNAs to regulate insects' immune defenses in response to those invaders.

This review focuses on two types of ncRNAs, lncRNAs and miRNAs. It summarizes the main immune signaling pathways and immune effector mechanisms engaged upon microbial invasions and reports the latest findings supporting the involvement of insect- and pathogen-derived miRNAs and lncRNAs in the immunological insights related to insect–pathogen interactions. It lastly provides perspectives on gaps and where future investigation must be oriented.



2 Insect Main Signaling Pathways Triggered by Pathogens


2.1 The Toll Signaling Pathway

This insects’ pathway is responsive to Gram-positive bacteria and fungi and largely controls the expression of AMPs (28–30). The Toll pathway is a NF-κB-associated signaling pathway (8, 9). Stimulation of insects’ Toll pathway by appropriate pathogens induces proteolytic cascades activated by secreted recognition molecules, such as peptidoglycan receptor proteins (PGRP-SA, PGRP-SD, GNBP1) (11, 31–34). These recognition molecules are highly evolutionarily conserved from insects to mammals. For instance, Drosophila, mosquito, and mammals have families of 13, 7, and 4 PGRP genes, respectively (35). In Drosophila where the molecular components of the Toll signaling pathway and their functions in immune response against pathogens are well characterized (36–38), the receptor membrane Toll is activated and dimerized by the mature proteolytic product Spätzle (39–42), which subsequently causes the recruitment of three intracellular death domain-containing proteins, MyD88, Tube, and Pelle (43–45). The IκB homolog Cactus is then phosphorylated and degraded by the proteasome, leading to the release of members of the nuclear factor NF-κB family (Dif or dorsal) to translocate to the nucleus (46–48), and activate genes encoding potent antifungal and antibacterial peptides (AMPs), such as Drosomycin (Dr) (11, 38, 49). The Toll-dorsal pathway in Drosophila and the interleukin-1 receptor (IL-1R)-NF-kB pathway in mammals are homologous signal transduction pathways that mediate several different biological responses, including immunity (50).



2.2 The Imd Signaling Pathway

This pathway is well characterized in Dipterans such as Drosophila; however, in Hemipterans like aphids and assassin bugs, several components of that pathway are lacking. Imd signaling components appear to be absent in Rhodnius prolixus (Reduviidae) and Acyrthosiphon pisum (Aphididae) (51–53). However, some study reported that the Toll and Imd pathways are present in the hemipteran lineages like stinkburg Plautia stali, but their functionality is blurred (54). The Imd pathway is mainly responsive to Gram-negative bacteria and controls the synthesis of several AMPs (55, 56).

During the infection, insect Imd transmembrane receptor proteins (PGRPs) recognize pathogen diaminopimelic acid-peptidoglycan (DAP-PGN). This recognition induces a cascade reaction resulting in Relish (NF-κB family member) activation (cytoplasm) and translocation (nucleus) for AMP production (Diptericin) (38, 57). Like the Toll pathway, the Imd pathway is a NF-κB-associated signaling pathway (8, 9). Although the Imd and Toll pathways have independent functions and mediate the specificity of innate immune responses towards different microorganisms, some AMP genes can be activated by both pathways. Interestingly, Tanji et al. (58) showed that a synergic interaction occurs between the Toll and Imd signaling pathways, downstream of the latter. Specifically, upon signal stimulation, Dif, dorsal, and relish factors can independently bind to NF-κB1 or NF-κB2, and relish interacts after that with Dif or dorsal to synergistically promote transcription. Alternatively, signal stimulation may enhance the formation of relish/Dif or relish/dorsal heterodimers and bind preferentially to NF-κB2 to regulate transcription synergistically with interaction with NF-κB1 (58).



2.3 The JAT/STAT Signaling Pathway

The JAK/STAT pathway was originally identified as a cytokine signaling pathway in mammals (59–62). This pathway provides an antiviral protection (27, 28, 63). Unlike the Toll and Imd pathways, little is known about the transcriptional cascade induced by the JAK/STAT pathway (14, 64). Souza-Neto et al. (65) showed that the JAK-STAT pathway is part of the A. aegypti mosquito’s antidengue defense and may act independently of the Toll pathway and the RNAi-mediated antiviral defenses.

The comparative genomic analysis of A. aegypti, Anopheles gambiae, and D. melanogaster genome sequence revealed orthologs for the core JAK/STAT pathway components (dome, Hop, and STAT) (66). Activation of this pathway in Drosophila starts when the virus-induced extracellular cytokine unpaired (Upd) binds to the cellular receptor dome. The latter recruits STAT, which then dimerizes and translocates to the nucleus and activates the transcription of AMP genes (nitric oxide synthase) after binding to the STAT-binding site (12, 65). Protein inhibitor of activated STAT (PIAS) and suppressor of cytokine signaling (SOCS), are two negative regulators of the JAK-STAT pathway in D. melanogaster (67). Orthologs of these two regulators (SUMO and SOCS) have been identified, confirming the proximity and evolutionary conservation of this pathway between mammals and insects (65).




3 Insect Immune Effector Mechanisms

Pathogen neutralization and death are accomplished via insect immune effector mechanisms, known to be interconnected and to work synergistically (Figure 2). The primary immune cells are the hemocytes. Hemocytes are found in circulation (circulating hemocytes) and attached to tissues (sessile hemocytes), where they phagocytose, encapsulate and nodulate pathogens, and produce humoral immune factors. The fat body, the midgut, the salivary glands, and other tissues produce numerous humoral immune factors with, among other things, lytic and melanizing activity (Figure 3).




Figure 2 | Schematic representation of insects’ immune effector mechanisms. (A) Insects use phagocytosis to neutralize and kill small pathogens. This process is mediated by phagocytes (hemocytes or granulocytes). (B) Encapsulation (cellular and melanotic) is a defense mechanism that insects used when pathogens are too large to be phagocytosed. Cellular encapsulation occurs without melanization, whereas melanotic humoral encapsulation is dependent on PO activity and can occur with or without the assistance of hemocytes. (C) Melanization is a process based on the conversion of PPO to PO, which leads to the formation of the melanotic capsule (melanotic enzymes) which mediates the killing of the foreign agent. (D) Nodulation is a process by which immune cells (granulocytes) adhere to each other to create layers that surround many bacteria or fungal spores. The granulocytes release their contents, which trap the bacteria in a flocculent material. This step is often followed by melanization. (E) RNAi mechanism is based on the ribonuclease cleavage of viral dsRNA and is specifically used against viruses, and can be mediated by immune circulating cells (hemocytes, macrophages). (F) Lysis is a mechanism through which insects kill pathogens by disrupting their cellular membrane. The process involves the participation of peptides and proteins with antimicrobial activity, including lysosomes. (G) Autophagy provides protection to insects against pathogens through the degradation of cytoplasmic material (bacteria or viruses). (H) Apoptosis is a programmed cell death mediated by caspases. The killing of pathogens includes the formation of apoptotic bodies.






Figure 3 | Schematic representation of the localization of insects’ immune effector mechanisms. Mechanisms such as phagocytosis, encapsulation, nodulation, autophagy, and apoptosis occur in insect hemocytes (sessile and circulating), which are located in the hemocoel. Meanwhile, insect parts such as salivary glands, the fat body, and midgut are potent sites for lysis and melanization.




3.1 Phagocytosis

Small pathogens that become melanized, such as bacteria, are often phagocytosed (68, 69). Phagocytosis is an evolutionarily conserved cellular immune process used by vertebrates and invertebrate animals to neutralize and kill small pathogens. Due to its incredible speed, it takes seconds to hydrolyze foreign bodies following their internalization (69–71), and hundreds of bacteria can be phagocytosed at any time (72). The phagocytes, which can be circulating and sessile hemocytes (73) or granulocytes in the cases of Lepidoptera, Hemiptera, and mosquitoes, and the plasmatocytes of fruit flies, identify the foreign body. The latter is then internalized into a membrane-delimited phagosome, which then fuses with a lysosome for enzymatic hydrolysis-mediated degradation (68, 69, 73, 74).

Although the intracellular patterns regulating phagocytosis remain poorly understood, phagocytosis initiates by binding of a cell-surface PRR or a humoral PRR on a PAMP. PRRs that have been empirically shown to be involved in phagocytosis include thioester-containing proteins, Nimrod proteins, DSCAM, β-integrins, and PGRPs (75–79). Different PRRs have different specificities. For example, D. melanogaster PGRP-LC mediates the phagocytosis of Escherichia coli (E. coli), but not Staphylococcus aureus (S. aureus) (79), and NimC1 mediates the phagocytosis of S. aureus and, to a lesser extent, E. coli (76).



3.2 Encapsulation

Encapsulation is a cellular immune response that insects use in response to pathogens that are too large to be phagocytosed. Two types of encapsulation are described in insects: cellular encapsulation, mainly described in Lepidoptera, and melanotic humoral encapsulation, more typical in some dipterans like Drosophila (80). Cellular encapsulation can occur without any sign of melanization. In contrast, melanotic encapsulation relies on PO activity and can occur with or without the assistance of hemocytes. In cellular encapsulation, granulocytes and plasmatocytes of Lepidoptera, plasmatocytes, and lamellocytes of Drosophila are the main hemocyte types involved in encapsulation (81, 82). In Lepidoptera, an inner layer of granulocytes and an outer one of plasmatocytes surrounded encapsulated objects (83, 84). Insects such as dipteran and lepidopteran larvae commonly employed this response to infection with the eggs of parasitoid wasps. In Lepidoptera, encapsulation starts when granulocytes attach to form a layer of cells, in a process dependent on the binding of integrins to specific sites defined by an Arg-Gly-Asp (RGD) sequence (85). This layer of cells surrounding the pathogen is in turn covered by several layers of plasmatocytes, which are then circled by the adhesion of additional granulocytes. A similar process occurs in Drosophila, except that the cells involved are plasmatocytes and lamellocytes (86). Depending on the pathogen and the insect, the capsule may become melanized.



3.3 Melanization

Melanization is an enzymatic process used by insects in several mechanisms, including immunity. The process involves coordinating pattern recognition receptors, serine proteases, serine protease inhibitors, and melanin production enzymes. When PRRs (β-1,3 glucan recognition proteins, C-type lectins, and Gram-negative binding proteins) identify PAMPs (87–89), the serine protease cascade is induced and leads to the conversion of the pro-phenoloxidase (PPO) to phenoloxidase (PO) (90, 91), which finally culminates in the formation of melanotic capsules. The killing of the foreign agent is mediated by two factors: the pathogen’s surrounding by the proteinaceous capsule and the oxidative stress damage or starvation (92–94). In addition, melanization also assists in the clearing of dead or dying pathogens (95, 96). Many of the enzymes and PRRs that drive the melanization response are produced by hemocytes, with oenocytoids (crystal cells) being the primary producers of PPO (68, 97). Melanization is another essential facet of the mosquito immune defense against fungi infection. It plays a crucial role in encapsulating and retarding invasive Bauveria bassiana (B. bassiana) growth and dissemination in mosquitoes (98).



3.4 Nodulation

Although the molecular patterns underlining this immune process are still poorly understood, nodulation relies on eicosanoid-based signaling and the extracellular matrix-like protein, Noduler (99, 100). This process starts with the adherence of granulocytes to each other to create layers that surround many bacteria or fungal spores. The granulocytes release their contents, which trap the bacteria in a flocculent material. Plasmatocytes then aggregate around the surface of the nodule. This step is often followed by melanization (101, 102).



3.5 RNAi

RNA interference (RNAi) is an RNA-based mechanism for gene silencing. RNAi could be used to manage insect pests (103, 104). Nevertheless, one of the natural functions of RNAi is to protect the organism from viral infection (105–108).

The small interfering RNA (siRNA) pathway is the primary RNAi path that participates in the insect response against the virus. The process involves the ribonuclease cleavage of viral double-stranded RNA (dsRNA) by dicer-2 (Dcr2), forming a complex with its cofactor R2D2. This cleavage culminates in the production of viral-derived siRNAs (~21 nucleotides), and these siRNAs are loaded into pre-RNA induced silencing complexes (RISC) that include Argonaute-2 (Ago2). The siRNA in a RISC complex is unwound, one strand is discarded, and the other binds complementary viral RNA, which triggers its destruction by Ago2. The binding of viral RNA by Dcr2 also activates the transcription of Vago, which is a cysteine-rich polypeptide that negatively controls virus replication (109). In mosquitoes, the transcriptional activation of Vago is mediated by an NF-κB transcription factor associated with the Imd pathway (Rel2), and in turn, Vago activates the JAK/STAT pathway (110). The PIWI-associated RNA pathway (piRNA) also acts in the RNAi-mediated antiviral defense of mosquitoes but in a manner independent of dicer (105, 106).



3.6 Lysis

Pathogen killing via lysis refers to death due to the immune-based disruption of the cellular membrane. Some of the earliest studied insect factors that induce pathogen death via lysis are AMPs (~2 and 20 kDa). These peptides and proteins were initially identified for their antimicrobial activity in vitro (111–113). Most AMPs can be grouped into four categories (114–116). The defensin and defensin-like peptides (defensin, drosomycin, holitricin, sapecin, and others) are rich in cysteines and contain cysteine disulfide bonds that have activity against Gram-positive bacteria. Still, others combat Gram-negative bacteria and fungi. The cecropin and cecropin-like peptides (moricins) are α-helical peptides that have activity against Gram-positive and Gram-negative bacteria and fungi. The attacins and gloverins are glycine-rich peptides and are mainly active against Gram-positive bacteria, whereas the gloverins, have activity against Gram-positive bacteria, Gram-negative bacteria, or fungi. The lebocins (lebocin, drosocin, metchnikowin, and others) are proline-rich peptides and are active against Gram-positive bacteria, Gram-negative bacteria, and some fungi. The production of antimicrobial peptides is governed by immune signaling pathways, as seen above with Toll, Imd, and JAK/STAT pathways.

Lysozymes are another family of proteins with lytic activity. Lysozymes hydrolyze the β-1,4-glycosidic linkage between N-acetylmuramic acid and N-acetylglucosamine of the peptidoglycan present in bacteria’s cell wall. Lysozymes are usually present in low, constitutive levels and are transcriptionally upregulated following infection. Although lysozymes are classically active in the lytic antibacterial response (117, 118), some also have antiplasmodium and antifungal activity (119, 120) and can activate the PO-based melanization pathway (121, 122).



3.7 Autophagy

Autophagy is an evolutionarily conserved mechanism involved in the degradation of cytoplasmic material through the lysosomal degradation pathway. It plays crucial roles in cellular homeostasis, adaptive response to nutrient deprivation, energy homeostasis, and survival during starvation (123, 124). In immunity, autophagy provides insect protective immune responses against both viral and bacterial attacks. Evidence showed that the Toll pathway induces autophagy during an antiviral response. It is excluded in the activation of autophagy during an antibacterial response and therefore needs further investigation (125). In Drosophila, the activation of autophagy by vesicular stomatitis virus (VSV) is mediated by Toll-7 recognition of VSV-G, a glycoprotein on the virion surface. This PAMP-PRR interaction leads to autophagy initiation by acting on the (PI3K)-Akt-signaling pathway (126, 127). The connection of a Toll receptor to antiviral autophagy in flies suggests an evolutionarily conserved requirement for PRR in triggering autophagy between insects and mammals. Autophagy may, in some cases, promote virus infection as shown for the Sindbis virus, where the activation of the (PI3K)-Akt-signaling pathway enhances the infection of insect cells (128). Lysteria monocytogenes invades and replicates in hemocytes and is recognized by PGRP-LE (a PRR which senses a DAP-type PGN), eliciting an autophagic response that prevents intracellular growth of the bacterium and promotes host survival (125).



3.8 Apoptosis

Apoptosis is a form of programmed cell death. The caspase, Dronc, and the adaptor protein, Ark, form a complex at the molecular level. Dronc activates effector caspases such as Drice and Dcp1, and these caspases cleave proteins in a manner that eventually leads to programmed cell death (129). In Lepidoptera, apoptosis is involved in the response against baculoviruses (130). In mosquitoes, this process appears to be involved in the response against West Nile Virus and Sindbis virus (131, 132), and in the fruit fly, apoptosis protects against Drosophila C virus in a manner that is dependent on the phagocytosis of virus-infected apoptotic cells (133).




4 Role of ncRNAs in Insect Immunity Upon Pathogenic Invasions

Using high-throughput sequencing techniques and advanced bioinformatics tools, researchers have done great work in discovering and identifying novel insect ncRNAs and their regulated transcripts, respectively (134, 135). The involvement of ncRNAs in insects’ immunity is evidenced, and changes in expression levels of these insect elements generally occur to be relatively altered upon microbial attacks. Below, we go beyond the altered differential expression of these insect elements and highlight their immune targets and influence on insect immune responses to pathogen invasions. Inversely, we will also consider the regulation of insect immunity by pathogen-encoded ncRNAs. Tables 1 and 2 enclose both conserved and novel insect- and pathogen-derived miRNAs and lncRNAs and their targets in insect-pathogen crosstalk.


Table 1 | Novel and conserved insect-derived miRNAs and their immune targets.




Table 2 | Novel and conserved insect-derived lncRNAs and their immune targets.




4.1 Role of miRNAs in Insect Immunity During Microbial Invasions

miRNAs play a crucial role in host–pathogen interactions. The dynamic miRNA–mRNA is essential for immune response to pathogen attacks, including regulating critical insect signaling pathways to promote or inhibit innate immune responses and maintain homeostasis. For instance, differentially expressed miRNAs and mRNAs represented extensively dynamic changes during Drosophila with Micrococcus luteus (M. luteus) infection and enriched diverse signaling pathways, including Toll and Imd as other signaling pathways (139). Figure 4 summarizes the immune regulatory role of insect miRNAs when invaded by pathogens.




Figure 4 | Insect immune defense modulation by miRNAs upon pathogenic invaders. Upon fungal invasion, insect miRNAs can silence fungal virulence genes, such as C6TF and Sec2p, and inhibits its replication (blue). Upon bacterial invasion, insect miRNAs individually or synergistically regulate the Toll pathway key components (Tube, Dorsal, Dif, etc.) positively, leading to activation of AMP gene effectors and inhibition of bacterial replication. Those elements can negatively modulate the same signaling at the late stage of the infection, decreasing the AMP gene expression for insect immune homeostasis. On the other hand, insect miRNAs can promote bacterial replication by inhibiting the JNK signaling pathway and indirectly those under its control (ROS, PO, phagocytosis) (in the pea aphid Acyrthosiphon pisum, for instance) (brown). Lastly, IBP2 is significantly upregulated upon viral invasion of insects. The latter’s expression is drastically repressed by insect miRNAs, leading to viral replication. In contrast, insect miRNAs inhibit viral replication by downregulating components (URM) of the ubiquitinylation process (green).




4.1.1 Upon Fungal Invasion

The expression levels of miRNAs in the insect–pathogen crosstalk used to be altered. Detection and characterization of miRNA cellular targets would therefore provide more insights to understand the immune modulatory role of these miRNAs. Insect immune mechanisms may deal directly with the pathogens by eliminating them from the host organism or disarm them by abolishing the synthesis of toxins and virulence factors that promote the invasion and destructive action of the invader within the host. Insect-encoded miRNAs seem to preferentially deal with fungal pathogens by disarming them through the suppression of invaders’ virulence factors. This silencing interferes with some translation factors associated with 5’-cap to 3’-tail structures of mRNAs (140). Recently, a study revealed mosquitoes increase the expression levels of both let-7 and miR-100 miRNAs when the fungus B. bassiana penetrates inside their hemocoel. Both miRNAs translocate into the fungal hyphae to silence the virulence-related genes sec2p and C6TF, encoding a Rab guanine nucleotide exchange factor and Zn(II)2Cys6 transcription factors, respectively (23). Suggestions state that extracellular vesicles (EVs) may transport those insect miRNAs to the fungal pathogen. To our knowledge, this is the first report describing the cross-kingdom miRNA transfer from arthropod hosts to their pathogen cells. Globally, the above evidence uncovers an insect defense mechanism whereby infection leads to the upregulation of specific miRNAs that are transferred to the invading fungus and suppress fungal virulence genes, in this way, bestowing antifungal protection. This study opens avenues to improve fungal virulence by expression of host miRNA sponges.



4.1.2 Upon Bacterial Invasion

Another crucial role played by miRNAs is to restore insects’ immune homeostasis by negatively regulating immune signaling pathways. This role is achieved by an individual or synergistic action of miRNAs, which repress expression levels of hosts’ immune signaling key components. Dl and Toll are critical transcription and transmembrane factors, respectively, whereas the tube is an indispensable effector molecule in the Toll pathway. The synergic regulatory mechanism of miR-959-962 cluster in the Drosophila immune response to M. luteus infection could negatively regulate the Toll pathway in combination via directly targeting the 3’UTR of the tube, dl, or Toll mRNAs, leading to a reduced survival rate of flies by inhibiting the expression of AMPs at the late stage of the infection (137). The same study further demonstrated that miR-960 might modulate antibacterial defense only at the late 12-h stage upon infection. At the same time, miR-959 may constantly repress the Dr expression at 6 and 12 h, respectively. Meanwhile, miR-961 may contribute more than miR-962 to repress antibacterial defense. Furthermore, using in silico screening strategy combined with the Gal80ts-Gal4 driver system, miR-958 was identified as a candidate miRNA that could potentially regulate the Toll pathway signaling, both in vitro and in vivo, by negatively targeting Dif and Toll. The latter is specifically and significantly inhibited by miR-958 at its site 3, as the Toll 3’UTR harbors four miR-958-binding sites (141). Similarly, Drosophila miR-317 negatively regulated Drosophila Toll signaling response via suppressing only the Dif-Rc of Dif four isoforms (142). However, the same authors found in a previous study that miR-317 regulates the Drosophila Toll pathway via targeting the three other Dif isoforms (Dif-Ra/b/d) (141). A set of studies showed the involvement of miR-317 in Drosophila reproductive responses and larval ovary morphogenesis (143–145). Remarkably, flies transiently overexpressing miR-317 have poor survival. In contrast, the knockout miR-317 flies (miR-317 KO/+) have better survival than the control group, respectively, during Gram-positive bacterial infection (142), implying a new insight of miRNA involved in the crosstalk between Drosophila immune and survival. Moreover, four members of the Drosophila miR-310, namely miR-310, miR-311, miR-312, and miR-313, negatively regulated the Toll-mediated immune response by repressing the expression of Drs and directly cotargeting the 3’UTR of Drs in Drosophila upon Gram-positive bacterial infection (146). In summary, insect-encoded miRNAs can act individually or collectively to inhibit AMP expression and impair antibacterial defenses for the purpose of immune homeostasis. These mechanisms, in most cases, involve the regulation of the Toll pathway components and allow not only the identification of a new miRNAs but also enrich the repertoire of Toll-related immune-modulating miRNAs in insects.

While some insects enjoy the conservation of genes encoding immune effectors, other from the hemipteran species such as pea aphid Acyrthosiphon pisum showed decreased immune responses as they lack the genes coding for AMP, IMD, PGRPs, and other immune-related molecules (53). Fortunately, the conserved Jun N-terminal kinase (JNK) pathway has been suggested in the pea aphid immune defense. In their investigation on how this pathway regulates the pea aphid immune defense upon bacterial invasion, Ma et al. (147) found that miRNA-184a/b targeted the JNK-3’UTR and repressed its expression, hence resulting in more bacteria in the aphids and increased aphids’ mortality after infection. The expression of miRNA-184a and miRNA-184b remarkably dropped after M. luteus and Pseudomonas aeruginosa infection, with the lowest expression observed at 24 h postinfection, revealing a negative correlation with JNK expression (147). Interestingly, PO, reactive oxygen species, and phagocytosis are under the control of the JNK pathway, suggesting miRNA-184 indirectly controls these antibacterial immune response mechanisms in the pea aphid. Finally, the regulation of the JNK pathway by miRNA-184 is likely a universal mechanism in animals, as prediction using the RNAhybrid program showed that JNK is a potential target of miRNA-184 in insects, zebrafish, frogs, mice, and humans (147).

UPEC strains provoke symptomatic urinary tract infections in humans, whereas commensal-like E. coli strains in the urinary bladder cause long-term asymptomatic bacteriuria (ABU). G. mellonella is a surrogate insect model host used to study human pathogens, including UPEC (148). miRNA sequencing in G. mellonella larvae infected with UPEC strain CFT073 or ABU strain 83972 showed significant changes in the expression levels of G. mellonella miRNAs, respectively, suggesting that insect immune response-mediated miRNAs can distinguish between pathogenic and commensal E. coli invasions (136).



4.1.3 Upon Viral Invasion

Host miRNAs have an essential role in defense against viral attacks, hence influencing the course of the infection. For example, during chikungunya virus (CHIKV) infection of A. aegypti, upregulated A. aegypti miR-2b binds to the ubiquitin-related modifier (Urm) 3’UTR, decreasing its translation. This finally leads to decreasing CHIKV replication within A. aegypti (26).

In contrast, in some cases, insect miRNAs can promote viral replication by reducing the expression of virus-induced host genes. That is the case for the insulin-related peptide-binding protein 2 (IBP2) which is known to be significantly upregulated in viruses- infected B. mori (149) but has been negatively regulated by miR-278-3p in vitro and vivo, leading to BmCPV replication. However, the definite mechanism of miR-278-3p and IPB2 on BmCPV replication has been ambiguous, requiring further investigation in the future (150).




4.2 Role of lncRNAs in Insect Immunity Upon Microbial Invasions

The functional exploration of lncRNAs in insects is by far exhaustive, mainly upon microbial attacks. Figure 5 gives an overview of how insects use lncRNAs to defend against fungal, bacterial, or viral attacks.




Figure 5 | Insect immune defense modulation by lncRNAs upon microbial attacks. The fungal invasion of insects induced alteration of a myriad of insect lncRNAs, which regulate neighboring genes in cis and trans or act by interacting with miRNAs (sponges) or being miRNA precursors. Those trans-and cis-acting predominantly activate material and energy metabolism processes and cellular and humoral immunity, hence helping in control of the infection (red). lncRNAs inhibit bacterial replication via positive regulation of the Toll pathway, the phagosome pathway, or the metabolism process. However, the latter signaling pathway required more investigation to understand how its deactivation contributes to decreased pathogen replication. Additionally, to avoid immune overactivation after bacterial invasion, insect lncRNAs decoy the critical components of the Toll pathway, lowering the expression of AMPs, thus promoting host immune response homeostasis (yellow). During the viral invasion of insects, insect lncRNAs positively trans-regulate insect genes (PI, ATG3, IBP2, PDC6, etc.) involved in cellular and humoral immune-related pathways (HPV, autophagy, apoptosis, etc.). Viral suppression is also achieved through activation of a noncanonical pathway, as an alternative to compensate the RNAi pathway failure; deployed lncRNAs inhibit both the virulence suppressor of RNAi (VSR) and the ubiquitination of cactin in the nucleus or indirectly target the transcription factor Deaf1 and the RNA polymerase II (RNAPII) for transcription of AMPs to control the viral replication (blue).




4.2.1 Upon Fungal Invasion

Few reports investigated interactions between insects and fungi, mainly insect lncRNA response to fungal stress. The western honeybee Apis mellifera (A. mellifera) is domestically used worldwide for honey production and crop pollination. The spore-forming and obligate intracellular fungal pathogen, Nosema ceranae (N. ceranae), can infect a variety of insects, including honeybees (151). The expression of A. mellifera lncRNAs was drastically altered by N. ceranae infection, revealing 4,749 conserved lncRNAs and 1,604 novel lncRNAs. Some differentially expressed lncRNAs regulated gene expression in cis and trans manners or served as precursors of miRNAs, or competitive endogenous RNAs (ceRNAs) acting as miRNA sponges, leading to the activation of the host key signaling pathways and infection control (152). One of the essential suggestions was that through their sponge potential, A. mellifera differential expressed lncRNAs might suppress N. ceranae via crosstalk with miR-25-x, miR-30-x, and miR-30-y. However, the binding of these lncRNAs and miRNAs is limited to bioinformatic prediction, and further experimental study is required.



4.2.2 Upon Bacterial Invasion

LncRNAs can promote or impair insect immune responses, especially the Toll immune response upon bacterial attacks. Dif and Dorsal genes are two crucial components of the Toll immune signaling in insects. These two effectors can activate the transcription of AMPs for pathogen eradication. The lncRNA CR46018 was approximatively tenfold overexpressed after infection of Drosophila with M. luteus. In addition, RNA-seq analysis of lncRNA CR46018-overexpressing Drosophila after infection with M. luteus revealed that upregulated genes were mainly enriched in Toll and Imd signaling pathways, supported by bioinformatics predictions and RNA-immunoprecipitation experiments which showed that CR46018 interacted with the transcription factors Dif and dorsal to enhance the Toll pathway. All this indicates lncRNA-CR46018 as a positive regulator of the Toll signaling pathway and essential for Drosophila survival. Moreover, lncRNA-CR46018 could up- and downregulate genes involved in the phagosome pathway and metabolism-related regulation, respectively. The latter pathway seems to be a promising target of insect-derived lncRNAs during insect–pathogen interactions. For example, a previous report unveiled that the Drosophila lncRNA CR44404 (lincRNA-IBIN) links immunity and metabolism in Drosophila upon infection with M. luteus (28). However, how insect-derived lncRNAs regulate this pathway to support insect immune response mechanisms needs further investigation.

Inversely, lncRNAs could negatively regulate insect immune responses by suppressing insect immune effectors to avoid abusive immune stimulation at a late stage of the infection. A recent study reports that at the later stage (24 h) of infection of Drosophila with M. luteus, the lncRNA-CR11538 inhibited the transcription of AMPs via decoying Dif/dorsal away from AMP promoter, thereby negatively modulating the Toll signaling pathway and inhibiting their transcriptions to prevent abusive immune activation in Drosophila with M. luteus infection (153).



4.2.3 Upon Viral Invasion

The RNAi pathway is an essential antiviral response in insects. However, several studies suggested that the RNAi pathway is ineffective in preventing viral replication (154, 155). An obvious viral strategy to bypass insect RNAi defense mechanisms is to encode RNAi suppressors. Several RNAi cancellers have been described in plant and insect RNA viruses (156, 157). Meanwhile, no RNAi suppressors have been associated with arboviruses until the recent investigation of Zhang et al. (158). During infection of Drosophila with the Drosophila C virus (DCV), the antiviral lncRNA VINR was accumulated in the nucleus because of DCV’s viral RNAi suppressors for their inhibition. LncRNA VINR acted by binding to cactin, preventing its degradation by ubiquitin-proteasome and promoting a noncanonical antiviral and AMP defense leading to a reduced viral replication (159). This suggests a counter counter-defense strategy activated by a lncRNA in response to the viral suppression of the primary antiviral RNAi immunity in Drosophila.

LncRNAs regulate gene expression via cis- or trans-acting regulation (160, 161). In a comprehensive study of lncRNAs associated with Rice black-streaked dwarf virus (RBSDV) infection in Laodelphax striatellus midgut, all predicted and differentially expressed mRNA targets were regulated in a trans manner by 176 differentially expressed lncRNAs. In addition, although the KEGG pathway analysis revealed significantly enriched pathways such as purine metabolism, valine, leucine, and isoleucine degradation, fatty acid elongation, and so on as the most significantly enriched pathways of those trans-regulated genes, the fact remains that the Human papillomavirus infection pathway (which is pivotal for viral infection) was enriched considerably during RBSDV infection. It, therefore, might be involved in RBSDV infection of L. striatellus midgut (138). The eight differentially expressed lncRNAs and the two coexpressed targets in the Human papillomavirus pathway predicted by KEGG analysis and confirmed by RT-qPCR can be found in Table 1. Moreover, a protease inhibitor (PI), one of the lncRNAs’ targets, plays a vital role in antivirus and preventing carcinogenesis (162, 163). Interestingly, lncRNA MSTRG15394 and its target PI (15-fold) were significantly expressed, and scrutinizing their involvement in RBSDV infection of L. striatellus midgut showed that knockdown of MSTRG15394 or PI drastically increased the expression patterns of RBSDV replication-related genes, S5-1, S6, and S9-1, suggesting that MSTRG15394 and PI could inhibit the accumulation and proliferation of RBSDV in L. striatellus midgut (138). Moreover, upon B. mori cypovirus (BmCPV) infection of silkworm larvae, the expression of mRNA targets was mainly affected via trans-regulation by BmCPV-induced lncRNAs (164). Interestingly and remarkably, analysis of the differentially expressed lncRNAs and mRNAs network reveals that these differentially expressed lncRNAs simultaneously targeted some genes involved in relevant mechanisms such as apoptosis (PDCD6), autophagy (ATG3), and immune response (IPB2). Genes such as PDCD6, ATG3, IPB2, MFB1, and VPS52 could be trans-targeted by the most significantly expressed lncRNA MSTRG.20486.1 (164).





5 Pathogen-Encoded ncRNAs Modulating Insect Immunity

Pathogens can encounter insect immune responses and create a suitable environment for their replication. Insect pathogens have employed several strategies to escape host immune responses, including pathogen-encoded miRNAs and lncRNAs. The pathogen-encoded ncRNAs targeting insect-derived genes are listed in Table 3.


Table 3 | Pathogen-encoded ncRNAs targeting insect-derived genes.




5.1 Pathogen-Encoded miRNAs Modulating Insect Immunity

Pathogen-derived miRNAs or miRNA-like-RNAs (milRNAs) are necessary components for host–pathogen crosstalk, promoting pathogen proliferation and replication in most cases. These milRNAs can modulate both pathogen and insect host immune genes. The following concentrates on the milRNA modulation of insect key genes. Figure 6 highlights the manipulation of insect immunity by pathogen-encoded miRNAs.




Figure 6 | Pathogen-encoded miRNAs regulating insect immunity. Pathogen-derived miRNAs often translocate via extracellular vesicles (EVs) to regulate insect host immunity. Upon fungal invasion, translocated fungal miRNAs downregulate the insect Toll signaling pathway by repressing the expression of critical genes, such as Spz4, or inhibiting the peroxisome pathway, repressing the expression of the PXE16 gene. At the late stage of infection, fungi act by decreasing the expression of their miRNAs to escape the melanization process (yellow). Upon viral attacks, translocated virus-derived miRNAs act individually or synergistically to negatively regulate the expression of insect key genes (Ran, Apaf-1, etc.) by targeting their 3′UTR regions. The latter downregulation reduces host miRNAs’ production, leading to viral replication and proliferation (purple). However, the figure does not show the bacterial-derived miRNAs due to missing data on their role in insect–bacterium interaction.




5.1.1 Fungus-Encoded miRNAs

milRNAs play crucial roles during fungal invasion (169). However, few fungal-derived milRNAs have been reported. Still, their active investigation remains challenging.

Delivering cell-entering effector molecules is a well-known employed strategy of plant pathogenic fungi to suppress host immunity (170, 171). No description has been documented for such effector molecules for pathogenic insect fungi until the brilliant discovery of Cui et al. (158). The pathogenic fungal B. bassiana deployed a miRNA-like RNA (bba-milR1) acting as a cell-entering effector to suppress mosquito immune response. The authors found that during the early stages of infection, B. bassiana bba-milR1 expression increased remarkably and translocated into the mosquito cells to mitigate mosquito immune responses by suppressing the expression of the critical activator gene Spz4. During this early invasion in the integument, the bba-milR1 is not accessible to circulating hemocytes, the site of CLIPB9 gene expression. In contrast, during the late stage of infection (hemocoel invasion), B. bassiana strategically decreased the expression level of bba-milR1 and avoided induction of CLIPB9 and activation of melanization. Quantification of bba-milR1 expression level during B. bassiana infection of Anopheles stephensi (A. stephensi) showed that bba-milR1 was induced by ~30-fold at 36 h postinfection and then declined to deficient levels as the fungus enters the host’s hemocoel at about 60 h after infection (158). Moreover, Nosema bombycis (N. bombycis) proliferation within B. mori is mediated by the increased expression of its miRNA-like RNA, Nb-milR8, which negatively regulates the B. mori peroxisome metabolic pathway via BmPXE16 gene expression, ultimately inhibiting the latter expression (165).



5.1.2 Virus-Encoded miRNAs

Studies have shown that one miRNA can target multiple genes and several miRNAs can also regulate a target gene. Generally, miRNA mainly binds to the 3’UTR of mRNA to repress the target gene translation, and cooperativity between two or more miRNA-binding sites can enhance the repression of the mRNA translation (172–174). In the case of viral infections, virus-encoded miRNAs generally target the 3’UTR of key insect immune genes to repress their expressional changes and reduce the generation of insect miRNAs to create a favorable environment for viral replication (175). Lin et al. (166), for example, reported that to facilitate its replication in B. mori, BmCPV released two miRNAs, BmCPV-miR-1 and BmCPV-miR-3, that co-operatively targeted the 3’UTR of B. mori GTP-biding nuclear protein Ran (BmRan) by lowering its expression level. Ran is a GTP-binding nuclear protein of 25 kDa, which plays a role of transporting small RNAs, including pre-miRNAs, from the nucleus to the cytoplasm (176), and its repression level led to a significant reduction in nuclear export of pre-miRNA. Similarly, BmCPV-miR-10 downregulated the B. mori cold shock domain E1 protein (BmCSDE1) mRNA expression level after binding to its 3’UTR in the infected larvae. BmCPV-miR-10 also inhibited the expressional changes of B. mori apoptotic protease activating factor 1 (BmApaf-1) during in vivo infection, creating suitable conditions for virus replication and proliferation (167). BmCPV-miR-1 inhibited cell apoptosis in the infected silkworm via increasing B. mori inhibitor of apoptosis protein (BmIAP) expression, promoting the virus replication (168). Obviously, the roles of virus-encoded miRNAs in the crosstalk seem to be largely explored compared with miRNA-encoded fungi or bacteria. An interesting insight in investigating this element-encoded virus is that they have the possibility to simultaneously regulate both insect innate and cellular immune responses, and further demonstrate that there is a dynamic evolution in the insect–pathogen crosstalk implicating ncRNAs, where insects evolutionally sophisticate their defense mechanisms while pathogens simultaneously elaborate strategies to encompass these immune obstacles for their own benefit.




5.2 Pathogen-Encoded lncRNAs Modulating Insect Immunity

Although new technologies and bioinformatics tools emerge for the detection of ncRNAs, most lncRNAs’ expression is low, probably limiting their identification and functional characterization (177). Several studies identified pathogen-encoded lncRNAs, their differential expression levels, and how the latter regulates pathogen’s genes (178). However, studies describing how these pathogen-encoded lncRNAs regulate insect immune responses during insect–pathogen interactions are considerably missing. For example, no virus-encoded lncRNAs were generated during silkworm larvae-BmCPV interaction, while 41 B. mori lncRNAs among 1845 were identified (164). We are tempted to speculate that pathogen-encoded lncRNAs may act similarly to miRNAs derived-pathogens, where their differential expression negatively regulates insect key genes and creates a favorable environment for pathogen replication and proliferation. However, the above suggestion needs further experimental shreds of evidence. This area could be an exciting and hotspot topic for researchers to investigate in the future.




6 Conclusions and Perspectives

ncRNAs are the emerging and fate-determining players of insect–pathogen interactions. The long history of host and pathogen coevolution suggests that the pathogen keeps on evolving its arsenals to succeed in infection, whereas the host continues investing in defense mechanisms. Therefore, portraying the landscape of ncRNAs in insect–pathogen crosstalk at the immunological level is of great scientific worth. In short, we briefly reviewed the main signaling pathways and accessory immune mechanisms engaged in insect defense mechanisms and the recent progress on the involvement of ncRNAs, especially miRNAs and lncRNAs, in promoting or suppressing insect immune responses upon pathogen invasion. In addition, how pathogen-encoded miRNAs and lncRNAs regulate insect immunity was a part of the scope of this study.

The Toll, Imd, and JAK/STAT pathways are evolutionarily conserved pathways playing a manifest role in insect immune defense mechanisms against pathogens. They protect a wide range of pathogens (bacteria, fungi, parasites, etc.). In addition, with the assistance of immune effector mechanisms, this protection might be strengthened. However, looking deep inside, although the conferred protection, several factors exclude the idea of total protection. The fact that these pathways are not present in all insects might influence and change the ability of insects to defend themselves upon pathogens invasions. Moreover, the inexistence of adaptive immunity, which confers immune memory, allowing organisms to mount a more rapid and potent immune response when it is re-exposed to the same pathogen or a highly related one, might probably be a situation that affects insect immune defense intensity and efficacy. However, it has been hypothesized that immune priming occurs because the insect is inherently able to activate immune responses more rapidly during a second exposure or because pathogens or pathogen components are retained within the insect, which maintains the animal in a heightened state of immune alertness (179).

Insect immunity is well known to be modulated by several factors, including microbiota and ncRNAs. The latter, mainly miRNAs and lncRNAs, hugely reinforce insect host immune defense mechanisms during their crosstalk with pathogens. Their positive and negative modulation of insects’ immune responses passes through their ability to target insect- or pathogen-encoded mRNA targets and influence the course of the infection for the benefice of insects. These elements can be viewed as alternative insects’ defense mechanisms such as those mentioned above (immune effector mechanisms). They can be put on the stage as primary insect immune defense mechanisms, when principal pathways are inefficient to secure insects’ integrity from being invaded. The RNAi immune effector mechanism, for example, is well documented to provide a robust protection to insects against viral attacks. However, pathogen VSRs were recently proved to overcome this path (180). In this present case, the insect’s survival was accountable to the immune modulation ability of ncRNAs. Therefore, it is hoped that these noncoding elements would be exploited as a mainstream player to achieve food security or avoid economic waste in the industry by tackling different insect invaders.

Although their ability to maintain and restore insect immune homeostasis or enhance host immune defenses, ncRNA protection seems to be limited as their downregulation action of insect immunity promotes, in some cases, the proliferation of the pathogen. Interestingly, in opposition to pathogen-derived miRNAs, there is a deficiency of studies describing the modulation of insect immunity by pathogen-derived lncRNAs in order to facilitate pathogen replication and proliferation. Such topics should retain researchers’ attention, as exploring this area will undoubtedly bring new insights into the role of these elements in insect–pathogen crosstalk. In addition, it seems like ncRNAs support insect immunity against pathogens by regulating insect main and evolutionarily conserved signaling pathways (Toll, Imd). Simultaneously, their action is less observed in insect accessory immune mechanisms. The regulation of these insect accessory defense mechanisms by ncRNAs has not been extensively explored. Few studies investigated the link between ncRNAs and insect accessory defense mechanisms. miRNAs of Snellenius manilae bracovirus (SmBV-miR-199b5p and SmBV-miR-2989) were found to regulate innate (domeless and toll-7) and cellular (encapsulation and phagocytosis activity of the hemocytes) immune responses of its host Spodoptera litura (181). Plutella xylostella miR-8 is downregulated following parasitization by Diadegma semiclausum, leading to significant declines in Serpin 27 transcript levels (182). The serine protease inhibitor Serpin 27 regulates activation of the Toll pathway and PPO involved in the melanization response in insects. Taken together, we are tempted to speculate that there is no direct role of ncRNAs on insect accessory immunity. Nonetheless, to a lesser extent, and based on evidence, ncRNAs undoubtedly modulate insect immune effector mechanisms indirectly by targeting insect main signaling pathway components. The Toll ligand Spätzle 3 controlled the melanization process in the stripe pattern formation of caterpillars (183).

It is now known that ncRNAs have a drastic immunomodulation influence in insect–pathogen crosstalk. All the changes, such as the differentially expressed miRNAs, lncRNAs, the co/target transcripts, and the diverse signaling pathways activated during insect–pathogen crosstalk, are proof of their crucial role. Proper understanding of insect–pathogen interaction is essential to deciphering the immune molecular patterns employed by insects against various pathogens. This understanding will positively impact the economy based on important insects, such as D. melanogaster and B. mori. Here are some perspectives: (1) improvement of methods and technologies used for ncRNA investigations; (2) promotion of more in-depth studies instead of preliminary ones; and (3) the link between pathogen-encoded lncRNAs and insect immunity represents an attracting topic to investigate and may hide tons of critical information, which will undoubtedly give new insights into the immunological landscape of insect–pathogen interaction.
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Emerging evidence reveals that the stimulator of the interferon genes (STING) signaling pathway in insects and other animal cells helps them to sense and effectively respond to infection caused by numerous types of microbial pathogens. Recent studies have shown that genomic material from microbial pathogens induces the STING signaling pathway for the production of immune factors to attenuate infection. In contrast, microbial pathogens are equipped with various factors that assist them in evading the STING signaling cascade. Here we discuss the STING signaling pathway different animal groups compared to human and then focus on its crucial biological roles and application in the microbial infection of insects. In addition, we examine the negative and positive modulators of the STING signaling cascade. Finally, we describe the microbial pathogen strategies to evade this signaling cascade for successful invasion.
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Introduction

In many living organisms, cytosolic nucleic acid sensing serves as a critical element of immunity. It is a relatively new field of research that involves pathogen detection and insect immune responses to infection. In mammals, the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) signaling pathway is responsible for detecting cytosolic DNA to trigger an effective innate immune response against pathogen infection (1). In this signaling cascade, the binding of cGAS to cytosolic nucleic acid initiates signaling, which stimulates the production of 2′3′ cGAMP, a second messenger protein, and a strong inducer of STING (2–4). Because the cGAS-STING pathway is driven by the presence of nucleic acid rather than pathogen-specific characteristics, it can be activated even when pathogen-specific attributes are not present (5). For this reason, cGAS or cGAS-like molecules of insects can sense a wide range of nucleic acid, both self-origin and foreign. The diverse biological roles of the cGAS-STING pathway in the innate immunity of mammals are comparatively well understood. In contrast, it is an emerging field of study, with its crucial biological roles in host defense becoming clearer as research progresses. Several examples highlight this signaling pathway’s host protective biological role during pathogen infection (6, 7). Recent investigations on the cGAS-STING pathway have revealed that it evolved from an ancient bacterial anti-phage mechanism (8). Emerging evidence shows that the impairment of this extremely diverse innate immune recognition mechanism can disrupt organismal and cellular homeostasis by driving aberrant immunological responses (1). Thus, the investigation is underway or has been undertaken to determine strategies that allow selective regulation of cGAS-STING signaling activity in distinct infection settings (9, 10).

Immune signaling in insects (e.g., Drosophila) and mammals have remarkable similarities. Drosophila Toll, for example, acts as a receptor for the cytokine Spaetzle rather than a PRR, and uses a conserved pathway to activate transcription factors of the NF-κB family (11, 12). Some PGRP receptors recognize diaminopimelic acid-type peptidoglycan from Gram-negative bacteria, activating the IMD pathway, which leads to the activation of another NF-κB transcription factor, Relish (13). Recent studies have shown that in addition to remarkable conservation in immune pathways, mammals and insects exhibit divergent anti-viral immunity, notably cGAS-STING signaling pathway. Thus, in recent years, researchers have become interested in evaluating the relevance of this immune signaling pathway (11, 13). Despite the fact that several studies on various insect species have discussed the role of cGAS-STING in defense against various pathogens, the research is still in its early stages. These studies improved our understanding regarding the cGAS-STING in insects, many controversial events in diverse insects species need to be investigated further.

In this review, we especially focus on recent advances and developments in the cGAS-STING pathway of insects in comparison with mammals. Further, we discuss its biological role in the induction of innate immune responses against pathogen infections. We describe molecular mechanisms that drive cGAS-STING signaling pathway activity and briefly discuss the current state of understanding of signaling by the cGAS-STING signaling pathway. Outline the current state of knowledge about the structure and modulation of the cGAS-STING signaling pathway in insects.



Overview of cGAS-STING

It has recently been shown that cGAS-STING signaling pathways involves in various physiological activities of living organisms and have been suggested to remain conserve throughout the evolutionarily period. Although, the purpose of this review is to discuss the involvement cGAS-STNG pathway in insects. In this we will give a brief over of the cGAS-STING pathway in other animals, which will help to understand the evolution of this signaling cascade.


Fish cGAS-STING Pathway

cGAS being the conserved molecule, has also been reported in fish and appears to regulate immune functions. In teleosts, the N-terminal region of the cGAS protein is markedly conserved, while the amino acids involved in the DNA-binding surface and cGAMP synthesis in the C-terminal male abnormal 21 are also highly conserved (14, 15).

The function of cGAS against pathogens has poorly been investigated in fish in comparison to mammals. In mammals, injection of genomic DNA of pathogens including viruses, bacteria, and parasites into monocyte-derived cells excites immune signals downstream of cGAS. In fish, for example, infection of cGAS knock-out zebrafish with HSV-1 had no effect on induction of ifnϕ1, isg15, and viperin. Rather, the double-knockdown of two zebrafish DNA sensors, DHX9 and DDX41, virtually completely abolished the activation of the anti-viral genes (ifnϕ1, isg15, and viperin). Therefore, it appears that cGAS is hardly involved in the biological defense of zebrafish, and it was considered that cGAS evolved in the animal kingdom after fish (16). Currently, in vitro assays and RP-HPLC measurements of cGAMP synthesis have been used to determine specific activities of cGAS variants. Despite the fact that the zebrafish cGAS homologue has a low amino acid identity to human cGAS (less than 35%), their functions similar to that of human cGAS have been evaluated in various studies (17). For example, Liu et al. (18) found that overexpression of zebrafish cGASa/b in HEK293T cells and zebrafish embryos activated NF-κB and type I IFN pathways in a STING-dependent manner, and that cGASa, but not cGASb, was involved in immunoglobulin Z-mediated mucosal immunity in gill-related lymphoid tissue, implying those differential biological roles between the two DrcGASs (18). Surprisingly, it has also been shown that the ortholog of cGAS in grass carp, cGAS-like by interacting with STING suppress expression of type I IFN gene and act as a negative regulator of IFN based response. In addition, it has been reported that the interaction between MITA-TBK1 complex and cGAS, which could partly hinder the process of phosphorylation mediated by TBK1 (19). It has also been suggested that infection of Japanese medaka with the intracellular bacteria, E. tarda promotes increased cGAS gene expression in the intestinal tract (14). Collectively, like mammals, fish cGAS, activates NF-κB, causing STING-mediated generation of type I IFN. It may, on the other hand, be involved in humoral response mediated by immunoglobulin Z, through this has not been proven in mammals. It is still debatable whether fish cGAS is highly effective in preventing pathogen infection.



Avian cGAS-STING Pathway

In birds, in response to microbial infections, the cGAS-mediated DNA detection and activation leading to 2′3′-cGAMP synthesis has been thoroughly reported. Like other animals, 2′3′cGAMP acts as a ligand to the STING, which dimerizes and oligomerizes upon ligand binding, resulting in its activation and downstream stimulation of type I IFNs, contributing to an antimicrobial state (20, 21).

The avian cGAS, like that of other animals, is triggered by direct binding to DNA in a sequence-independent manner (22). When DNA is bound to cGAS dimers, conformational changes occur, resulting in cGAS enzymatic activity (23). GTP and ATP is used by activated cGAS to synthesize the endogenous second messenger 2′3′cGAMPby (24). STING conformational changes are triggered by 2′3′cGAMP binding, culminating in STING closure confirmation and oligomerization. STING endoplasmic reticulum retention is mediated by interaction with the Ca2+ sensor stromal interaction molecule 1 in the resting state (25). STING traffics through ERGIC and the Golgi apparatus after cGAMP binding-induced conformational changes, where it interacts with TBK1, resulting in direct phosphorylation by TBK1. Finally, the C-terminal tail region of STING serves as a docking site for IRF3, which is subsequently phosphorylated by TBK1 and activated, dimerized, and translocated to the nucleus to regulate the type I IFNs transcription (26). Avian cGAS have a shortened N-termini with the least similarity to human cGAS (27). Unlike goose cGAS, the N-termini of chicken and duck cGAS appeared to be rich in positively charged amino acids, suggesting biological roles related to nuclear localization and DNA binding. For DNA recognition and cGAMP synthesis, the nucleotidyl transferase domain was determined to be both essential and sufficient (22). The Avian NTase domains exhibited a greater level of similarity to human cGAS; however, this level of similarity might vary with different avian species. The catalytic residues (glutamate (Glu) 225, aspartate (Asp) 227, and Asp319 in humans) appear to be conserved in avians that are located on the centrally twisted β-sheets of the α/β core, and catalytic pocket is formed between the α/β core and the helix bundle (22). Furthermore, the activation loop in the vicinity of the catalytic pocket (residues 210–220 in humans) that contributes to nucleotide recognition and is crucial for the catalytic activity of cGAS also appeared to be conserved in avian cGAS. On the opposite side of the catalytic pocket, the long N-terminal helix, and the CCHC-type zinc finger are critical for DNA recognition in human cGAS. Goose cGAS lacked the spine helix, while the spine helix of duck and chicken cGAS has conserved leucine, suggesting that human cGAS and avian have similar mechanisms of dsDNA binding and catalytic site rearrangement. The absence of spine helix in goose cGAS suggests that the N-terminus is involved in dsDNA recognition and conformational activation.

Endoplasmic reticulum adaptor STING binds 2′3′cGAMP to activate downstream innate immune signaling. Avian STING has a low amino acid identity (less than 50%) to human STING. Besides their low similarity, amino acids necessary for the recognition of diverse CDN moieties remained conserved, indicating that CDN recognition and STING activation have similar mechanisms. Notably, C-terminal tails of avian STING contain pLxIS motif similar to that of human STING, suggesting that birds and human STING have conserved actions of TBK1-mediated phosphorylation and binding of IRF7 to promote downstream signaling (28). The characterization of duck STING in BHK21 or DEF cells showed that it is located in the endoplasmic reticulum and mitochondria. Additionally, overexpression of STING resulted in considerable activation of NFκB, IFN-β, and ISRE promoter elements as well as an anti-viral impact against DPV infection (29).



CGAS-STING Pathway in Other Vertebrates

In vertebrates, the cGAS–STING signaling pathway is highly conserved, with cGAS sharing the ability to bind dsDNA via a zinc-ribbon and produce cyclic dinucleotides, such as 2′3′-cGAMP.STING has developed a C-terminal tail since the teleost fish, which allows it to phosphorylate TBK1 and recruit IRF3, signaling the generation of type I IFNs (30). Although, this signaling cascade has been well studied in mammals and many other vertebrates, our understanding is limited regarding the amphibians and reptiles. Although, STING signaling in amphibians has been described, of note, some amphibians, such as Xenopus tropicalis and Xenopus laevis, appear to have lost the STING CTT domain (27). In X. tropicalis STING has been shown to bind 2′3′-cGAMP (31), but its signaling functions have never been investigated. It is possible that some signaling outputs of STING activation, such as NF-kB activation or autophagy, do not require the CTT. It would be interesting to see if STING signaling is important for IFN synthesis and/or viral control in Xenopus as it is in other vertebrates (16, 16, 32, 33), and whether the other downstream signaling outputs are still achieved in the absence of the CTT.

Reptiles are another major group of animals on the land. Besides their occurrence, the DNA sensing in reptiles is less understood due to a lack of genomic sequencing and immunological research; however, recent sequencing of the wall lizard genome has revealed the absence of TLR9 and the presence of the ortholog of the human multilectin receptor DEC-205 in addition to STING signaling. This receptor has also been reported other vertebrates (34, 35), and has been suggested to be a cell surface receptor for CpG-ODNs (35, 36). These evidences suggest that both the amphibians and reptiles are less studied group of animals with regard to the cGAS-STING signaling. Therefore, extensible research is required to determine the components of STING signaling and how they control various physiological processes in these two groups of animals. Furthermore, such studies will also assist in precisely understanding the evolution of the STING signaling cascade.



Insects cGAS-STING Pathway

The production of cGAMP in the cytoplasm of a cell is the first and most important step in activating the STING signaling cascade in mammals (2, 3, 37, 38). After interactions with cytosolic double-stranded DNA, the cGAS catalyzes the synthesis of 2′3′-cGAMP, a second messenger molecule in the cGAS-STING signaling cascade (3). Subsequently, by assembling the STING-Tank-binding kinase 1 (TBK1)- interferon regulatory factor 3 (IRF3) signalosome, it activates the STING mediated signaling cascade, resulting in the stimulation of biological effects in response to infection (39).

The cGMP-AMP signaling pathway, which shows striking similarities to their mammalian counterparts, has recently been discovered in a variety of insect species (40, 41). In contrast to other insects, the structural components of this signaling pathway have been well described in a model insect species, Drosophila melanogaster (41). Drosophila CG1667 was proven to be an ortholog of the mammalian STING protein by Martin et al. (42), who also demonstrated that STING has a conserved architecture that is necessary for it to bind with cyclic dinucleotides (CDNs). Of note, Kranzusch et al. (31) observed that insect STING orthologs, including Drosophila STING, did not bind to CDNs in their in vitro experiments. In these experiments, they used a full-length Drosophila STING protein that included the hydrophobic N-terminal transmembrane domains that may inhibit CDNs binding to the STING protein, particularly when the protein is not precisely folded in its natural state in vivo. Crystal structures of Drosophila STING may be needed to uncover its ability to precisely bind with CDNs. In contrast to mammals, the cGAS homolog(s) responsible for the sensing and binding with double-stranded DNA and generating second messenger CDNs for STING activation have remained unidentified in the fly. There are several genes in the insect genomes that encode enzymatic proteins that contain a catalytic region named as a nucleotidyltransferase domain, which is structurally and functionally similar to the catalytic domain of cGAS. However, none of these enzymatic proteins contain the DNA-binding motif that is an essential component of cGAS. Recent two articles publications in Nature have shown that the cGAS-like receptors (cGLRs) in the fly can sense nucleic acid and trigger the synthesis of CDNs, which then activates of the STING signaling cascade, which is responsible for inducing immune effector molecules (43, 44). The findings of these two studies contribute to our understanding of the STING signaling cascade in insects.

Using homologs of Tribolium castaneum cGLR, Slavik et al., recently isolated ~53 recombinant cGLR proteins from Drosophila, and then biochemically investigated the nucleotidyltransferase enzymatic activity of these proteins (43). Among these proteins, they observed that Drosophila cGLR1 has the ability to sense double-stranded RNA and catalyzes the synthesize of second messenger (3′2′-cGAMP), which can activate the STING-signaling cascade in the dipteran insects. Using structural and sequence comparison of Drosophila cGLR1 and Tribolium castaneum cGLR, the authors identified a conserved architecture, which includes similarities in a nucleotide signaling core and a primary ligand binding surface, which is responsible for detecting double-stranded RNA and for the enzymatic activity of Drosophila cGLR1 (43). Concurrently, Holleufer et al., also concluded that Drosophila cGLR1 could recognize double-stranded RNA and is responsible for the synthesis of 3′2′-cGAMP, which is the major second messenger that preferentially binds to STING, resulting in the activation of the downstream signaling cascade (44). However, Slavik et al. did not investigate the enzymatic activity of Drosophila cGLR2, and Holleufer et al. did not isolate Drosophila cGLR2 recombinant protein (43, 44). Of note, cGLR1 synthesizes 3′2′-cGAMP rather than 2′3′-cGAMP. The phosphate bond positions of 3′2′–cGAMP are opposite of those of 2′3′-cGAMP. This reversal arises by a switch in the order in which the cGAMP-forming nucleotides interact to the enzymatic protein. In human HEK293T cells, it has been shown that the cGLR2 protein can synthesize both 2′3′-cGAMP and 3′2′-cGAMP to sense genomic material, whereas, in insects, it has been reported that cGLR2 can produce both of these second messengers, but the enzymatic activities have not been confirmed in either in vivo or in vitro experiments (Figure 1) (44). Interestingly, Hua et al., discovered the increase in cGAMP silkworm, Bombyx mori, following recognizing double-stranded DNA (40). However, the mechanism of cGAMP production in the silkworm was not reported in this study, it is possible that the cGAS-STING signaling pathway is activated in insects in response to the presence of double-stranded DNA in the cytoplasm of the insect.




Figure 1 | The Schematic presentation of cGAS-STING signaling cascade activation in response to different kinds of pathogens.



Like its mammalian counterpart, the insect STING protein resides in the endoplasmic reticulum, and its activation is required for downstream signaling (41). STING is translocated from the endoplasmic reticulum to the Golgi apparatus in mammals via the endoplasmic reticulum-Golgi intermediate compartment (45), but the precise understanding of this mechanism remains incomplete, even in mammals, due to the lack of detailed molecular steps and association between different putative factors involved in this trafficking process. What we know is that the endoplasmic reticulum to apparatus transport machinery, which consists of coatomer protein complex II vesicles and is dependent on the GTPase SAR1A and the COPII complex components, including SEC24C and the ARF-GTPase ARF1, facilitates transport of STING protein. STING protein recruits TANK-binding kinase 1 (TBK1) to initiate downstream signaling after reaching at the golgi compartments (46). STING to IKKb-Relish axis signaling has been demonstrated in insects, such as Drosophila by Goto et al. (41), and is described in more detail later in this review.




STING and Anti-Viral Immunity in Insects

Insects efficiently produce antimicrobial peptides in response to fungal and bacterial infections. TOLL and IMD, two evolutionary conserved immune signaling pathways, govern the production of these peptides: TOLL, IMD, and JAK-STAT, in addition to RNA interference (RNAi), have recently been reported to be implicated in the host defense against certain viruses. Anti-viral immune responses, on the other hand, rely on RNAi to detect and process intracellular viral double-stranded RNAs. In addition, a large number of genes transcription levels are increased due to viral infection, suggesting an induced immune response against viral infection (47). Invertebrates, such as oysters have been shown to have IFN-like immune responses against viral infection, implying that such a response exists in other invertebrates, including insects (48). The biological role of STING in insect innate immunity has recently been come into the spotlight. Insects’ ability to detect and neutralize virus infections is still unknown. When cytosolic nucleic acid ligands sense viral nucleic acid in mammals, they stimulate STING, which then activates type I interferon and NF-kB immune responses, reducing viral infection (33). Insects, like their mammalian counterpart, also express STING orthologs but how they participate in anti-viral immune responses were obscure.

STING was discovered by a group of scientists who were investigating the molecular mechanisms underpinnings of the innate immune response against Zika virus. Buchon and co-workers found that viral infection activates the IMD pathway activation in the Drosophila brain and that mutant Drosophila for Relish or peptidoglycan recognition protein-LC and -LE, two PRRs that induce the IMD pathway, were more susceptible to viral infection than controls. The authors also noted that Zika virus infection-induced STING expression and that this stimulation was dependent on Relish, suggesting that STING has biological roles as an NF-κB-modulated anti-viral effector (49, 50). In addition, Lamiable et al., followed up on the discovery that several DNA viruses of insects independently hijacked a gene encoding an immunoregulatory cytokine, suppressing the activation of the IMD signaling pathway (51). These findings prompted a thorough examination of IMD pathway’s role in anti-viral innate immunity, which showed that two components of the pathway, including Relish and kinase IKKβ, but not the entire pathway, are required to resist infection by two picorna-like viruses in vivo and a cell line. Another study performed epistasis analysis and Nazo (an anti-viral factor) expression as a readout to explore the link between STING and the IKKβ- and Relish axis. The authors observed that the over-expression of STING resulted in a considerable increase in Nazo the transcript levels. But when IKKβ was suppressed, Nazo expression was equal to that of the control group, implying that STING is potential regulator of Nazo upstream of IKKβ. Of note, STING over-expression was disrupted by the suppression of Relish, IKKβ, and Nazo (anti-viral factor), implying that this process regulates anti-viral gene expression independently of the IMD pathway (41). Later on, Cai and co-workers injected naturally existing CDNs and noted that four of three CDNs induced the STING-regulated genes, which are important in Drosophila’s defense against viral infections. In addition, the authors reported that this protection was entirely based on Drosophila STING and Relish and that ATG7 and AGO2 were not required. Although the biological role of most the STING-regulated genes is unknown, Nazo and Vago have been shown to have a role in anti-viral resistance (41, 52, 53). Interestingly, a study on another insect (Bombyx mori), using a Liquid Chromatography coupled with tandem Mass Spectrometry analysis, confirmed the production of cGAMP in the cytoplasm of BmE cells. They also discovered a human STING homologous protein in this species, which they linked to Relish. The authors noted that infection with nucleopolyhedrovirus (NPV), (a DNA virus from the Baculoviridae family) stimulates the co-expression of STING and Relish protein, and any change in STING concentration affect the synthesis of Relish protein. After binding with Dredd protein, STING activates Relish and promotes its nuclear translocation. Finally, they proposed a conserved cGAMP–STING–NF-kB signaling axis that protects silkworm from NPV infection by increasing antimicrobial peptides (e.g., gloverin and cecropin) production (Figure 2) (40). This study opens up new avenues for research into the anti-viral immune response of insects, and more evidence from other insect species will help to clarify this anti-viral defense mechanism in insects.




Figure 2 | The anti-microbial defense signaling pathway (cGAS-STING pathway) in insects. Nucleic acid (DNA or RNA) is not usually occurred in the cytoplasm of the insect cells. When the enzymatic protein cGAS (cGLR or unknown molecule) recognize nucleic acid, they lead to trigger the synthesize of secondary messenger molecules (e.g., 2’3’-cGAMP). Following the synthesize of secondary molecules, STING protein is induced, which then binds with the Relish and promotes its translocation, by which in induces anti-microbial factors.



Recently, Holleufer et al. (44) used a genetic approach to identify cGAS-like enzymes, including cGLR1 and cGLR2 and concluded that both these proteins respond to viral infection in Drosophila. They noted that an equal amount of these enzymes was expressed in flies and cells cultured in vitro and that this was enough to induce STING. Drosophila with cGLR1 mutations behaved similarly to STING mutants, with a decrease in the activation of various STING-associated genes (Srg1, Srg2, and Srg3), and an increase in infection by Kallithea virus (a DNA virus) and Drosophila C virus (an RNA virus) as well as reduced survival. However, the author noted that while cGLR2 mutant alone does not produce the same results as the cGLR1 mutants, the cGLR2 enzyme has some overlapping biological roles with cGLR1, as evidence by the fact that double-mutant Drosophila lacking both the cGLR1 and cGLR2 genes is more susceptible to infection by Kallithea viruses or Drosophila C virus than a single knockout. In addition, compared to a single knockout showed a higher level of viral replication, a lower survival rate, a more-severe abnormality in the activation of STING-modulated genes, implying that both genes can trigger viral infection signaling and promote fly survival. In addition, natural Drosophila pathogens, the authors investigated the effects of vesicular stomatitis virus (RNA virus) and invertebrate iridescent virus 6 (DNA virus), although neither virus caused any overt phenotype for viral load and survival in cGLRs mutants. Furthermore, these viral infections did not result in a robust STING response, implying that 3′2′-cGAMP and STING are suppressed by a viral molecular mechanism that has yet to be discovered.

The second group of researchers identified cGAS in fly using different research techniques and offered a precise mechanism of STING activation and anti-viral immune responses (43). They discovered that gene CG12970 is a Drosophila cGLRs that is similar in architectural and biological relevance to cGAS and termed it cGLR1 based on the sequence analysis and systematic biochemical screening. The cGLR1 requires double-stranded RNA ligands that are longer than the 21-23-bp RNA molecules commonly produced during RNA interference in Drosophila, indicating that self-recognition is avoided specifically.

Insect cGLRs have a similar ligand detection mechanism to human cGAS, suggesting that insect cGLR1 solely senses a foreign RNA. The authors also reported that Drosophila STING has a highly conserved V-shaped homodimeric architecture with a deep central pocket that binds to 3′2′-cGAMP. The STING–3′2′-cGAMP structure has a tightly ‘closed’ conformation with STING protomers, similar to the closed conformation of human STING bound to 2′3′-cGAMP (38), demonstrating that STING activation is driven by specific 3′2′-cGAMP-dependent signaling. Finally, they show that D. melanogaster, a cGLR-STING-NF-κB axis protects animals from viral replication by activating the synthesis of the anti-viral genes (STING regulated genes).

Altogether, insect STING modulates NF-κB-dependent immune responses and is involved in anti-viral innate immunity. The discovery of genes encoding cGAMP in the genomes of insect (dipteran, lepidopteran) hosts suggests that cGAS-STING signaling plays an important role in insects anti-viral innate immunity. So far, different anti-viral factors, including antimicrobial peptides, have been reported; however, further evidence is required to fully understand the anti-viral responses induced by cGAS-STING in insects.



STING-Dependent Autophagy in Insects

Autophagy is an ancient biological process that is involved in a variety of physiological activities, such as immune responses, development, and aging. Autophagy also involves in degrading aggregated or misfolded proteins, eliminating damaged cellular organelles, including endoplasmic reticulum, mitochondria peroxisomes, and also abolishing intracellular microbial pathogens (54). This process starts with various stressors and leads to the targeted isolation of cytoplasmic contents within autophagosomes, which then merge with lysosomes to break down the engulfed cargo. Autophagy has been implicated in the host immunological defense against a variety of intracellular microbial pathogens in insects and other animals. Upon the pathogen infection, innate immune signaling induces autophagy, which degrades intracellular viruses, bacteria, and parasites (55). Thus, autophagy has emerged as a crucial biological process for suppressing pathogen replication or pathogenicity and host survival.

Zika virus, an arthropod-borne virus, infection leads to severe complications as neuroprogenitors are lytically infected. Like other arboviruses (e.g., West Nile virus), which infect the central nervous system of mosquitos and are regulated by poorly understood immune mechanisms, Zika virus particularly infects and replicates in adult Drosophila brains (56, 57). Liu et al. (55), explored innate immune mechanisms that suppress the Zika virus infection in the fly brain. They discovered that the anti-viral RNA interference pathway is not involved in the suppression of Zika virus replication, implying that the virus encodes an RNA interference silencing suppressor. However, because Drosophila mutant for Relish/NF-kB transcription factor had a greater viral infection, the authors concluded that Zika virus infection in the fly brain promotes the Relish/NF-kB/IMD pathway, which is implicated in viral infection suppression. This canonical Releish/NF-kB pathway is stimulated by the pattern recognition receptors, peptidoglycan recognition proteins-LE or peptidoglycan recognition proteins-LC, which interact with bacterial peptidoglycans either intracellularly or extracellularly, respectively (Figure 3). The authors observed that flies mutant with both of the above-mentioned receptors are more vulnerable to Zika virus infection. However, the authors were unable to determine whether these receptors bind to the Zika virus directly or indirectly to trigger this protective cascade. In addition, they found a Rel/NF-KB-dependent induction of STING in the fly brain in response to Zika virus infection and the fact that STING is a downstream factor of Rel/NF-KB, implying that STING is involved in the brain’s anti-viral immune response. Because this signaling cascade in insects does not activate IRF3-dependent type I interferons signaling, the authors assumed that STING is likely to govern anti-viral autophagy. They supported this hypothesis by examining autophagy-related factors (Atg5, Atg7, Atg8-II, and mCHERRY-Atg8 puncta), and they concluded that autophagy is a critical process controlling Zika virus replication because they observed an increase in the Zika virus replication after autophagy-related factors were lost (55). The molecular mechanism by which STING activates autophagy, and the viral pathogens cargo target for degradation remains unknown. In contrast, a recent study generated ATG7 mutant Drosophila and injected them with Drosophila C virus. Interestingly, the authors argue that 2′3′-cGAMP, along with Drosophila STING and Relish, regulate viral infection independently of the canonical autophagy pathway route, resulting in a reduction of viral infection (53). Based on these studies, it appears that the host may have a virus-specific role or that an unconventional autophagy pathway is induced to eliminate a viral infection. However, more research is required to fully understand STING-dependent autophagy in insects. Recently in another study, suggested that silkworm (Bombyx mori) innate immune responses (autophagy) against parasite, Nosema bombycis infection are STING-dependent comparable to those observed in vertebrates (58). The authors reported that B. mori ATG8, an autophagy-related factor, was up-regulated after N. bombycis infection. In addition, after N. bombycis infection, they noted that the level of LC3 (biochemical hallmark of autophagy) in the midgut of BmSTINGΔ6bp/WT, and BmSTINGΔ5bp/WT (STING knockout transgenic lines) is lower than that of wild type B. mori (40), suggesting that loss of STING is linked with LC3. In insects, this change in the level of autophagy-related protein suggests that STING control autophagy LC3 protein. However, in this study, at the latter stage of infections, all of the transgenic lines infected with N. bombycis died. This phenomenon raises several questions about the possible causes of larval death during the latter stages of infection, such as whether the host’s resistance mechanism is insufficient to completely remove the parasite or whether the parasite has managed to hijack autophagy and redirect this process to support their replication within the host (59, 60). Hua et al. (40), investigated the possible mechanism of the parasite to take over host immunity. In their study, the authors found that N. bombycis infection stimulates silkworm protein degradation, which in turn supports in the synthesis of host ATP, which is necessary for delivering nutrients and energy to invading pathogens (61). A detailed molecular mechanism is needed to explore to understand the resistance mechanism of the host against the parasites. However, this study opens new research avenues to investigate how insects respond to parasitic pathogens. The ERGIC is formed in mammals when STING binds to cGAMP interacts with SEC24C, which causes the endoplasmic reticulum to produce COP-II vesicles, which eventually form the ERGIC. The ERGIC serves as a membrane source for WIPI2 recruitment and LC3 lipidation, which results in the production of autophagosomes that target cytosolic pathogens for degradation by the lysosome. Of note, the stimulation of LC3 in response to cGAMP is the characteristic feature of mammalian STING and is due to the presence of TBK1 activation domain at the C-terminus of the protein. It has been shown that the C-terminal architecture of insects STING, especially the Bombyx mori STING, is highly conserved with human and mouse STINGs (40). Thus, it seems that insect STINGs may retain the ability to induce autophagy response as a result of the conserved architecture at the C-terminus. In addition, although STING in some vertebrates, such as sea anemone, lacks the TBK1 activation domain, it is still capable of stimulating LC3 in response to cGAMP stimulation (31). Thus, autophagy stimulation is an ancient and highly conserved biological role of the cGAS-STING signaling pathway in animals (46).




Figure 3 | the Schematic representation of the molecular mechanism through which Rel-NF-KB-dependent STING expression induces anti-viral autophagy in insects.



Overall, it seems that STING-dependent autophagy is a conserved physiological process in insects, in addition to the production of anti-pathogen factors to eliminate microbial infection similar to those of vertebrates counterparts (62, 63). However, many questions like most of the STING-dependent autophagy factors and their mechanism of function is unknown. It is also a matter of interest whether induction of autophagy in insect host is a general mechanism against different pathogens, e.g., viruses, or this process only activated against specific viruses. Experimental evidences are also required to ensure whether insect host induces STING-dependent autophagy in addition to the synthesis of antimicrobial factors. Future studies will help to understand these questions.



Role of STING in Anti-Bacterial and Antiparasitic Immunity in Insects

So far, most of the studies addressed the role of cGAS-STING signaling in the host defense against viruses. In some studies, it has been reported that STING plays a crucial role in the prevention of bacterial infection. Martin and co-workers were the first to report STING mutant Drosophila had dysregulation of the IMD pathway, which resulted in reduced resistance by the intracellular bacterium Listeria monocytogenes. In this study, the authors demonstrated that CG7194, the closest homolog to cGAS in flies, did not cause any change in mortality against L. monocytogenes infection, suggesting that CG7194 (cGAS homolog) is not involved in activating STING signaling in bacterial infection and that signaling could be induced by the bacterial CDN 3′3′c-di-GMP. It appears from these results that in Drosophila, STING functions as a direct sensor of bacteria through binding of CDNs and activates an IMD- and Relish-dependent anti-bacterial response (42). They went on to demonstrate that STING can bind to c-di-GMP, and that a mutant protein product lacking a CDN-binding domain can completely abolish this binding. While Drosophila STING is structurally varying to mammalian STING, as it lacks the CTT, which is an essential region for monitoring downstream signaling transduction to IRF3. Mutants of mammalian STING that lack CTT are unable to activate IRF3, although this mutant has the ability to activate NF-κB signaling. Likewise, Drosophila STING has the ability to stimulate NF-κB signaling. After infection with L. monocytogenes, the release of c-di-GMP promotes the Drosophila IMD signaling pathway, resulting in increased expression of IMD-related antimicrobial peptides (AttacinA and CecropinA2). It is possible that STING operates through Relish to activate the IMD pathway, as evidenced by the reduction in cleavage and activation of Relish in STING knockout flies. In addition, the authors ruled out the possibility of involvement of the Toll signaling pathway because they did not observe any change in the Toll-related antimicrobial peptides (drosomycin) during the experiment. Infection with L. monocytogenes, STING-overexpressing flies have a lower bacterial load, lower mortality, and decreased susceptibility to the infection (42). In addition, the AttacinA and CecropinA2 genes have highly expressed these flies. The depletion of Relish or IMD in Drosophila STING-overexpressing flies results in a reduction in the production of antimicrobial. Interestingly, the Drosophila CG7194 putative cGAS homolog lacks a zinc ribbon domain and a positively charged N-terminus, both of which are required for DNA binding (4). The depletion of Drosophila CG7194 has no effect on the mortality rate of insects infected with L. monocytogenes, indicating that Drosophila CG7194 may not be involved in innate immune responses against bacterial pathogens (42). The overall conclusion is that Drosophila STING directly senses bacterial CDNs, especially c-di-GMP, and triggers anti-bacterial immunity via IMD-Relish signaling in the absence of a functional cGAS ortholog.

In contrast, a previous study reported that the Toll and IMD signaling pathways in D. melanogaster were activated in response to the infection with L. monocytogenes. The authors demonstrated that dif or IMD mutant flies are more susceptible to L. monocytogenes infection, suggesting that this bacterial infection can promote the induction of Toll and IMD pathway in the fly (64). Another study conducted with a bacterial pathogen, L. monocytogenes in Tenebrio molitor, recently saw a similar outcome (significant increase in IMD and Toll specific antimicrobial peptides) with the same conclusion. The authors suggested that, in addition to antimicrobial peptides, Relish regulates the autophagy-related proteins (e.g., serine-threonine protein kinase), since they saw significant downregulation in autophagy-related proteins T. molitor that was deficient in Relish expression (65). The induction of IMD, Toll signaling pathways, and autophagy in response to L. monocytogenes infection suggest that there may be possible cross-talk between Toll and IMD signaling and autophagy.

On the whole, based on the findings discussed above, Relish appears to be a key regulator of different signaling pathways, including Toll, IMD, and autophagy. Because of the variations in these results, it is possible that there is a -crosstalk between Toll, IMD and autophagy processes. On the other hand, Kranzusch et al. (31) reported the binding of CDNs to STING from the N. vectensis and supported the hypothesis that the ancestral biological role of STING in metazoans was to recognize CDNs. Bacteria synthesize different CDNs and cyclic trinucleotides, some of which are capable of activating the Drosophila STING gene (66). However, in contrast to Martin et al. (37), who suggested that bacterial c-di-GMP could induce a STING-dependent immune response to L. monocytogenes infection. A recent study found no evidence of a contribution of STING or induction of antimicrobial peptides in response bacterial c-di-GMP released after L. monocytogenes infection (53). Thus, further studies are required to clarify these discrepancies by considering other parameters such as species variations, insects microbiome, etc.



Negative-Regulators of STING in Insects

Cytosolic RNA or DNA has been identified as a possible immune inducer that has the potential to activate a robust innate immune response against pathogens for the host defense (67–70). It is the STING that is responsible for the induction of innate immune responses by sensing cytosolic RNA or DNA (32, 71–76). Furthermore, if the STING is not regulated, the persistent activation of immune responses triggered by RNA or DNA could results in uncontrolled innate immune responses that could have an impact on physiological process of the host. Thus, it appears to be essential that there would be a mechanism to keep the effect of persistent activation of STING in a cell under control. In mammals, several molecular mechanisms have been identified that reduce STING activity, such as accelerated degradation by TRIM30α (77), ULK1-mediated phosphorylation (78), impediment of its interaction with TBK1 by NLRC3 (79), RNF5-mediated ubiquitination and degradation (80) and so on. Because of the limited number of studies that has been done on this molecular mechanism of immune responses in insects, only a few STING regulators have been identified in different insect species in recent years.

Roquin is a novel RING-type ubiquitin ligase family member that has recently been discovered in insects. These proteins control the production of T-lymphocytes in vertebrates, and loss of their activity can cause an imbalance of T-lymphocyte (81). The proteins are extremely well conserved, and they have a novel ROQ domain that is resided on the N-terminus of the protein (82). A recent study reported that this protein exists in Drosophila and that it is linked with STING regulation (83). The STING regulators in Drosophila were identified after screening nine genes encoding the ubiquitin ligase in S2 cells in vitro and analyzing their effect on STING-dependent immune responses. The authors reported a negative correlation between roquin protein and STING signaling. In addition, over-expressing of roquin in S2 cells has been shown to inhibit STING-dependent immune response. In contrast, roquin depletion resulted in uncontrolled production of antimicrobial peptides and the reduction of the replication of L. monocytogenes (83), suggesting that roquin is a potential negative regulator of STING-dependent innate immune response in insects. It has been shown that the ROQ domain of roquin is flanked by a RING and CCCH finger motif (84). It is still unclear what biological roles the RING-1 zinc finger of roquin performs; however, future studies may shed light on its involvement in the regulation of STING activity. However, it has been demonstrated that proteasome and Polyubiquitylation activity are required for rapid breakdown or degradation of mRNAs that contain destabilizing ARE elements in their 3’-untranslated regions (85). Thus, it appears that roquin may stimulate the ubiquitin-mediated degradation of proteins that control mRNA stability or that ubiquitin-tagging may alter the association or localization of mRNA modulating proteins.

In addition to the Roquin protein, another study suggested the interaction of Caspase 8L with STING protein based on the in vivo and in vitro experiments. In comparison to Dredd, the caspase 8L protein shares 70% identity with the N-terminus domain but does not include the C-terminus caspase domain, which is implicated in the cleavage of Relish, implying that while caspase 8L may be involved in Relish processing, it may perform the different biological role (40). In BmE cells, over-expression of Caspase 8L together with Relish has been shown to repress Relish after cGAMP or BmNPV stimulation in the cells. In vitro, a caspase 8L deficiency results in a high level of resistance to viral infection, suggesting that caspase 8L is involved in negatively regulating STING-dependent signaling in silkworm, Bombyx mori, and possibly in other insect species (40). However, the precise participation of Caspase 8L to the regulation of STING-dependent signaling needs to be determined in more detail in insects (Figure 4).




Figure 4 | The regulation of cGAS–STING signaling pathway by proteins at various levels.



All of these results show that roquin and caspase are involved in the negative regulation of virally induced STING-dependent signaling and innate immunity. Although these studies data demonstrating the involvement of certain proteins in the modulation of STING cascade; nevertheless, the exact molecular mechanisms through these proteins contribute to the negative control of STING-dependent signaling remain still an unanswered questions.



Innate Immune Evasion Strategies of Pathogens in Insects

In order to complete their life cycle within the host, microbial pathogens may devise strategies to evade the host immune system (86–90). Thus, in order for pathogens to successfully commence replication, they must prevent or inhibit activation of nucleic acid sensors (cGAS or cGAS-like). In mammals, several studies have highlighted the mechanism by which pathogens control the host immunity. For example, DNA viruses (such as retroviruses and herpesviruses) shield DNA within the viral capsid so that it does not become detected by cytosolic nucleic acid sensors until it reaches the nucleus (91–97). The activation of STING by BmNPV (DNA virus) infection was recently described by Hua et al. (40), and it is likely that baculoviruses may also use the same strategy to bypass the host’s immune system.

Another strategy to restrict activation of cGAS or cGAS-like is to target cGAS or cGAS-like for degradation, decreasing levels of this nucleic acid sensor and reducing 2′3′-cGAMP production. This is accomplished in numerous ways by both RNA and DNA viruses. In mammals, poxvirus immune nuclease (poxin) is involved in the degradation of 2′3′-cGAMP and also blocks the stimulation of anti-viral immune signaling through the STING signaling cascade during infection of poxvirus. The poxin of most poxviruses occurs as a fusion to a C-terminal domain with homology to mammalian schlafens (5, 98, 99). The enzymes also have also been reported in insects, and it seems to have a prominent function for 2′3′-cGAMP signaling in insects. Several studies separately documented the STING signaling pathway in insects that drives NF-kB and autophagy signaling to prevent viral infection (40, 41, 46). Recent work on insects involves a cGAS-like molecule to activate STING signaling (43, 44, 100). It seems that poxin enzymes of insect viruses likely prevent activation of immune response comparable to the biological role of poxin of mammalian poxviruses.

In summary, since our understanding is increasing regarding cGAS–STING signaling insects, nevertheless bacterial and viral components that may target this signaling pathway for the successful replication need to be elucidated. So far, our knowledge is rather preliminary regarding the negative or positive regulation of this pathway. Therefore, future studies are required to determine how microbial pathogen suppresses the STING immune signaling activation in insects. In addition, how insect viruses poxin sense the cGAS-like molecules at a molecular level and how microbial pathogen escape, shape the structure and modulation of STING-dependent immune pathways in different insect species.



Future Directions

The biological roles of the cGAS-STNG signaling pathway in the immune system of mammals have been well-established. In contrast, this pathway has recently been discovered in insects, and biochemical evidences supports the immunological functions of the cGAS-STING pathway in insects. The lack of extensive literature is limiting for any direct and clear conclusions. But, with this research background, we endeavored to review available knowledge and develop preliminary conclusions based on our understanding of the subject. Furthermore, research on insects cGAS-STING is still in its early stages, and more investigations are needed before a definite conclusion can be drawn on this topic.
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Aedes aegypti is one of the world’s most dangerous mosquitoes, and a vector of diseases such as dengue fever, chikungunya virus, yellow fever, and Zika virus disease. Currently, a major global challenge is the scarcity of antiviral medicine and vaccine for arboviruses. Bacillus thuringiensis var israelensis (Bti) toxins are used as biological mosquito control agents. Endotoxins, including Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa, and Cyt1Aa, are toxic to mosquitoes. Insect eradication by Cry toxin relies primarily on the interaction of cry toxins with key toxin receptors, such as aminopeptidase (APN), alkaline phosphatase (ALP), cadherin (CAD), and ATP-binding cassette transporters. The carbohydrate recognition domains (CRDs) of lectins and domains II and III of Cry toxins share similar structural folds, suggesting that midgut proteins, such as C-type lectins (CTLs), may interfere with interactions among Cry toxins and receptors by binding to both and alter Cry toxicity. In the present review, we summarize the functional role of C-type lectins in Ae. aegypti mosquitoes and the mechanism underlying the alteration of Cry toxin activity by CTLs. Furthermore, we outline future research directions on elucidating the Bti resistance mechanism. This study provides a basis for understanding Bti resistance, which can be used to develop novel insecticides.
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Introduction

The mosquito Aedes aegypti is one of the most important species responsible for transmitting viruses that cause life-threatening and epidemic human diseases worldwide, such as dengue virus (DENV), yellow fever virus (YFV), chikungunya virus (CHIKV) and, Zika virus (ZIKV), which drastically affect human populations (1). Dengue fever is a rapidly spreading arbovirus that has become a global health concern (2). The rapid expansion of CHIKV and ZIKV demands the identification of circulating lineages to design effective surveillance programs. The main vectors for the spread of these viruses in urban areas are Ae. aegypti (L.) and Ae. albopictus (Skuse), although other mosquito species have also been reported (3–5). To date, no efficient antiviral drugs or vaccines have been developed to control these viral diseases, with the exception of yellow fever. As a necessary consequence, efforts to control mosquito populations remain a critical strategy for reducing infection rates.

Chemical insecticides with active components, such as organophosphates, pyrethroids, organochlorines, and carbamates, have been used to control these disease vectors (6, 7). However, these chemicals are damaging to both the natural environment and human health. They cause depletion of natural enemies in the ecosystem and the development of insect resistance when used continuously (8–10). In recent years, chemical insecticides have been successfully replaced by eco-friendly biological control agents with high specificity, minimal influence on non-target organisms, and reduced insect resistance (11–13). Entomopathogenic bacteria, such as Bacillus thuringiensis (Bt), which produce different toxin spores, represent a promising substitute for mosquito control. These bacterial spores have a high potential to control insect pests (14–16) (17). Bt produces a number of crystal proteins that have insecticidal activity against over 3000 insect species, including Coleoptera, Lepidoptera, and Dipterans (18–20). These toxin proteins, including Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa, and Cyt1Aa, are toxic to mosquitoes (21–23). Cry toxin’s effectiveness against insect pests is dependent on their interactions with other receptors such as alkaline phosphatase (ALP), aminopeptidase-N (APN), cadherin (CAD), and ATP-binding cassette (ABC) transporters (24–31). For that reason, it is crucial to comprehend the interactions between Cry toxins and other midgut proteins. In addition to Cry toxins, Cyt toxins are important for inducing toxicity in some insect orders (23, 32, 33). For example, the Bt strain LLP29 produces the Cyt1Aa6 toxin, which is toxic to Ae. albopictus and Culex quinquefasciatus (34).

Lectins are a diverse group of ubiquitous carbohydrate-binding proteins found in all organisms that play an important role in self/non-self-immune recognition in insects (35–40). Lectins have a wide range of functional responses in symbiosis, host colonization by microbial pathogens, and host immune responses (41, 42). Genome-wide analyses have shown that C-type lectin (CTL) proteins are more abundant and distinct in invertebrates (43–47). Moreover, lectin proteins bind carbohydrates in the existence of Ca2+ ions via their C-type lectin-like domains (CTLD), containing the highly conserved motifs QPD (Gln-Pro-Asp) and, EPN (Glu-Pro-Asn) which are specific to mannose- and galactose-type carbohydrates (43). The Cry toxin domains II and III and carbohydrate-recognition domains (CRD) of lectins have similar structures (48–50), and because of these structural similarities, it is very important to further functionally investigate and comprehend the role and functional mechanism of lectins in Cry toxicity. Protein-protein interactions among lectin, Cry toxin, and related toxin receptors have been investigated to explore the function of lectin in Bt serovar israelensis (Bti) tolerance (51–54). Lectin binding research also showed the existence of numerous APN isoforms with O-linked carbohydrate structures known to bind with Cry1Ac toxin in Douglas fir tussock moth larvae (55). The lectin-like domain III of Cry toxins also known to involved in the interaction with the peritrophic membrane (PM) by attaching to PM chitin and GalNAc related numerous PM proteins (56–58), which may also contribute to the failure of some toxins to pass through the PM (59, 60). However, understanding the role of lectins in Cry toxicity is important, as it will not only broaden our understanding of the Bt mechanism but also aid in the implementation of new biocontrol strategies.



Ae. aegypti Invasion

Ae. aegypti is an important arthropod vector and model organism in invasion biology. Competition for the same available resources in the ecosystem disrupts and destabilizes the native population (61). nvasion results in the introduction of new diseases or the active spread of local diseases. Mosquitoes are important invaders due to a close relationship with human pathogens (62, 63). Human habitats are the most likely places for mosquitoes to live in and most mosquitoes change territories accordingly (64). Ae. aegypti survive worldwide in tropical and subtropical areas; however, populations vary in their capability (vector capacity) to transmit disease (65–70). Africa is considered the ancestral location of Ae. aegypti, which spread to other parts of the world probably by traveling on ships along trading routes (67, 69). Outside Africa, Ae. aegypti has a robust genetic inclination to enter homes and feed on humans’ blood, as well as the ability to survive and lay eggs in man-made water reservoirs in the human environment (66, 70). However, there is extensive variation in the appearance, ecology, and behavior among sub-Saharan African mosquito populations (6, 10, 71–73). Some populations are less contact with humans, live in forests, feed on other animals, and oviposit in tree holes (66, 67, 69, 70).


Origin of Ae. aegypti

There are two subspecies of Ae. aegypti (69), namely, Ae. aegypti formosus (Aaf) and Ae. aegypti aegypti (Aaa). Almost all populations of the African subspecies Ae. aegypti aegypti are strongly anthropophilic and light in color. However, in Africa, subspecies belonging to the Ae. aegypti formosus live in forests and are darker in color. Previously, the two subspecies were separated by coloration, with Aedes aegypti aegypti having pale scales on the first abdominal tergite (69). However, the populations of West Africa contain pale scales, on the other hand, appeared to be closer genetically to Aedes aegypti formosus populations than to Aedes aegypti aegypti populations from other parts of the tropics (10, 72, 73). Both species coexist in West Africa (Senegal) and East Africa (Kenya). Although they do not coexist in rural areas, they mate freely in urban environments. The combination of different factors, such as low migration, founder effects, and irregular habitats, makes populations more genetically structured (74). In earlier 16th to 18th centuries, trans-Atlantic shipping introduced Ae. aegypti to the recent world and in the late 19th century Ae. aegypti reached Asia (75–77). The mosquito exomes from five different populations of the globe were sequenced and compared them with those of the African populations of Ae. aegypti in West Africa (Senegal) and other regions (Mexico and Sri Lanka) (78).



Ae. aegypti Biology

Generally, plant nectar acts as a basic source of food for mosquitoes, but female mosquitoes require blood prior to laying eggs. Warm-blooded vertebrate host blood is a preferred nutrient source for adult female mosquitoes (79). Humans are the most stable hosts for sucking blood. Nutrients in the larval stages are stored and consumed during egg production (80). During its lifespan, an adult female can lay five batches of eggs, with a single batch containing up to 100-200 eggs. Eggs can resist drought conditions for a few months (81, 82). Most parts of the mosquito life cycle are in the aquatic phase, including the four larval stages and pupal stage. Larvae are fast growing, feeding completely on the water surface. The larval stages last for at least four days. At the end of the fourth instar, the larvae go through a non-feeding stage called the pupal phase, which lasts approximately two days. The lifespan of an adult mosquito changes according to environmental circumstances but generally ranges from two to four weeks (Figure 1) (81, 83, 84).




Figure 1 | Life cycle of mosquito Aedes aegypti.






Global Burden of Mosquito-Borne Diseases

Vector-borne diseases affect two-thirds of the world’s population and cause the death of millions of people annually (66, 85, 86). Ae. aegypti is the main arboviruses vector (87–89). It is mainly linked with the spread of a many viral diseases in humans, including dengue fever, yellow fever, chikungunya and Zika virus disease. However, the world is less affected by yellow fever as a potent vaccine has been developed to control it, although it still exists (90, 91). Dengue viruses (DENVs) are the causal agents of dengue fever, a viral infectious mosquito-borne disease that spreads across the world’s tropics and subtropics (92). There are four DENV serotypes, namely, DENV-1, DENV-2, DENV-3, and DENV-4 (93, 94). Each year, approximately 390 million people worldwide become infected with the dengue virus (95). In 2014, the highest spread of dengue fever occurred in Taiwan with 15,732 reported cases, of which 136 were dengue hemorrhagic fever (96). From 1990 to 2019, the burden of dengue increased as most parts of the world experienced three decades of urbanization, global warming, and an increased population. Southeast Asia and South Asia remain areas of concern, especially as the burden of dengue fever in the Americas is rapidly increasing (97).

In 2007, the Zika virus (ZIKV) was detected in 55 countries in America, Oceania, Asia, and Africa. However, the first epidemic cases were recorded in Brazil in 2015 and approximately 1.5 million people were infected (98). Zika virus disease, which results in microcephaly in newborns, affects brain growth, and leads to the formation of cranial calcifications, is becoming increasingly prevalent in Brazil (99). An outbreak of Zika virus disease in South America, Central America, and the Caribbean was linked to prenatal brain dysfunction (100). The chikungunya virus (CHIKV) belongs to the Alphavirus genus, which is transmitted by both Ae. aegypti and Ae. albopictus, causing chikungunya fever with serious joint pain in infected patients for several years (101). In 1952-1953 the first CHIKV epidemic was reported in Tanzania (East Africa) (101) and considered as a leading reason of concern, causing epidemics in several Indian Ocean islands, Asia, as well as in America and Southern Europe. In 2005-2006, a CHIKV epidemic outbreak occurred in the Indian Ocean and 1.5 million people were infected. In 2010, an epidemic outbreak was reported in India, affecting more than one million people (102). However in 2013, CHIKV spread in the Western world and further spread in the Americas (46 countries) and 1.7 million suspected cases were reported (103). Existing data show that between 2010 and 2019, CHIKV and ZIKV caused average annual losses of more than 106,000 and 44,000 disability-adjusted life years (DALYs), respectively. The burden of these two viruses in the Americas far exceeds that of any other region of the World Health Organization (WHO) (104).



Biocontrol of Mosquitoes Using B. thuringiensis

The discovery of bacteria such as Bti are extremely toxic to Dipteran larvae, has opened the way to their usage as a possible bio-larvicide in mosquito eradication campaigns across the world (22, 105, 106). Bti toxin was initially found to be an excellent biological control agent for mosquito larvae and black flies (107). It can produce different toxins, such as Cry4Aa, Cry4Ba, Cry11Aa, Cyt1Aa, and Cyt2Ba crystal proteins (108, 109). Cry proteins are known to be very toxic against different insect orders, such as Coleopteran, Diptera, Lepidoptera, and Hymenoptera. In contrast, Cyt toxins are usually found in Bt strains that are active against Dipterans, with a few outliers of Cyt proteins that, are active against Coleopteran larvae have been documented (32, 110). However, Cry11Aa exhibited a high toxicity against Ae. aegypti (111). At present, Bti is largely used for mosquito control; therefore, improving the effectiveness of Bti products is a key issue that needs to be solved in the current development of Bti products. Biocontrol product limitations can be improved by enhancing the genetic and physiological mechanisms of biocontrol using a mixture of organisms as biocontrol agents (112, 113).

According to all the known Cry structures, activated Cry toxins have three individual functional domains consisting of α-helical bundles in domain-I, β-prism folds in domain-II, and a sandwich of αβ-sheets in domain-III. Domains I and II function in receptor recognition and membrane pore formation, respectively (114). Cry toxins interact with midgut receptors found in lipid rafts and this phase is necessary for oligomerization and toxin insertion into the membrane (115). Oligomerization is a complicated mechanism that involves toxin contact with receptors and subsequent proteolysis of the α-1 helix (116). Activated toxins bind to a wide range of receptors on midgut epithelial cells. The interaction of Cry toxin with its receptor results in toxin oligomerization and pore formation, eventually leading to cell death (117). Sequential binding of Cry1A toxins has been observed in lepidopteran insects. The binding mechanism may begin with alkaline phosphatase (ALP) and aminopeptidase-N (APN) receptors, followed by cadherin binding. Interaction with the cadherin receptor causes α-1 helix to be cleaved, resulting in the formation of oligomeric toxins (116). In case of Cry11Aa, it was reported that Cyt1Aa induce oligomerization of Cry11Aa resulting in membrane pore formation in Ae. aegypti (118). Cadherin receptor is important for the oligomerization of Cry11Aa but not for Cry4Ba (119).Cry toxins are very toxic to mosquito larvae. By binding to protein receptors on the gut epithelial cell membrane Cry toxins lead to pore formation and cell lysis (27, 120). Midgut proteins present in the brush border of larvae midgut bind to Cry toxins and facilitate events resulting in larval death (121–123). Many receptors have been reported in mosquitoes, including aminopeptidase (APN), alkaline phosphatase (ALP), cadherin (CAD) and ABC transporters, which are midgut receptors of Bti Cry4Ba, Cry11Aa, and Cry11Ba toxin in Ae. aegypti, respectively (30, 124–126).

Three conserved signaling pathways, including the Toll-like receptor pathway, immunodeficiency (IMD) pathway, and other Janus kinase-signal transducer and activator of transcription (JKT) pathways, participate in the mosquito defense mechanism (127, 128). The Toll pathway plays main role in the regulation of natural immunity. It is primarily responsible for the identification and protection of viruses and fungi. The IMD pathway can recognize and immunize gram-positive and -negative bacteria and can control antimicrobial peptides, such as Diptera and Drosophila peptides. Expression of AMP (129, 130) and the JKT pathway play important roles in the process of damage repair and tissue regeneration in the body.



Role of Lectins

Lectins are a class of multivalent proteins that specifically bind glycoproteins and are widely distributed in plants, animals, and microorganisms (35, 37). Lectins play important roles in cell signaling and photosynthesis, and many diverse lectin roles have been studied in the model plant Arabidopsis thaliana (131). Recently, plant lectins have been used in agricultural improvement, biomedical research, and glycobiology (132). In animals, they function as weapons to kill pathogens through aggregation and opsonization, and are present in all vertebrates and invertebrates (133, 134). C-type mannose-binding lectin (MBL) plays a key role in the immune system of vertebrates, and its deficit increases the chances of more infectious diseases to attack (41). The MBL in chickens can be activated when they are exposed to chicken diseases (135). Lectins are effective for invertebrate and vertebrate cancerous cells, prompting biochemists to use them in histochemical and cytochemical research (136, 137) as well as in human medicine (138)


Role of Lectins in Insects

Insects are a very abundant and miscellaneous phylum in the kingdom Animalia. They rely entirely on their innate immune system to prevent themselves from external environmental pathogens (42, 139, 140). When a harmful germ invades an insect body, it is recognized by a group of proteins recognized as pattern recognition receptors (PRRs). These PRRs can detect pathogens via the pathogen-associated molecular patterns (PAMPs) present on the pathogen surface (46). Invertebrates have seven groups of PRRs, namely, galactose-binding lectins (galectins), multi-domain scavenger receptors (SCRs), peptidoglycan recognition proteins (PGRPs), fibrinogen-related proteins (FREPs), gram-negative binding proteins (GNBPs), thioester-containing proteins (TEPs), and CTLs. More recently, Toll-like receptors and the mammalian Toll receptor family have been found to be more conserved and to function in innate immunity. Bombyx mori Toll9 acts as a PRR for lipopolysaccharide binding and Toll9 is more similar to the mammalian TLR4–MD-2–LPS pathway (141).

CTLs are a large family of proteins that are recognized by CTLDs and further classified into 17 different subgroups on the basis of structural domain and phylogeny (44). They bind carbohydrates in the presence of Ca2+ ions via their CTLD, containing the highly conserved motifs EPN (Glu-Pro-Asn) and QPD (Gln-Pro-Asp), which are specific to mannose-and galactose-type carbohydrates (43, 142). CTLs exhibit a wide range of functional responses in symbiosis, host colonization by infectious pathogens, and host immune responses (36, 41). Invertebrate CTLs have been shown to mediate immune responses and development (143, 144). Innate immunity is based on the secretion of different lectins that possess different functions, including nodule formation, Escherichia coli clearance, hemagglutination, encapsulation, melanization, the prophenoloxidase cascade, and phagocytosis (145, 146).

The novel CTLs TcCTL5 and TcCTL6 in the Coleopteran beetle (Tribolium castaneum) functioned against bacterial infection, whereas their silencing showed a significant decrease in four antimicrobial peptides (147, 148). A CTL in Plutella xylostella, PxIML, play a key role in the recognition of pathogen and the subsequent humoral and cellular immunity of the species (39). Similarly, the Mud Crab (Scylla paramamosain) CTL SpCTL6 plays an immune-protective role, and its expression level is significantly increased during the larval stages and after molting (149). A genome-wide comparative analysis of CTLs in seven insect species (Spodoptera litura, Helicoverpa armigera, Manduca sexta, B. mori, Drosophila melanogaster, Tribolium castaneum, and Ae. mellifera), showed interesting results. They observed that CTL-S1–S8 and CTL-X1–X4 ortholog groups were well conserved in seven species, whereas the CTL-X5 double CRD domain group, the three-CRD CTL-S11 group, the C-terminal long CTL-S9 group, and the CTL-Lepidopteran-specific S10 group were found to be not conserved (150). Furthermore, the CTL BrCTL10 induces multiple immune responses in silkworms (B. mori) (40). In addition, BmLBP in B. mori facilitates the clearance of E. coli (151). Most importantly, these insect CTLs can recognize dead cells as well as cancerous cells in invertebrates (152, 153). A total of 35 CTL genes were identified in the Oriental Armyworm (Mythimna separate) with a single and double CRD domain that roles in innate immune responses (154). M. sexta immulectins enable melanization and cellular encapsulation (155, 156). Furthermore, HaCTL3, a CTL gene in the cotton bollworm (H. armigera) plays a key role in development and larval growth (157).



Role of Lectins in Mosquitoes

The mosquito’s gut is responsible for pathogen entry and replication. The gut contains microbiome that interact with midgut cells and are essential for vector physiology (158, 159). Previous studies reported that the gut microbiome plays a vital role in vector competence (158, 160–162). CTLs in gut ecology play a vital role in immune activation and may serve as intervention targets for the control of vector-borne diseases in nature (36, 163). Ae. aegypti mosGCTL-3 regulates germline development and affects fertility, whereas knockout of mosGCTL-3 revealed a decrease in the number of gut microbiota, and GCTL-3 mutants showed a decrease in the dengue virus-2 infection rate (164). Modification of the mosquito’s immune system through expression of the human CTL CLEC18A gene can drastically reduce dengue virus infection. Transgenic mosquitoes showed significant differences in the midgut microbiota (165). Mosquito galectin, mosGCTL-1, interacts with the West Nile virus (WNV) and promotes mosquito infection (166) while mosGCTL-7 interacts with the Japanese encephalitis virus (JEV) in Ae. aegypti and facilitates virus entry (167).

The mosquito genomes of Ae. aegypti and Anopheles gambiae, and those of D. melanogaster and M. sexta, contain 39, 25, and 34 CTL genes, respectively (45, 127, 168, 169), whereas 183 CTL genes have been reported in Caenorhabditis elegans (168). Mosquito, shrimp, and Drosophila CTLs help these species defend themselves against bacterial infections. It has also been reported that silencing of CLTs causes rapid bacterial growth in cases of infection, which ultimately results in a short lifespan (170, 171). Furthermore, it has been described that mosquito CTLs play functions in the maintenance of homeostasis of the gut microbiome (36). CLTs play significant role in the activation of the melanization cascade in Ae. aegypti (172). Moreover, the CRDs of lectins and the Bti Cry toxin domains II and III adopt similar structures (48–50, 173). The tertiary structures of different Bti Cry toxins have determined through X-ray crystallography (27) (Figure 2). All of these structures are very similar to the three-domain organization, suggesting that all proteins in the Cry three-domain family share a similar mode of action. The N-terminal domain (domain I) consists of seven α helices, the central -α5 helix is ​​hydrophobic and surrounded by six additional amphipathic helices; the helical domain is necessary for membrane insertion and pore formation. Domain II is made up of three anti-parallel β-sheets with exposed loop sections, while domain III is made up of a β-sandwich (174, 175). In domains II and III, exposed regions are required for receptor binding (27). Domain II shares structural resemblances with various carbohydrate-binding proteins, including lectin jacalin, lectin Mpa and vitelline (59, 176–179); Domain III is structurally identical to other carbohydrate-binding proteins like the cellulose binding domain of 1,4-β-glucanase C, β-glucoronidase, β-galactosidase, galactose oxidase, sialidase, and xylanase U (180). Because of these similarities, carbohydrate moieties may play a substantial part in the mechanism of three-domain Cry toxins.




Figure 2 | Three dimensional structural comparisons between different Cry toxins and CTL domain. (A) Cry1Aa (PDB: D6J4), Cry11Aa (PDB: 1DLC), Cry4Aa (PDB: 2C9K), Cry4Ba (PDB: 1W99); (B) CTL domain (PDB: 5E4L).



Due to various structural similarities, it is very important to further understand the function and molecular mechanism of mosquito lectin in Cry toxicity, protein-protein interactions among lectin, Cry toxin, and other important receptors (51, 52, 54, 125, 173).



Role of Lectins in the Ae. aegypti Response Against Cry Toxin

Cry toxin tolerance, especially Cry1A, has been extensively studied in Lepidoptera such as B. mori. Cry1A toxicity is altered in the presence of the midgut protein P252 and has antimicrobial activity against Bt, E. coli, and Serratia marcescens (181). These midgut membrane proteins also show low toxicity of Cry1Ac in H. armigera (182). In other Lepidopteran larvae, like Lymantria monacha, Thaumetopoea pityocampa, Heliothis virescens, M. sexta, and Spodoptera exigua, decrease Cry toxicity in late instars is associated with a decreased number of available binding sites (25, 183–186). Weaker interaction of Cry1A toxins was identified among the apical brush border of the midgut epithelium of Orgyia pseudotsugata and Cry1A toxins due to the presence of toxin-binding glycoproteins in the larval midgut (55). In M. sexta, Cry1Ac binding to the APN receptor is inhibited by the presence of N-acetylgalactosamine (GalNAc) on the receptor and decreases Cry toxicity. The Cry-domain III folds are involved in receptor recognition of carbohydrates, and GalNAc binds to Cry1Ac domain III positions and plays a competitive role like the lectin domain (56, 187).

Cry toxins bind to putative receptors, including ALP, APN, and CAD in the midgut epithelium of Ae. aegypti. ALP contains at least two Cry11Aa binding sites, such as residues R59-G102 interacting with loop α-8 from Cry11Aa domain II, and residues N257-I296 interacting with domain III of Cry11Aa (26, 124). The full-length AaeAPN2 region, including amino acids 569–641, has the highest binding activity to the Cry11Aa toxin and efficiently competes with the toxin binding to Aedes BBMV (54). The cadherin fragment, which contains CR7–11 (cadherin repeats 7–11) binds to Cry11Aa, primarily through loop α8 of domain II toxin, while Loop-3 of Cry11Aa binds to CR11 (cadherin repeats) of Ae. aegypti (51). Midgut proteins play an important role in this toxicity mechanism and alter the binding activity with receptors and Cry toxins. Previously, we identified highly expressed C - and G-type lectins in the Ae. aegypti midgut after treatment with the Bt LLP29 toxin (176). These midgut CTLs and galectins have been reported to inhibit Cry11Aa toxicity in Ae. aegypti by competing with Cry11Aa for binding to ALP and APN receptors (176–178) (Figure 3), but no evidence of binding competition was found in the case of CAD (177). Further silencing of these midgut proteins results in enhanced toxicity of Cry toxins (177). Moreover, the three-dimensional protein structures of the putative receptors ALP, APN, CAD, Cry11Aa toxin, and CTL were modeled in previously reported study (177–179) (Figures 4A, B). Molecular docking of ALP, APN, and CAD with both Cry11Aa and CTL showed that all receptors were docked to the CTL and Cry11Aa (178), and the residues (yellow colored) were the binding sites of the two proteins (Figures 5A–F). Even when these two proteins docked together with ALP and APN receptors, overlapping binding sites were found where residues in Cry11Aa and CTL were competing to bind with receptors (overlapping sites colored in yellow) (177, 178). Residues in red are the CTL binding sites, while the green smudge regions are the Cry11Aa binding sites in the ALP and APN receptors (Figures 6A, B) (178). However, no overlapping sites were found when CTLs and Cry11Aa were docked with the CAD receptor (179) (Figure 6C). It was suggested that these important proteins could sequester the toxin and interfere with the insecticidal process. Furthermore, the fact that these proteins are immune-related may suggest that Cry toxins may alter may alter insect’s immune responses. Such compounds or chemicals should be introduced to counteract the effect of CTLs in the midgut and improve the toxicity mechanism. These interesting ideas warrant future studies.




Figure 3 | Schematic presentation of the 3D-Cry toxin mechanism with Receptors and Lectin in Mosquito.






Figure 4 | Three dimensional structural presentation of putative receptors, toxin and CTL domain in Ae. aegypti. (A) ALP (PDB: IK7H), APN (PDB: 4WZ9), Cadherin (PDB: 4UX8), Cry11Aa toxin (PDB: 1DLC) and (B) CTL domain (PDB: 5E4L).






Figure 5 | Molecular docking representation of receptors with Cry11Aa and CTL proteins. Cry11Aa binding with (A) ALP, (B) APN, and (C) Cadherin receptors. CTL binding with (D) ALP, (E) APN, and (F) Cadherin receptors. Yellow color showed the binding sites of two proteins.






Figure 6 | Overlapping binding sites in receptors interface. When both CTL and Cry11Aa proteins docked together in ALP, APN and Cadherin receptors overlapping binding sites (colored in yellow) were found in (A) ALP and (B) APN but none of residue in Cadherin receptor (C) found to be overlapped. Red colored residues are CTL binding sites while Cry11Aa binding sites are colored in green smudge.






Concluding Remarks and Future Perspectives

To date, many researchers have focused on the identification of different lectins and their further characterization in different organisms. Lectins have also been well studied in higher organisms, such as plants and animals, but limited literature is available on insects. Lectins play a crucial role in the innate immunity of insects. Both invertebrate and vertebrate CTLs contain specific CRDs. Nevertheless, research into the mechanisms and actions of insect CTLs in innate immunity will contribute to the protection of beneficial insects as well as the biological control of harmful vectors. Therefore, it is important to study the role of lectins in mosquitoes, especially in Ae. aegypti. Thus, if the major interaction among toxins and their receptors is reduced or eliminated, the toxicity of Bt will be greatly altered. Midgut protein engineering may also a considerable way to improve Cry toxicity. The expression of Ae. aegypti galection-14 was knocked down which resulted in increasing Cry toxicity (177). Still, the molecular studies in this domain are limited and need more experimental evidence in mosquitoes and other species. On another side, many reports published showed improving Cry toxins activity against mosquitoes and insects by using recombinant Cry toxins (188). Several reported studies have shown that midgut proteins may influence Cry toxin activity and have been studied in many other insect species, including P. xylostella (193), Trichoplusia ni (194), Leptinotarsa decemlineata (195), Cnaphalocrocis medinalis (196), Achaea janata (197), and the insect family Noctuidae (198). Therefore, the detection and identification of important midgut proteins that may interfere with this critical step may open a new avenue of research to fully understand the Bt mechanism and give a theoretical foundation for the development of new bioinsecticides for mosquito control.
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To elucidate the application value of insect endogenous protease and its inhibitor genes in pest control, we analyzed in detail the transcriptome sequence of the Asian corn borer, Ostrinia furnacalis. We obtained 12 protease genes and 11 protease inhibitor genes, and comprehensively analyzed of their spatiotemporal expression by qRT-PCR. In which, a previous unstudied serine protease inhibitor gene attracted our attention. It belongs to the canonical serine proteinase inhibitor family, a trypsin inhibitor-like cysteine-rich domain (TIL)-type protease inhibitor, but its TIL domain lacks two cysteine residues, and it was named as ACB-TIL. Its expression level is relatively very low in the absence of pathogen stimulation, and can be up-regulated expression induced by Gram-negative bacteria (Escherichia coli), virus (BmNPV), and dsRNA (dsEGFP), but cannot be induced by fungus spores (Metarrhizium anisopliae). Prokaryotic expressed ACB-TIL protein can significantly inhibit the melanization in vitro. Injecting this protein into insect body can inhibit the production of antimicrobial peptides of attacin, lebocin and gloverin. Inhibition of ACB-TIL by RNAi can cause the responses of other immune-, protease- and inhibitor-related genes. ACB-TIL is primarily involved in Asian corn borer humoral immunity in responses to Gram-negative bacteria and viruses. This gene can be a potential target for pest control since this will mainly affect insect immune response.




Keywords: Ostrinia furnacalis, serine protease, proteinase inhibitor, immune, melanization, antimicrobial peptides



Introduction

Insects rely on their innate immune system to defend exogenous pathogens (1, 2). The innate immune is a very sensitive system, which is completed by cellular and humoral immunity. Cellular immunity is mainly through phagocytosis of invading microorganisms by plasma cells, humoral immunity mainly includes the melanization response and the release of antimicrobial peptides regulated by Toll and IMD pathways (3, 4). Studies have shown that a series of serine proteases and inhibitors are involved in the insect humoral immune process, and maintain normal growth and development process of insects (5–8).

Serine protease inhibitors (SPIs) are ubiquitous in all species and can be classified as serpins, canonical inhibitors, and non-canonical inhibitors according to their functions. Among them, canonical inhibitors include trypsin inhibitor-like cysteine-rich domain (TIL), Kunitz, Kasal or Bowman-Birk according to their structural motifs (9, 10). SPIs can inhibit the activity of serine proteases by combining with them to form stable covalent complexes, thereby regulating insect humoral immunity, such as participation in the melanization reaction and resistance to fungal infections (5, 8, 11).

TIL-type protease inhibitors have antimicrobial activity. In the silk of silkworm, TIL protease inhibitors provide effective protection to silkworm pupa by inhibiting extracellular proteases secreted by pathogens (12, 13). In Cotesia vestalis, the CvT-TIL protein inhibits the activation of host prophenoloxidase and regulates host humoral immune mechanism (14). However, to date, we know relatively little about TIL-type protease inhibitors, only few TIL domain protein were reported (15). The Asian corn borer, Ostrinia furnacalis (Guenée) (Lepidoptera: Crambidae), is an important insect pest in Asia, causing serious damage to corn, sorghum, and millet (16, 17). Yield losses caused by Asian corn borer are more than 10%, in areas where the damage is severe, there may even result in a corn crop failure (18). There have some studies on the immune-related functions of Asian corn borer, however, the mechanism of melanization and antibacterial inhibition is poorly understood (19). In this study, we performed a comprehensive analysis of the spatiotemporal expression patterns of 12 protease genes and 11 protease inhibitor genes of the Asian corn borer, and cloned a TIL-type serine protease inhibitor gene and analyzed its role in melanization and antimicrobial peptide production. Our study provides some information about serine proteases and protease inhibitors, and provides a basis for further understanding of the molecular mechanism of natural immunity in Asian corn borer.



Materials and methods


Insect Culture

The O. furnacalis eggs were originally obtained from fields in Shanghai, China, and reared in the laboratory for more than 10 generations at 25 ± 1°C and 75% relative humidity on a 14/10 h light/dark cycle. The larvae were fed on a modified artificial diet (120 g maize granules, 32 g maize flour, 120 g soybean flour, 4 g vitamin C, 12 g agar, 72 g yeast powder, 4 g sorbic acid, 60 g glucose, 1.6 mL formaldehyde, and 1000 mL water). Moths were fed on 10% (vol/vol) honey solution.



Sampling of Different Tissues and Developmental Stages of Asian Corn Borer

In order to analyze the expression profile of serine protease and inhibitor genes in different tissues, we selected the identical fifth instar larvae and attach them to the anatomical plate, and then separate its hemolymph, midgut and fat body. To analyze its expression profile during its different development stages, we firstly adjust the larvae growth period to a consistent state, the Asian corn borers were sampled during egg stage, first to fifth larval stages, pupa and adult stages, respectively. The tissue of three worms were treated as a sample, and three biological replicates were performed for each treatment. The samples were immediately frozen in liquid nitrogen and stored at -80°C until RNA extraction.



RNA Isolation and cDNA Synthesis

Total RNA was extracted using TRIzol® reagent (Invitrogen) according to the manufacturer’s instructions, and then treated with RNase-free DNase I for 30min at 37°C (New England BioLabs, Beverly, MA, USA) to remove residual DNA.

First-strand cDNA was synthesized using Oligo(dT)18 primer and reverse transcriptase (Invitrogen). Before cDNA synthesis, 5 μg total RNA was treated with RQ1 RNase-free DNase (Promega), according to the manufacturer’s instructions, to ensure no DNA contamination. cDNA synthesis was then carried out with the purified RNA using the SuperScript III First-Strand Synthesis System (Invitrogen), following the manufacturer’s instructions. The RT reaction was performed using Mastercycler Gradient (Eppendorf).



Real-Time Quantitative PCR

qRT-PCR assay for multiple genes were performed with the SYBR® Premix Ex Taq™ II (Takara). To ensure the qRT-PCR quality, two or three primer pairs were designed for all of the amplification segments, but only one pair was used in the final test. All of the primer sequences for qRT-PCR are listed in Supplementary Table S1. Melting-curve analyses were performed for all of the primers. To normalize Ct values obtained for each gene, 18S rRNA expression levels were used. qRT-qPCR was carried out using Mastercycler® ep realplex (Eppendorf). All qRT-PCR assays were repeated three times to eliminate mechanical errors. qRT-PCR reactions and data were analyzed according to the methods of Livak & Schmittgen (20) and Bustin et al. (21). The data were analyzed using a one-way analysis of variance (ANOVA) to assess treatment effects compared with the untreated control.



Multiple Sequence Alignment and Phylogenetic Analysis

Multiple sequence alignment of 20 trypsin inhibitor-like cysteine rich domain proteins (TIL-type) from 12 species (Supplementary Table S2). The multiple sequence alignment is limited to regions surrounding the lepidopteran exon boundaries by Cluxtal X (22).

Phylogenetic analysis was performed using the tBlast-N algorithm to search all published NCBI databases, using the O. furnacalis ACB-TIL amino acid sequence as a query, 20 amino acid sequences from 12 insect species were selected for multiple sequence alignment analysis. The 21 selected sequences were aligned by the MUSCLE alignment software, phylogenetic analysis was performed using MEGA version 5.2, a Neighbor-joining tree was constructed using the Poisson model and tested by the bootstrap method, with 1000 replications (all sequences information are listed in Supplementary Table S2). All gaps were treated as missing data.



dsRNA Preparation

dsRNAs were synthesized using the MEGAscript® RNAi Kit (Ambion, Huntingdon, UK) according to the manufacturer’s instruction. T7 promoter sequences were tailed to each 5’ end of the DNA templates by PCR amplifications. Double-stranded enhanced green fluorescent protein (dsEGFP) was generated using pPigbacA3EGFP as the template. All the primer sequences are listed in Supplementary Table S1. Template DNA and single-strand RNA were removed from the transcription reaction by DNase and RNase treatments, respectively. dsRNA was purified using MEGA clear columns (Ambion, Austin, USA) and eluted in nuclease free water. dsRNA concentrations were measured using a Biophotometer (Eppendorf, Hamburg, Germany).



Immune Challenge of Asian Corn Borer

The fifth-instar larvae of Asian corn borer were kept in starvation for 1 hour, and then put on ice for 20 minutes. After surface disinfection with 75% alcohol, each larva was injected with 2.0 µL heat inactivated bacteria of Escherichia coli (trans1-T1 strain) (OD600 = 1.2) (23), or fungal spore of Metarrhizium anisopliae (1.0 × 106 spore/mL) (24), or Bombyx mori nucleopolyhedrovirus (BmNPV) (1.01 × 107 plaque forming units) (25), or dsEGFP (3µg/µl) (26), respectively. 2.0 µL phosphate buffered saline (PBS) (pH 7.0) was injected as control. Three insects were collected as one treatment, each treatment was repeated three times. Each of the above solutions was injected into the posterior abdominal segment using a capillary needle. Fat body was collected and frozen in liquid nitrogen 6 h and 12 h after injection.



Expression and Purification of Recombinant ACB-TIL

The recombinant ACB-TIL protein was produced in an E. coli expression system. At first, the signal peptide sequence was cleaved off, and two expression plasmids were constructed, pET30a-ACB-TIL and pET32a-ACB-TIL. Then the recombinant plasmids were transformed into E. coli BL21(DE3) cells, and induced by 0.5 mmol/L IPTG, respectively. After 12 h incubation at 16°C, cultures were harvested by centrifugation at 12,000g at 4°C for 5 min. Cell pellet (1.0 g) was resuspended in 10 ml sonication buffer (50 mM Tris–HCl, 500 mM NaCl, pH 7.0) and lysed by sonication on ice at 200 W for 12 min (sonication for 6 s and intermission for 6 s). After sonication, the supernatants were recovered by centrifugation at 12,000g at 4°C for 30 min to remove the insoluble fraction. The supernatant of the total cell extract was used for purification.

Purification was performed essentially according to the instruction of HisTrap HP column. A 10 ml column was filled with Ni Sepharose medium and equilibrated with binding buffer (20 mM Na3PO4, 500 mM NaCl, 5 mM imidazole, pH 7.4). The sample was applied to the pre-equilibrated column, washed with binding buffer, and the recombinant fusion protein was eluted by a linear gradient of 5-500 mM imidazole in buffer (20 mM Na3PO4, 500 mM NaCl, pH 7.4) at 1 ml/min. Both the flow-through and the eluted fractions were collected and analyzed by SDS–PAGE.



Hemolymph Melanization and Inhibiting Effect Assay In vitro

To collect hemolymph, the fifth-instar larvae of untreated Asian corn borer were starving for 1 hour in a petri dish, and then put on ice for 20 minutes. After surface disinfection with 75% alcohol, hemolymph was collected from between the second and third abdominal sternites using a microsyringe. Hemolymph was centrifuged at 4°C 6,000g for 5 min, and the supernatant was diluted 5 times with sterile PBS and used for subsequent tests. 2 μL of the diluted supernatant was added into a chilled Eppendorftube containing 8 μl of phosphate buffered saline (PBS), BSA, glycerin, PTU, and ACB-TIL, respectively. Gently mix and keep in room temperature, 20 hours later, observe the degree of melanization.



The In Vivo Activity of Purified ACB-TIL

To test the activity of ACB-TIL in vivo, 2 µL (0.6 mg/mL) purified recombinant ACB-TIL protein was injected into a fifth-instar larva of Asian corn borer, using ddH2O and BSA as control. One hour later, 2 µL of heat-inactivated E. coli cell (OD600 = 1.2) were injected into each of the above three treated insects (ACB-TIL, BSA, and ddH2O treated groups). Twenty hours after treatments, the hemolymph and fat bodies of treated insects were extracted for the following experiments.

Hemolymph was used for bacteriostatic assay. 2 µL hemolymph from the above three experiments were dropped onto the LB plate coated with E. coli cell (Trans1-T1 strain), and then incubated at 37°C overnight. Fat body was used to examine the expression levels of four antimicrobial peptide genes of cecropin, attacin, gloverin and lebocin.




Results


Expression Profiles of Asian Corn Borer Serine Protease and Protease Inhibitor

Through gene annotation and sequence alignment analysis of Asian corn borer transcriptome data (unpublished data), we obtained 12 protease genes and 11 protease inhibitor genes (Supplementary Table S3) (27). The expression profiles of all these genes in different development stages and in different tissues show in Figure 1. Some serine protease and protease inhibitor genes are highly expressed in the larval stage, like ACT-TIL, U4508, C1785, U9330, U13600, C3520, C3047, U6231, U15126, U15166, U14784, and U3393, etc. In addition, we also found that some genes were mainly expressed in the egg and adult stages, like U2819. From the tissue expression of those genes, most of these protease inhibitor genes were mainly expressed in the fat body and hemolymph, but some serine protease genes (like C496, C3520, C3047, C3393) are expressed in the midgut (Figure 1). In which, a previous unstudied serine protease inhibitor gene attracted our attention. It belongs to the canonical serine proteinase inhibitor family, a TIL-type protease inhibitors, named as ACB-TIL. Its expression level is relatively very low in different development stage and different tissues (Figures 1A, B).




Figure 1 | Spatiotemporal expression profile of serine protease and inhibitor genes in Asian corn borer. Heatmap analysis of gene expression of 11 protease inhibitors and 12 protease genes in different developmental stages (A) and different tissues (B) of Asian core borer. The color gradients indicate the gene expression levels. A darker red color represents higher gene expression, while a lighter yellow color represents lower gene expression. The Heatmap was generated by HemI 1.0 software, The value of the legend on the right side of the figure is calculated according to the qRT-PCR result, and the calculation formula is Log (2−ΔΔCT).





Inducible Expression of ACB-TIL by Different Immune-Related Factors

To clarify the relationship of ACB-TIL with insect immune response, the fifth instar larvae of Asian corn borer were challenged with inactive bacterial cell of E. coli, fungal spore of M. robertisii, nuclear polyhedrosis virus (BmNPV), and dsRNA (dsEGFP). The results indicated that the expression level of ACB-TIL can be induced by bacteria, virus and dsRNA, but cannot be induced by fungal spore (Figure 2). These results imply that ACB-TIL is just involved in the immune response of Asian corn borer to bacteria and virus.




Figure 2 | Effect of four different immune-related factor treatments on ACB-TIL gene expression in Asian corn borer. The expression level of ACB-TIL gene after bacteria (Escherichia coli) (A), fungus (Metarrhizium anisopliae spores) (B), virus (Bombyx mori NPV) (C) and dsRNA (dsEGFP) (D) treatments, respectively. CK: Negative control without any treatment. Data are Mean + SD, n=3, “*” indicates significant difference (P<0.05), “**” indicates extremely significant difference (P<0.01), “ns” indicates no significant difference. “6h, 12h” indicate 6h or 12h after bacteria, fungus or NPV treatments.





ACB-TIL Sequence Analysis and Protein Expression

The full length 270 nucleotide cDNA sequence of ACB-TIL was obtained, it encodes a protease inhibitor containing 89 amino acids (GeneBank Accession No. MK411587). The first 1 to 19 amino acids were predicted as signal peptide by sequence analysis using SignalP 4.1 Server software (Figure 3A). Amino acids sequence analysis using Pfam software revealed that it contains a conserved TIL domain. The sequence identity of ACB-TIL with other protein with TIL domain (Supplementary Table S2) was analyzed. The result indicated that the sequence similarity is as high as 75% between ACB-TIL and a protease inhibitor 6 from Lonomia oblique. Usually, a TIL domain has ten conserved cysteine residues, and form five intradomain disulfide bridges, however, ACB-TIL lost two cysteine residues. A phylogenetic tree was constructed using 21 TIL domain SPIs from 12 species by the neighbor-joining method. The results indicated that ACB-TIL was gathered together in one branch with other five TIL proteins from Lonomia obliqua, Antheraea mylitta, Heliothis virescens, Helicoverpa armigera, and Spodoptera litura (Figure 3B; Supplementary Table S2).




Figure 3 | Sequence analysis and protein recombinant expression of ACB-TIL. Multiple sequence alignment (A) and Phylogenetic tree constructed (B) of TIL-type genes. SDS-PAGE analysis (C) and solubility assay of recombinant expressed ACB-TIL (D). Black solid line indicates the signal peptides region; Black dot line indicates the TIL domain; “*” indicates the conserved cysteine residues. Lane 1 & 2 in (C), 20 µL supernatant of E. coli cell lysate transfected by pET30a/ACB-TIL plasmid or pET30a/ACB-TIL (+) induced by 0.5 mmol/L IPTG; Lane 3 & 4 in (C), 20 µL supernatant of E. coli cell lysate transfected by pET32a/ACB-TIL or pET32a/ACB-TIL (+) induced by 0.5mmol/L IPTG. Lane 1 in (D), 20 µL supernatant of E. coli cell lysate transfected by pET32a/ACB-TIL (+) and induced by 0.5mmol/L IPTG. Lane 2 in (D), the effluent from the column before eluted; Lane 3~7 in D, eluted solution by10, 20,50, 200 and 500 mM imidazole buffer, respectively. Lane M, protein molecular marker.



To study the protease inhibitory activity of ACB-TIL, the ACB-TIL protein was expressed using a prokaryotic expression system. ACB-TIL is predicated as a 9.5 kD protein, the fusion protein with Trx-Taq, S-Taq and His-tag is about 30kD (Figure 3C, Lane 4). The fusion protein was soluble and can be eluted in large quantities by 50-200 mM imidazole buffer (Figure 3D, Lane 5-6).



The Function of Recombinant ACB-TIL Protein In Vitro and In Vivo

To verify the function of ACB-TIL, 2 μL purified recombinant protein was added into 8 μL Asian corn borer plasma PBS buffer, using PBS, BSA and glycerin as negative control, PTU as positive control, and then incubated at room temperature for 20 hours. The results showed that recombinant ACB-TIL protein can significantly inhibit the melanization of Asian corn borer hemolymph in vitro (Figure 4A).




Figure 4 | Function of recombinant ACB-TIL protein in vitro and in vivo. Effect of ACB-TIL protein on melanization assay (A), bacteriostatic assay (B), and the expression levels of four antimicrobial peptide genes in Asian corn borer (C). Data are Mean + SD, n=3, “*” indicates significant difference (P<0.05), “**” indicates extremely significant difference(P<0.01), “ns” indicates no significant difference.



We also tested the function of ACB-TIL in vivo through injected the purified recombinant protein into the insect body of fifth instar larvae of Asian corn borer. At first, 2 µL (0.6 mg/mL) purified ACB-TIL was injected into one insect body, using ddH2O and BSA as control. One hour later, 2 µL of heat inactive of E. coli cell (OD600 = 1.2) was injected into the insect body of the three different treatments, respectively. Twenty hours after treatment, the hemolymph and fat body were extracted for the following experiments.

Firstly, 2 µL hemolymph from above three treatments were dropped onto the LB plate coated with E. coli cell (Trans1-T1 strain), and then incubated at 37°C over night. Twelve hours later, obvious bacteria growth difference were observed, the bacteria grew more well on the LB plate dropped with hemolymph of ACB-TIL + E.coli treatment than on the other two control treatments (Figure 4B). So we deduced that the production of antimicrobial peptides in the insect body maybe inhibited by ACB-TIL protein, and leading to the decrease of anti-bacteria activity of the hemolymph.

Secondly, we examined the expression levels of four antimicrobial peptide genes in Asian corn borer fat bodies under the two treatments, ACB-TIL + E. coli and BSA + E. coli. Comparing with the treatment of BSA + E. coli, the expression level of cecropin is not impacted significantly by ACB-TIL + E. coli, however, three antimicrobial peptides gene of attacin, lebocin and gloverin are inhibited significantly by the treatment of ACB-TIL + E. coli (Figure 4C). These results indicated that ACB-TIL probably involved in antimicrobial peptide synthesis pathway, and inhibit its synthesis.



Inhibition of ACB-TIL can Cause Responses of Other Immune-Related Genes

To further confirm the relationship of ACB-TIL with insect immune response, we synthesized some dsRNAs of ACB-TIL, 3 µL of 3µg/µl dsACB-TIL was injected into one fifth instar larvae of Asian corn borer. Post 4 hours of dsACB-TIL injection, the expression level of ACB-TIL was suppressed significantly (Figure 5A). At the same time, we also checked the expression levels of other eight insect immune- or protein inhibitor-related genes. Four of them are also suppressed, they are 48502 (E3 ubiquitin-protein ligase sina-like isoform X2), 52341 (E3 ubiquitin-protein ligase Siah1-like), U527 (trypsin inhibitor precursor), and U4966 (tryptase precursor); Four of them are up-regulated, they are 21889 (Gloverin-like protein), 49009 (peptidoglycan recognition protein B), U13600 (fungal protease inhibitor-1-like), and U4966 (putative trypsin 11) (Figures 5B–I; Supplementary Table S4).




Figure 5 | Relative expression levels of immune- or protease- or inhibitor-related genes after dsACB-TIL treatment. (A-I), The gene annotations and predicted function information list in Supplementary Tables S3, S4. Data are Mean + SD, n=3, “*” indicates significant difference(P<0.05), “**” indicates extremely significant difference(P<0.01).






Discussion

In the present study, to discover and elucidate the application value of Asian corn borer endogenous protease and its inhibitor, the transcriptome sequences of Asian corn borer were analyzed in detail. We obtained 12 protease and 11 protease inhibitor genes of Asian corn borer and analyzed their spatiotemporal expression patterns (Figure 1). Most of these serine proteases and inhibitors were expressed in the fat body and hemolymph. We also found four serin proteases highly expressed in the midgut, and these proteins, have high expression levels in the larval stages (C3520, C3047, C3393). In terms of the developmental period, most of these proteases highly expressed in the larval stages, and some of them were able to sustain high expression into the adult stage. Three proteases (U527, U1606 and U2819) were expressed at high levels in the egg stage. However, there is one protease (U2819) that has a high expression only in egg and adult stages. The expression profiles of serine proteases and serine protease inhibitors have been studied in many insects, such as Nilaparvata lugens (28), Plutella xylostella (29), Pteromalus puparum (30), Drosophila melanogaster (31). In our studies, serin proteases and inhibitors display different tissue, and development-specific expression pattern, suggesting that these genes are widely involved in immune, developmental, and other physiological processes in Ascian corn borer. Our analysis of gene expression patterns of those genes can provide help for further study the gene function.

Among these protease inhibitors, ACB-TIL was cloned and further studied. The expression level of the gene can be up-regulated by bacteria, virus, and dsRNA, but not by fungal spore. dsRNA, like NPV, consists of nucleic acids that are capable of eliciting similar immune responses (32). In addition, the RNAi pathway induced by dsRNA is also an antiviral mechanism (33). In our results, both NPV and dsEGFP can induced ACT-TIL gene expression, and the same effect was observed in E. coli, suggesting that ACT-TIL may be closely related to the antiviral and antibacterial immune pathway in insects.

Using a prokaryotic protein expression system, the recombinant protein ACT-TIL was expressed and purified. The activity of purified protein was tested in vitro and in vivo, we confirmed that as the protease inhibitor, ACB-TIL can significantly inhibit the melanization in vitro (Figure 4A), and can inhibit the production of some antimicrobial peptides in vivo (Figure 4C), indicating ACB-TIL is involved in insect innate immune responses.

In insects, protease cascade bears the amplification and transmission of immune signals, and SPIs maintain normal immune response by regulating proteases activity to control the intensity of immune signals within a reasonable range (34). SPIs can able to negatively regulate the Toll pathway by inhibiting serine proteases activity, thereby affecting the production of antimicrobial peptides (34, 35). The prophenoloxidase (proPO) activation pathway is also regulated by SPIs. ProPO can be activated by specifically serine proteases into active PO, which in turn to catalyze melanization to defense against foreign invading pathogens (36–39). Many serpins have been shown to regulate the proPO cascade (40–43), but less studies focus on the function of small molecular weight SPIs containing a conserved TIL domain.

In our results, ACB-TIL, a TIL domain protease inhibitor was studied. In general, the TIL domain contain ten conserved cysteine residues and is capable of forming five intradomain disulfide bonds (they are 1-7, 2-6, 3-5, 4-10, and 8-9), and demonstrate inhibitory activities against cathepsin, trypsin, chymotrypsin or elastase (12, 44–46). In this study, the ACB-TIL lacked two cysteine residues (Figure 3A), which is similar to the two TIL domain protein BmSPI38 and BmSPI39 in Bombyx mori. In the proteins of BmSPI38 and BmSPI39, Cys2nd and Cys6th are replaced by other amino acids, functional validation of these two proteins revealed that they have the activities against microbial proteases and the germination of Beauveria bassiana conidia (12). From our results, and the ACB-TIL protein has the activity of inhibiting melanization in vitro and inhibiting antimicrobial peptides in vivo (Figures 4A–C). These results indicated that ACB-TIL may be involved in the melanization process and affect the expression of insect antimicrobial peptides in insects.

In our study, the spatiotemporal expression of serine proteases and inhibitors were analyzed, and the involvement of ACB-TIL in immune responses to Gram-negative bacteria and viruses of Asian corn borer was demonstrated. As a preliminary result, we hope that this study will provide some help for the research and application of endogenous proteases and inhibitors in Asian corn borer.
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Under different physiological conditions, such as microbial infection, epigenetic mechanisms regulate genes at the transcription level in living organisms. DNA methylation is a type of epigenetic mechanism in which DNA methyltransferases modify the expression of target genes. Here, we identified a full-length sequence of DNMT-1 and DNMT-2 from the Chinese oak silkworm, A. pernyi, which was highly similar to the homologous sequences of Bombyx mori. ApDNMT-1 and ApDNMT-2 have unique domain architectures of insect DNMTs, highlighting their conserved functions in A. pernyi. ApDNMT-1 and ApDNMT-2 were found to be widely expressed in various tissues, with the highest levels of expression in hemocytes, the ovary, testis, and fat bodies. To understand the biological role of these genes in microbial resistance, we challenged the fifth instar larvae of A. pernyi by administrating Gram-positive and Gram-negative bacteria and fungi. The results revealed that transcript levels of ApDNMT-1 and ApDNMT-2 were increased compared to the control group. The inhibition of these genes by a DNMTs inhibitor [5-azacytidine (5-AZA)] significantly reduced bacterial replication and larvae mortality. In addition, 5-AZA treatment modified the expression patterns of antimicrobial peptides (AMPs) in the A. pernyi larvae. Our results suggest that ApDNMT-1 and ApDNMT-2 seem to have a crucial role in innate immunity, mediating antimicrobial peptide responses against bacterial infection in A. pernyi.
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Introduction

The Chinese oak silkworm, A. pernyi, is broadly cultured for silk production in Asian countries, such as China, Korea, and India (1). This wild silk moth is also used as a model insect to investigate immunological response, development, metabolism regulation, and breeding technique. A. pernyi, like other insects, has strong and efficient innate immunity, including cellular and humoral components. Encapsulation, nodule formation, and phagocytosis are examples of cellular immune responses (2, 3). The humoral immune response includes the production of AMPs following a microbial infection (2, 4). In A. pernyi and other insects, complex sets of genes involved in the coordination of the innate immune system are related to the immune pathways such as Toll, Imd, and NF‐κB pathways (5). After pathogen detection, the activated cell surface receptors induce the downstream signaling cascade inside cells, stimulating the targeted immune response. Toll and IMD pathways produce AMPs in response to bacterial and fungal infection (5, 6).

DNA methylation is one of the critical epigenetic modifications that regulate gene transcription in eukaryotes and control various biological processes. DNA methyltransferases are responsible for DNA methylation (7, 8). Compared to mammals, studies on DNMTs and DNA methylation in insects remain relatively poor. However, some progress has been made in insects in recent years due to the development of innovative DNA methylation research methods. DNA methylation has been found in the genomes of insects such as silkworm, Nasonia Vitripennis, Tribolium castaneum, and Drosophila melanogaster, according to whole-genome bisulfite sequencing studies (9–12). However, the maintenance and regulatory mechanisms of DNA methylation in insects may vary significantly from those in other organisms (13–15). Insects have been shown to have different combinations of DNMT gene sets. The Apis mellifera genome contains DNMT-1, DNMT-2, and DNMT-3 genes (16). However, in silkworms and Tribolium castaneum, only two DNMT genes (DNMT-1 and DNMT-2) have been identified (16). In the living organisms lacking DNMT-3, including silkworms and beetles, DNMT-1 appears to be a de novo and maintenance DNMT. DNA methylation regulates various physiological processes in insects, such as immunity, memory, aging evolution, and others (17–21).

Insect immunological responses have not been extensively explored in terms of DNA methylation’s biological roles. It has been shown that Aedes aegypti genome wide-patterns of DNA methylation are disrupted by the infection by Wolbachia (22). Cytoplasmic polyhedrosis virus infection caused the differential expression of genes and affected the DNA methylation status in the fat bodies and midguts of silkworms (23). Subsequently, Wu et al. (15) observed the differential expression of DNMT genes in the Galleria mellonella larvae infected with three different strains of Metarhizium anisopliae, suggesting that DNA methylation in insects is likely involved in the immune response against microbial pathogens (15). In the present study, we identified the DNA methylation tool kit in the Chinese oak silkworm A. pernyi. Then we analyzed their spatial and temporal expression patterns in different tissues of A. pernyi larvae. Next, we treated A. pernyi larvae with 5-AZA, a DNA methylation inhibitor, and analyzed the effects of DNA methylation inhibition on the insect’s immune responses.



Materials and methods


Culture of A. pernyi Larvae

The model insect, A. pernyi larvae, was maintained at room temperature and fed on fresh oak leaves as described in previous reports (2, 4). Healthy fifth instar larvae were used in all of the following experiments.



Gene Identification and Bioinformatics Analysis

To identify ApDNMT-1 and ApDNMT-2 sequences, we considered the genomic library of A. pernyi constructed in our laboratory. The retrieved sequence was further analyzed by the NCBI blastn tool for confirmation. Then the fragments of these genes were amplified by polymerase chain reaction using specific primers (Table 1). The ORF sequences of ApDNMT-1 and ApDNMT-2 were mapped into their respective sequences. The domain architecture was determined by using the blastp program. Multiple sequence alignments were performed with representative DNMT-1 and DNMT-2 sequences from other insect species retrieved from the GenBank database using Clustal software. The three-dimensional protein structure was analyzed by the SWISS-MODEL (http://Swiss-model.expasy.org). Phylogenetic analysis was carried out using Mega 6 software with 1000 bootstraps using the neighbor-joining method based on amino acid sequences.


Table 1 | Primers used in this study.





Tissue Distribution Pattern Analysis of DNMT Genes

To analyze tissue distribution patterns of DNMT genes, hemocytes, fat body, midgut, silk gland, testis, ovary, Malpighian tubules, and integument tissues were collected from the healthy A. pernyi larvae. Total RNA from each sample was extracted using TRIzol reagent (Invitrogen) according to the suppliers’ instructions, and 2 μg of total RNA was used to prepare cDNA. Oligonucleotide primers specific for the ApDNMT-1 and ApDNMT-2 sequences and the 18S rRNA sequence for internal control were designed using the Primer 3.0 online primer designing tool (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) (Table 1). We performed PCR and analyzed amplicons on the agarose gel before carrying out qRT-PCR to ensure the integrity and stability of 18S rRNA in the cDNA of all samples used in this study. The quantitative real-time polymerase chain reaction assay was performed with specific primers and synthesized cDNAs, and each reaction mixture contained 20 μL with 10 μL of SsoFast EvaGreen SuperMix (Bio-Rad, Hercules, California, USA), 1 μL of forward primer (200 mM), 1 μL of reverse primer (200 mM), 1 μL of diluted cDNA, and 7 μL of sterile water. The thermal cycling conditions were 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. Amplification was monitored on the iCycleriQ TM RT-PCR Detection System (Bio-Rad, Hercules, California, USA). The specificity of the SYBR-Green PCR signal was further confirmed by melting curve analysis. The experiments were repeated three times as independent biological replicates. The mRNA expression was quantified using the 2-ΔΔCTmethod (25).



Microbial Injection and Expression Analysis

For obtaining induction profiles of DNMT genes, fifth instar larvae of A. pernyi on the third day were divided into four groups with 54 larvae in each group. The A. pernyi larvae were injected with 5 μL each of E. coli (DH5α, 1 × 106 cells), B. cereus (1 × 106 cells), or B. bassiana (1 × 106 spores). The larvae injected with PBS were used as a control group. These microbial organisms were injected into the larval abdominal area using microliter syringes (Gaoge, Beijing, China), and injection sites were sealed with vaseline immediately after injection. The larvae were dissected, and immune tissues, including the fat bodies and hemolymph, were sampled at different time intervals (1.5, 3, 6, 12, 24, and 48 h) after injection. Three larvae were collected as one sample, and the biological sampling protocol was repeated three times. The transcript expression patterns of ApDNMT-1 and ApDNMT-2 genes were recorded using a qRT-PCR assay as described in the above section.



5-Aza-2-Deoxycytidine (5-AZA) Administration

To determine the effect of 5-aza-2-deoxycytidine on the DNMT genes and, subsequently, on the immune responses against bacterial pathogens. 5-AZA can prevent de novo and maintenance of DNA methylation by binding covalently to DNMT genes (26). We purchased 5-AZA and diluted it in distilled water with 40 mM/1 μL. The fifth instar larvae of A. pernyi were injected with 1 μL 5-AZA into the abdominal area of the larvae, and the second injection was performed at 24 h intervals. Then we analyzed, the expression patterns of both the ApDNMT-1 and ApDNMT-2 genes using qRT-PCR. Bacterial pathogens (B. cereus or E. coli) were injected 24 h after the second 5-AZA injection. The larvae were used as control groups without any treatment, and the larvae were injected with distilled water.



Bacterial Load Estimation and Survival Analysis

To estimate the bacterial load, we first analyzed the bacterial clearance ability of larvae injected with 5-AZA and bacterial pathogens. After 6 h of bacterial injection, A. pernyi larvae legs were punctured to collect hemolymph from the 5-AZA treated group and control group (distilled water treated and untreated) and then immediately diluted. Fifty μL of each dilution was plated onto agar plates, incubated overnight at 37°C, and the colony-forming units were counted.

Furthermore, total genomic DNA was extracted from the hemolymph samples of treated (bacterial-injected and 5-AZA treated) and control A. pernyi larvae. The concentration of the extracted DNA was determined by a spectrophotometer, and 500 ng of total genomic DNA was used for each qRT-PCR reaction, and the analysis was performed as described in section 2.3. Specific primers for bacterial 16s rRNA were used in qRT-PCR, and the A. pernyi 18s rRNA gene was used as an internal control for normalization (24, 27). To better understand the insect-pathogen interaction, the mortality of A. pernyi was also analyzed using Graphpad Prism 6.0. Kaplan-Meier survival analysis.



Analysis of AMPs and Their Associated Pathways

A. pernyi larvae were treated with 5-AZA- bacteria (B. cereus or E. coli) or only bacteria or untreated larvae to determine the response of AMPs and their associated pathways. The larvae were dissected, and the fat bodies were used to isolate total RNA, which was then reverse transcribed to prepare cDNA. A quantitative RT-PCR assay was carried out (described in section 2.3) using AMPs (gloverin-like, cecropin, attacin, and lebocin) and their associated pathway genes by specific primers (Table 1).



Statistical Analysis

In this study, all experiments were executed in triplicate and the obtained data represented the means ± S.E. The one-way analysis of variance (ANOVA) and Tukey’s multiple range tests were used to evaluate the difference between groups.




Results


Bioinformatic Analysis of DNMTs of A. pernyi

The cDNA sequences of ApDNMT-1 and ApDNMT-2 were identified by using a genomic library of the Chinese oak silkworm A. pernyi, which was constructed in our laboratory. The full-length sequence of ApDNMT-1 comprised a total length of 5508 base pairs. The open reading frame (ORF) is 4344 bp and contains a 209 bp 5′ untranslated region (5′ UTR) and a 955 bp 3′ UTR (Supplementary Figure S1). The deduced ApDNMT-1 protein is comprised of 1447 amino acids with an approximate molecular weight of 163.182 kDa and isoelectric point of 6.53, respectively. The NCBI Conserved Domain Database was used to determine conserved domains of ApDNMT-1, which showed that this gene has four conserved domains: a Zinc finger domain, a Bromo adjacent homology domain, a DNA-cytosine methyltransferase domain, and a cysteine-rich ADD domain (Supplementary Figure S1; Figures 1, 3). Further, it was found that ApDNMT-1 has a comparable structure and domain architecture similar to that of silkworm in its tertiary structure (Figure 3A). Multiple sequence alignment analysis revealed that ApDNMT-1 has the highest similarity to B. mori (77.96%), followed by Athalia rosae (52.12%), Ceratina calcarata (49.74%), and so on. The full-length sequence of ApDNMT-2 contains an 1833 bp nucleotide sequence. The ORF of ApDNMT-2 was 888bp in length, with a 5′ UTR of 205 bp and a 3′ UTR of 740 bp. The deduced ApDNMT-2 protein contains 295 amino acid residues. The predicted molecular weight and isoelectric point are 33.89 kDa and 6.01, respectively. In a domain analysis of ApDNMT-2, we observed that this protein consisted of only one domain (the typical DNMT-2 cyt_C5_DNA methylase superfamily domain of DNMT-2 proteins), and its tertiary structure was highly comparable to that of the B. mori DNMT-2 protein (Supplementary Figure S2 and Figures 2, 3B). Additionally, multiple sequence alignment analysis revealed that ApDNMT-2 shares the maximum similarity with B. mori (66.78%), followed by Tribolium castaneum (48.41%), Drosophila melanogaster (43.73%), and other species. A phylogenetic analysis of amino acid sequences from diverse invertebrate and vertebrate species was carried out in order to better understand the evolutionary relationships of ApDNMT-1 and ApDNMT-2. The phylogenetic tree was constructed using the neighbor-joining method, which was performed using the Mega 6 software. The results revealed that ApDNMT-1 and ApDNMT-2 proteins are associated with the DNMT-1 and DNMT-2 proteins of animals, respectively (Figure 4).




Figure 1 | Alignment of the ApDNMT-1 protein with homologous proteins. The ApDNMT-1 deduced amino acid sequence was aligned with other DNMT-1 protein sequences. The sequences for alignment analysis are the following: accession no. NP_001036980.1 (Bombyx mori), accession no. ASA69505.1 (Tribolium castaneum), accession no. XP_026671099.1 (Ceratina calcarata), accession no. XP_012254091.1(Athalia rosae), and accession no. XP_015517160.1 (Neodiprion lecontei). Identified domains were labeled as DNMT1-RDF, DNA methyltransferase replication foci domain which is indicated by a red line; ZnF, Zinc finger domain is indicated by the orange line; BAH, Bromo adjacent homology domain is shown in yellow line; DCM, DNA-cytosine methyltransferases domain is shown in green line Cys-rich, cysteine-rich ADD domain is presented in the blue line.






Figure 2 | Alignment of the ApDNMT-2 protein with homologous proteins. The ApDNMT-2 deduced amino acid sequence was aligned with other DNMT-2 protein sequences. The sequences for alignment analysis are the following: accession no. NP_001036934.1 (Bombyx mori), accession no. AAF03835.1 (Drosophila melanogaster), accession no. (Tribolium castaneum), accession no. XP_006563008.1 (Apis mellifera). The putative DNMT2 cyt_C5_DNA methylase superfamily domain is indicated by red line.






Figure 3 | The tertiary structure of A. pernyi DNMT-1 (A) and DNMT-2 (B) proteins in comparison with Bombyx mori DNMT-1 and DNMT-2 proteins.






Figure 4 | Phylogenetic analysis of A. pernyi ApDNMT-1 and ApDNMT-2 proteins with other DNMT-1 and DNMT-2 proteins from vertebrate and invertebrate species. The deduced amino acid sequences were aligned; later a phylogenetic tree was constructed using the neighbor-joining method.





Spatial Expression Patterns of ApDNMT-1 and ApDNMT-2

To understand the biological role of ApDNMT-1 and ApDNMAT-2, we measured their transcription levels in different tissues (hemocyte, fat body, midgut, Malpighian tubules, integument, head, testis, ovary, and silk gland) of A. pernyi by performing qRT-PCR analysis. Using a tissue-specific mRNA expression analysis, it was found that ApDNMT-1 was transcribed in all of the tested tissues, with mRNA expression levels being notably high in the ovary, hemocytes, and fat bodies (Figure 5A). The ApDNMT-2 gene was observed in all of the tissues examined, although its mRNA expression levels varied in each tissue. ApDNMT-2 expression levels were shown to be higher in the ovary, hemocytes, and fat bodies, similar to ApDNMT-1 expression levels (Figure 5B). These findings show that these proteins have a broader range of biological roles in insects.




Figure 5 | Tissue distribution profiles of ApDNMT-1 and ApDNMT-2 in various tissues of A. pernyi (A) Analysis of ApDNMT-1 transcript expression in various tissues of silkworm larvae by qRT-PCR, (B) the ApDNMT-2 transcript expression in various tissues of silkworm larvae by qRT-PCR. The mRNA level in the midgut was used as the calibrator. Bars exhibit the mean ± S.E (n = 3).





A. pernyi DNMTs Induction Profile Analysis

We examined the transcription levels of the ApDNMT-1 and ApDNMT-2 genes in hemocytes and fat bodies from A. pernyi at 1.5, 3, 6, 12, 24, and 48 h after injection with B. bassiana, E. coli, and B. cereu to investigate the influence of fungal and bacterial infections on ApDNMT-1 and ApDNMT-2 genes. The qRT-PCR analysis revealed that both fungal and bacterial pathogens induced transcription patterns of the ApDNMT-1 and ApDNMT-2 genes in hemocytes and fat bodies that were similar to one another. During the early hours after infection, the expression levels of ApDNMT-1 and ApDNMT-2 genes were slightly altered. ApDNMT-1 gene expression was shown to be notably upregulated in the hemocytes and fat bodies at critical timepoints of infection (e.g., 6, 12, 24 h) (Figure 6). After the fungal and bacterial infections, the transcription patterns of ApDNMT-2 were found to be approximately similar to those of ApDNMT-1 (Figure 7). Following these timepoints, however, the transcription levels of these genes start to drop.




Figure 6 | Expression profile of ApDNMT-1 in hemocyte and fat body following microbial challenge. (A) Expression profile following E. coli challenge in hemocyte, (B) Expression profile following B. cereus challenge in hemocyte, (C) Expression profile following B. bassiana challenge in hemocyte, (D) Expression profile following E. coli challenge in the fat body, (E) Expression profile following B. cereus challenge in the fat body, (F) Expression profile following B. bassiana challenge in the fat body. PBS was injected as the control. Bars show mean ± S.E. (n = 3), and asterisks indicate significant differences (*p < 0.05, **p < 0.01).






Figure 7 | Expression profile of ApDNMT-2 in hemocyte and fat body following microbial challenge. (A) Expression profile following E. coli challenge in hemocyte, (B) Expression profile following B. cereus challenge in hemocyte, (C) Expression profile following B. bassiana challenge in hemocyte, (D) Expression profile following E. coli challenge in the fat body, (E) Expression profile following B. cereus challenge in fat body, (F) Expression profile following B. bassiana challenge in the fat body. PBS was injected as the control. Bars show mean ± S.E. (n = 3), and asterisks indicate significant differences (*p < 0.05, **p < 0.01).





Inhibition of DNMTs by 5-AZA Affected the Bacterial Replication and Mortality of A. pernyi

Because of the remarkable variation in ApDNMT-1 and ApDNMT-2 gene transcription that was observed in A. pernyi larvae after fungal and bacterial infections, we next planned to investigate the importance of ApDNMT-1 and ApDNMT-2 involvement in innate immune responses. For this reason, we inhibited the DNMTs in the fifth instar larvae by injecting 5-AZA into the larvae, followed by B. cereus and E. coli injections. Before bacterial injection, we confirmed the suppression of ApDNMT-1 and ApDNMT-2 following the 5-AZA administration (Figure 8A). Total genomic DNA was extracted from the hemolymph samples of treated (bacterial-injected and 5-AZA treated) and control larvae. To perform qRT-PCR, we used 500 ng total genomic DNA for each qRT-PCR reaction, and the DNA concentrations were measured using a spectrophotometer. In qRT-PCR, specific primers for the 16s rRNA of the bacteria were used, and the insect 18s rRNA gene was used as an internal control for normalization. For each experiment, three biological replicates were replicated three times. Our results showed that 5-AZA treatment of larvae reduced replication of the pathogenic bacteria when compared to control larvae (Figures 8A, B). We also analyzed the mortality rate of bacteria-infected larvae and found that injection of 5-AZA attenuated larval mortality (Figure 8C).




Figure 8 | 5-AZA administration reduced replication rates of the pathogenic bacteria and mortality rate of A. pernyi. (A) Relative mRNA expression levels of ApDNMT-1 and ApDNMT-2 in the 5-AZA-treated larvae and control group after 24 h and 48 h by qRT PCR. (B) qRT-PCR replication rate analysis showed that treatment of A. pernyi larvae with 5-AZA reduced replication rates of B. cereus and E. coli in A. pernyi. (C) 5-AZA application also decreased the mortality rate of A. pernyi following infection with the pathogenic bacteria. Bacterial DNA was quantified with universal 16S rRNA primers, and insect 18S rRNA was used as the reference control. Bars show mean ± S.E. (n = 3), and asterisks indicate significant differences (*p < 0.05).





Antimicrobial Activity of the 5-AZA Treated Plasma

In order to determine whether the presence of 5-AZA, a DNA methylation inhibitor, modulates the antimicrobial activity, we carried out a bacterial clearance assay using plasma collected from larvae that had been treated with 5-AZA and bacteria. The results revealed that plasma from A. pernyi larvae treated with 5-AZA had significantly greater antibacterial activity against gram-positive and gram-negative bacteria than in control groups. For example, the survival rates of bacteria (B. cereus and E. coli) in the 5-AZA treated larvae were much lower than in the distilled water treated larvae and the untreated control larvae (Figure 9).




Figure 9 | The plasma anti-bacterial activity was increased in the 5-AZA, and gram-positive bacteria (A, B) or 5-AZA and gram-negative bacteria (C, D) treated larval hemolymph. Plasma was sampled from A. pernyi treated with 5-AZA (n = 3) and distilled water. Equal volumes (10 μl) of plasma and bacterial suspension were incubated at 25°C for 1 h. Asterisks indicate significant differences (**p < 0.01, ***p < 0.001).





Effects of DNMTs Inhibition on AMPs and Their Associated Pathways

To evaluate the effects of 5-AZA on AMP gene expression, we quantified changes in the transcript levels of various AMPs in larvae that had been treated with 5-AZA and then challenged with bacteria. We injected A. pernyi larvae in the control group with distilled water or with bacteria only. We observed that among the four AMPs analyzed, the expression of attacin, cecropin with Gram-positive and gloverin-like, attacin, and lebocin with gram-positive bacteria was strongly increased in 5-AZA-injected larvae after challenge with B. cereus and E. coli as compared to the control group (Figure 10). To understand further how 5-AZA and bacterial treatments affect these AMP-associated pathways, we analyzed the Toll and IMD pathway-associated genes (Toll-like receptor, dorsal, and relish), and the results revealed that the expression of these genes was altered in the 5-AZA and bacterial treated larvae compared to control groups (Figure 11).




Figure 10 | Treatment with 5-AZA modulated the expression of antimicrobial peptides (AMPs) in A. pernyi following bacterial infections. RT-qPCR analysis of gloverin-like (A, E), cecropin (B, F), attacin (C, G), and lebocin (D, H) confirmed that 5-AZA administration altered the expression levels of AMPs in response to B cereus (A–D) and E. coli (E–H). 18S was used as the reference gene in RT-qPCR. Reactions from three biological replicates were repeated three times. Bars show mean ± S.E. (n = 3), and asterisks indicate significant differences (*p < 0.05, **p < 0.01).






Figure 11 | Treatment with 5-AZA modulated the expression of Toll and IMP pathway-associated genes in A. pernyi following bacterial infections. RT-qPCR analysis of relish, Toll-like receptor, and dorsal confirmed that 5-AZA administration altered the expression levels of these pathways-associated genes in response to B cereus and E. coli. 18S was used as the reference gene in RT-qPCR. Reactions from three biological replicates were repeated three times. Bars show mean ± S.E. (n = 3), and asterisks indicate significant differences (*p < 0.05).






Discussions

In the present study, we identified two members of the DNA methyltransferase family, including DNMT-1 and DNMT-2, from the Chinese oak silkworm A. pernyi. These genes share high similarities with the DNMT-1 and DNMT-2 of other lepidopterans, particularly with B. mori. Previous studies have also reported the presence of only DNMT-1 and DNMT-2 genes in lepidopteran species (21, 28). These studies support the hypothesis of the loss of the DNMT-3 gene from lepidopteran species (29). Conserved domain analysis showed that ApDNMT-1 and ApDNMT-2 proteins have the typical domain composition of DNMT families. ApDNMT-1 has four conserved domains, while ApDNMT-2 has only 1 domain, suggesting that these proteins have different functions. The phylogenetic analysis of DNMTs also exhibited high similarities of ApDNMT-1 and ApDNMT-2 proteins to the homologous proteins in other lepidopterans, particularly B. mori. In the phylogenetic tree, we observed that DNMT-1 and DNMT-2 clades clustered separately, further strengthening the idea that these proteins have different biological roles in insects.

Furthermore, we analyzed the tissue distribution of these genes in A. pernyi larvae. Our tissue mRNA expression analysis showed that ApDNMT-1 and ApDNMT-2 expression was detectable in all A. pernyi larval tissues examined, but there were notable mRNA expression levels in the hemocytes, testis, and fat bodies. We presume that these variations in ApDNMT-1 and ApDNMT-2 transcription levels between tissues might have to do with different functions in insects. We suggest this possibility since many previous reports on insects have shown that DNA methylation regulates various physiological processes by modulating a wide range of gene expressions (21, 30). Kausar et al. (21) reviewed that in the insect’s DNA methylation levels of embryos, larvae, and adults, genes associated with innate immunity, development, growth, etc., respond to the changing levels of DNA methylation. In a previous study, the authors suggested constitutive expression of DNMTs in the insect tissues through their life cycle. This observation might be elucidated by the fact that insects undergo various physical and physiological changes during the life cycle, requiring a precise mechanism for the surveillance of these processes (21, 30). It is likely that we are seeing a similar factor affecting the expression of DNMTs. Because of the reasons above, it is not surprising that DNMTs are expressed constitutively in various tissues of A. pernyi larvae.

Moreover, mRNA expression analysis revealed that both ApDNMT-1 and ApDNMT-2 gene transcription levels were increased in the Chinese oak silkworm, A. pernyi, after microbial injections, particularly at critical timepoints of infection. The upregulation of DNMT genes transcription seems to be a general response of insects against microbial pathogens. Baradaran and his coworkers (30) reported the induction of DNMT-1 and DNMT-2 genes following bacterial infection. Besides, it has also been shown that E. coli infection induced DNMT-1 and DNMT-2 transcription levels and caused differential DNA methylation status of the genome in Manduca sexta (31) and Galleria mellonella (32). In addition, in Aedes aegypti and Drosophila melanogaster, increased DNMT-2 gene expression and hypermethylation have been observed following the Wolbachia infection (33–35). Although DNMT-3, a de novo DNA methyltransferase, is absent in lepidopteran insects, including A. pernyi, recent research has shown that in insects, particularly lepidopteran insects, DNMT-1 is responsible for DNA methylation rather than the DNMT-3 gene (28). In addition, this gene has also been reported to be involved in the maintenance of DNA methylation and also in de novo DNA methylation (36). In contrast, the presence of DNMT-2 in dipteran insects (e.g., A. aegypti and D. melanogaster) is responsible for changes in genome methylation (35, 37). The molecular mechanism by which pathogens modify DNA methylation is not clear in insects; however, this mechanism has been well explored in vertebrates (21). A previous study suggested that modulation of DNA methylation is caused by natural killer cell activity via IFN (interferon)-gamma (38). The superfamily of tripartite motif-containing proteins induces innate immunity and pathogen defense against a variety of pathogen infections in response to IFNs (39). Lim et al. found that the HBx-mediated reduction of TRIM22 may evade the antiviral effect of IFNs in a host, implying that HBx is one of the factors controlled by the pathogens to regulate DNA methylation. Subsequently, reducing IFN regulatory factor-1 binding affinity thereby decreases the IFN-stimulated induction of TRIM22h, which impedes IFN regulatory factor-1, which subsequently seems to influence DNA methyltransferase tool kit and DNA methylation (40). This process may help pathogens evade host immunity. Given our observations and these studies, it seems that the upregulation of ApDNMT-1 and ApDNMT-2 genes in A. pernyi after microbial infections can affect the DNA methylation status in this insect species, thereby modulating gene expression and affecting different physiological responses, including immunity.

Based on the above observations, we predict DNMT genes can affect the immune responses of the insect. Data are limited on the immunological functions of DNA methylation in insects, and we were interested in seeing whether DNA methylation might be implemented in the modulation of innate immune response in A. pernyi. For this purpose, we administrated 5-AZA to inhibit the activity of DNMT genes in A. pernyi. This DNMT inhibitor is commonly used to suppress DNA methylation in the genomes of insects (40–43). Our results revealed that bacterial replication and mortality rates were lower following 5-AZA treatment compared to the control group. Additionally, colony-forming units were also lower in the 5-AZA treated larvae, indicating that the DNMTs are essential for the optimal growth of bacteria in insects. To the best of our knowledge, there is only one report on the necessity of DNMTs for bacterial replication in insects (30). However, in humans, the tick-born bacterial pathogen Anaplasma phagocytophilum greatly triggers hypermethylation in the neutrophil genome after 24 h post-infection, followed by differential expression of genes. In addition, the number of bacteria (A. phagocytophilum) growing in the presence of 5-AZA was approximately 25% less than in the control group (44).

Finally, we analyzed whether the mRNA expression of A. pernyi AMPs could be stimulated after an E. coli challenge and whether DNA methylation inhibition by 5-AZA had any effect on the transcription levels of these antimicrobial peptides. We observed that inhibition of DNMT inhibitor regulated AMPs following the bacterial infection. These results show that DNA methylation has a potential effect on the expression patterns of these peptides under bacterial infection, leading us to suggest that in A. pernyi, DNA methylation influences transcription of AMPs in response to Gram-negative E. coli. In humoral immunity, AMPs have a crucial role in suppressing microbial infection in insects (45, 46). Thus, the variation in the transcription levels of AMPs can shape the insect-bacterial pathogen interactions. Considering the increase of some AMPs transcription and the reduced colony-forming units and bacterial replication in A. pernyi following 5-AZA treatment, it also suggests that changes in the production of AMPs are one of the key molecular mechanisms that attenuate the replication of bacteria. In human cells, it has been shown that 5-AZA has an immunomodulatory function (47). In addition to insects, it has also been demonstrated in human that DNA methylation can be changed in a short period of time in response to microbial infection and that these changes in DNA methylation can influence immune cell responsiveness (48), suggesting that microbes, particularly bacteria, use DNA methylation strategies to evade host immune responses (49–51). A recent study analyzed the global transcriptional patterns of gene expression after M. tuberculosis, and found that the majority of differentially expressed genes were hypermethylated, which could play a biological role in the activation of innate and adaptive immune cells (51). Helicobacter (H.) pylori are also one of the most studied pathogens in terms of DNA methylation in humans. H. pylori causes changes in DNA methylation, and this abnormal DNA methylation in H. pylori-infected gastric mucosae has been linked to a higher risk of gastric cancer (52). DNA hypermethylation caused by H. pylori infection can be partially reversible once the bacterium is eliminated or 5-AZA is administered, resulting in a lower risk of gastric cancers triggered by H. pylori infection (53, 54). Besides, A non-catalytic biological role has also been described for the DNMT-1 gene since it can control expression levels without any variation in DNA methylation patterns, probably via interactions with other enzymatic proteins associated with epigenetic gene modulation (55, 56). Overall, whether the changes in the AMPs transcription patterns are due to the methylation status of these genes, or some other molecular mechanism, is still unexplored; however, the molecular mechanism could also be via variations in the gene transcriptional machinery triggered by the lack of DNMTs’ activity.

Furthermore, the upregulation of AMPs found in this study was mainly controlled by the Toll and IMD signaling pathways in insects, implying that DNA methylation may influence the activity of these pathways. Our analysis also confirmed that the 5-AZA and bacterial treatments influenced the expression of Toll and IMD pathway-associated genes. Our findings are consistent with previous studies; for example, evidence indicates that despite changes in AMPs transcription caused by DNA methylation (57–59), the Toll and IMD pathway-associated genes are modulated by epigenetic mechanisms, particularly by DNA methylation (60, 61). Thus, we conclude that DNA methylation influences the expression patterns of AMPs directly or indirectly, which helps a host organism to attenuate microbial infections.

In summary, our study is the first to identify and clone DNA methyltransferases (DNMT-1 and DNMT-2 genes) from the Chinese oak silkworm A. pernyi. Phylogenetic and structural analysis revealed a high similarity of these proteins with their respective homologous enzymes in other insects. ApDNMT-1 and ApDNMT-2 were observed in all tissues examined, and their transcription patterns changed in response to microbial infection. As a DNMTs inhibitor, 5-AZA treatment reduced the replication rate, colony-forming units, and mortality of larvae compared to the control group. Additionally, after 5-AZA treatment, transcription patterns of AMPs and their associated pathway-related genes were altered in response to bacterial infection. Altogether, our data uncovered a novel immune regulatory function of DNMTs that shapes the insect-pathogen interaction in the Chinese oak silkworm A. pernyi.
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Supplementary Figure 1 | ApDNMT-1 nucleotide and deduced amino acid sequence of A. pernyi. The ApDNMT-1 deduced amino acid sequence is presented below the nucleotide sequence of cDNA, and the one-letter codes are aligned with the second nucleotide of each codon. The nucleotide and amino acid sequences are numbered at the left. Identified domains were labeled as DNMT1-RDF: DNA methyltransferase replication foci domain which is indicated by a red box, ZnF: Zinc finger domain is indicated by an orange colour box, BAH: Bromo adjacent homology domain is shown in yellow colour box, DCM: DNA-cytosine methyltransferases domain is shown in green box Cys-rich: cysteine-rich ADD domain is presented in a blue box.

Supplementary Figure 2 | ApDNMT-2 nucleotide and deduced amino acid sequence of A. pernyi. The ApDNMT-2 deduced amino acid sequence is presented below the nucleotide sequence of cDNA, and the one-letter codes are aligned with the second nucleotide of each codon. The nucleotide and amino acid sequences are numbered at the left. The putative DNMT2 cyt_C5_DNA methylase superfamily domain is shown in the red box.
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Melanization in the hemolymph of arthropods is a conserved defense strategy against infection by invading pathogens. Numerous plant viruses are persistently transmitted by insect vectors, and must overcome hemolymph melanization. Here, we determine that the plant rhabdovirus rice stripe mosaic virus (RSMV) has evolved to evade the antiviral melanization response in the hemolymph in leafhopepr vectors. After virions enter vector hemolymph cells, viral nucleoprotein N is initially synthesized and directly interacts with prophenoloxidase (PPO), a core component of the melanization pathway and this process strongly activates the expression of PPO. Furthermore, such interaction could effectively inhibit the proteolytic cleavage of the zymogen PPO to active phenoloxidase (PO), finally suppressing hemolymph melanization. The knockdown of PPO expression or treatment with the PO inhibitor also suppresses hemolymph melanization and causes viral excessive accumulation, finally causing a high insect mortality rate. Consistent with this function, microinjection of N into leafhopper vectors attenuates melanization and promotes viral infection. These findings demonstrate that RSMV N serves as the effector to attenuate hemolymph melanization and facilitate viral persistent propagation in its insect vector. Our findings provide the insights in the understanding of ongoing arms race of insect immunity defense and viral counter-defense.
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Introduction

Insect-borne plant viral diseases are widespread and seriously threaten the stability of agricultural production on a global scale. Many economically important plant viruses are transmitted by sap-sucking insects in a persistent manner (1). Therefore, the high-efficiency transmission of plant viruses in insect vectors is crucial for the spread of viruses in the field. Once acquired from the plant phloem, these viruses initially infect the insect intestines, disseminate to the hemolymph, and enter the salivary glands, where they are eventually released to healthy plants (2, 3). During this process, the virus must encounter various types of antiviral immune pathways in the vector, including the small interfering RNA antiviral pathway, melanization, autophagy, apoptosis, and stress-regulated signaling pathways (4–7). Growing evidence suggests that plant viruses have evolved various counter-strategies to impair immune defense or even exploit these pathways to promote infection (8).

How viruses evade the immune antiviral pathway in the hemolymph of insect vectors is a prerequisite for viral transmission. For example, the cuticular protein can effectively stabilize the tenuivirus rice stripe virus (RSV) particles in the hemolymph of the planthopper vector (9). The melanization response is an essential defense mechanism that specifically occurs in the insect hemolymph (10–12). Melanin, the final product of the melanization reaction, plays a vital role in defending insects against pathogenic bacteria, fungi, viruses, and parasitic wasps (13). Once pathogen-associated molecular patterns are recognized, the prophenoloxidase (PPO) is converted to active phenoloxidase (PO) via a serine protease cascade (14–17). With the participation of molecular oxygen, PO catalyzes the conversion of phenols to quinones and mediates the formation of melanin, which directly encapsulates and kills certain pathogens or parasites (18–22). Different viruses have developed the relative mechanisms to suppress melanization (23–28). For example, RSV ensures viral stability in the hemolymph of the planthopper vector by inhibiting the cleavage ability of PPO (23). Thus, plant viruses potentially evolved the conserved counter-strategies to impair the melanization response in the hemolymph to promote viral persistence of insect vectors.

Rhabdoviruses form a large family whose collective host range includes vertebrates, invertebrates, and plants, and are of considerable socioeconomic and agricultural importance (29). Plant rhabdoviruses that are transmitted by insect vectors in a persistent-propagative manner cause substantial agricultural losses (30). Rice stripe mosaic virus (RSMV), the only rice cytorhabdovirus, was first identified in Guangdong Province, China in 2015 and has posed a serious threat to local rice production in recent years (31). The genome of RSMV, comprising a single-stranded negative RNA, encodes seven canonical proteins in the order 3′-N-P-P3-M-G-P6-L-5′: nucleocapsid protein (N), phosphoprotein (P), nonstructural protein P3, matrix protein (M), glycoprotein (G), nonstructural protein P6, and large polymerase protein (L). Like the N proteins of other rhabdoviruses, RSMV N is a core protein that functions during assembly of the viroplasm and is responsible for viral replication (29, 30). In the field, RSMV is transmitted by the leafhoppers Recilia dorsalis and Nephotettix virescens in a persistent-propagative manner (31). We previously elucidated the transmission route of RSMV in R. dorsalis (32, 33). Once ingested by the leafhopper vector, RSMV passes through the midgut barrier and infects the hemolymph before invading the salivary glands (2). Therefore, the survival from immune defense in vector hemolymph is vital for the systemic dissemination of RSMV. However, how RSMV evades or interferes with melanization in vector hemolymph remains unknown.

In this study, we used the RMSV/R. dorsalis infection system to explore the trade-off mechanism between melanization in vector hemolymph and the persistent infection of plant rhabodviruses. We determine that RSMV N suppresses PO-mediated melanization by interfering with the proteolytic cleavage of PPOs. Thus, RSMV N serves as the effector to attenuate hemolymph melanization and facilitate viral persistent propagation in insect vectors. Our findings reveal that plant rhabdoviruses have evolved to evade the antiviral melanization response in vector hemolymph.



Materials and Methods


Insect Rearing and Virus Collection

R. dorsalis individuals were obtained from Guangdong province, China and reared on fresh rice seedlings in clean plastic containers at 25 ± 2°C, 70 ± 5% relative humidity under a 16 h light/8 h dark photoperiod. RSMV-infected rice plants were collected from rice fields in Luoding, Guangdong province, China and maintained on rice plants via transmission by R. dorsalis (3).



Obtaining RSMV Crude Extracts and Microinjection of R. dorsalis

Rice leaf tissue (10 g) with RSMV was frozen in liquid nitrogen and quickly ground into a powder with a mortar and pestle. PBS buffer was added at a ratio of 3-5 ml of PBS (pH=8.0) per 10 g rice leaves. The mixture was centrifuged and the supernatant was collected to store for subsequent experiments. To inject RSMV crude extract into R. dorsalis, 3-4 instar nymphs were stunned in carbon dioxide and injected with 25 nl of virus solution per nymph. The same volume of crude extracts from healthy rice tissues was injected as a negative control. At 7 d after injection, total RNA was extracted from each group of insects by the Trizol method. RT-qPCR assay was used to detect the virulence rate.



RT-qPCR Assay

RT-qPCR assay was used to quantify the relative transcript levels of RSMV, PPO, and various genes in insects. The primers of each gene were designed according to the target gene sequence in NCBI. RT-qPCR assay was performed using a SYBR Green PCR Master Mix kit (Promega, Madison, WI, USA). The thermal cycling conditions were 95°C for 3 min followed by 40 cycles of 95°C for 30 s, 57°C for 25 s, and 70°C for 40 s. Elongation factor 1 (EF1) was used as an internal reference gene. Three biological repeats were used for RT-qPCR assay. The PCR efficiency for each primer couple have been evaluated by SATqPCR (http://satqpcr.sophia.inra.fr/). The relative transcript level of each gene is reported as the mean ± SE. Differences were statistically evaluated using the Student’s t-test in GraphPad Prism 8.0.2.



Hemolymph Extract Collection

Hemolymph extracts were collected from 50 adult insects per treatment. R. dorsalis adults were chilled on ice for 10 min prior to hemocyte extraction. Under a dissecting microscope, a hind leg was detached from the insect body using surgical scissors. 10 µl PBS was then injected into the abdomen of the insect through the wound sites and gently sucked out using a 10 µl pipette. This process was repeated three times. The diluted hemolymph was collected and subjected to the following experiments.



Electron Microscopy

The hemolymph samples of each group of at least 50 R. dorsalis adults infected with RSMV, Micrococcus luteus, or the mixture of M. luteus and RSMV, were extracted and subjected to phosphotungstic acid (PTA) negative staining. A 10 µl diluted hemolymph extracted samples were placed onto paraffin film, covered with carbon-free aromatic film copper mesh for 10 minutes, and incubated in 10 µl PTA (2%) for 10 seconds. The copper mesh was placed under a baking lamp for 3 minutes, dried, and observed under a transmission electron microscope (Hitachi H-7650).



In vitro Spontaneous Melanization Assay

Hemolymph samples were extracted from R. dorsalis adults infected with RSMV, M. luteus, M. luteus/RSMV at 7 d post first access to the diseased plants (padp). The 10 μl hemolymph extracted samples from each group were mixed with 10 µl of PBS and 20 µl of dopamine (1 mM) and spontaneously oxidized at room temperature. Photographs showing the melanization of the samples were taken every hour.



PO Activity Assay

To analyze PO activity in hemolymph, a group of 20 viruliferous or nonviruliferous R. dorsalis adults were centrifuged at 12,000 rpm/min at 4°C for 15 min. A 30 µl aliquot of supernatant was gently mixed with 100 µl of 1 mM dopamine in 10 mM Tris-HCl buffer (pH 8.0) in a 96-well plate at room temperature for 5 min. The absorbance of melanin was measured every 10 min at 490 nm (A490) using a microplate reader (Tecan, Männedorf, Switzerland). Enzyme activity was calculated using the formula described in the phenoloxidase kit (Geruisi, G0146W) according to the manufacturer’s protocol. Activity assays were independently repeated using hemolymph samples from three biological replicates. PO activity in each group is represented as means ± standard error (SE). Differences were statistically evaluated using the Student’s t-test in GraphPad Prism 8.0.2.



Knocking Down of PPO Expression

A 500-bp fragment of PPO or GFP was amplified and used as a template for the synthesis of dsRNAs (dsPPO and dsGFP) were synthesized in vitro using the T7 RiboMAX Express RNAi System (Promega) according to the manufacturer’s instructions. A 25 nl/per insect of dsPPO or dsGFP (1000 ng/µl) was microinjected into 150 viruliferous or nonviruliferous R. dorsalis adults. The microinjected leafhoppers were reared on healthy rice seedlings. At 7 d after microinjection, total RNA was isolated from different treatments and subjected to RT-qPCR detection to assess the relative transcript levels of PPO. Three biological repeats were used for RT-qPCR assay and analyzed by Student’s t-test. The accumulation of PPO after microinjection with dsPPO was analyzed by immunoblotting with specific antibody against PPO. R. dorsalis actin was used as an internal control.



Mortality Determination

Fifty treated nymphs in a test tube were individually fed with rice seedlings with the roots wrapped in the absorbent paper. New experimental samples were prepared when the insects showed no signs of survival within the first ten minutes of placement into the tubes due to human error. The number of surviving insects was recorded continuously for 12 d, and an observation record was produced every 48 h. Mortality determination was independently repeated in three biological replicates. Differences were statistically evaluated with GraphPad Prism 8.0.2



Yeast Two-Hybrid Screening and Verification of Interacting Genes

The full-length ORFs of RSMV N, P, M, G, L, and PPO were amplified by RT-PCR and cloned to the bait vector pGBKT7 and the prey vector pGADT7 by homologous recombination. The plasmids were co-transformed into competent yeast strain AH109. Yeast cells co-transformed with pGBKT7-53 and pGADT7-T, pGBKT7-lam and pGADT7-T, pGADT7 and pGBKT7-N, as well as pGADT7-PPO and pGBKT7. The yeast was grown on minimal selection medium (SD-Trp-Leu) without leucine and tryptophan at 30°C for 72 h. A single colony was picked and streaked onto minimal selection medium containing X-α-gal without adenine, histidine, leucine, or tryptophan (SD -Ade -His -Leu -Trp) at 30°C for 24 h.



Expression and Purification of PPO and N Proteins

The full-length ORFs of PPO and N were cloned to the PET-28b-His and pGEX-4T-GST vectors, respectively, by homologous recombination (34). The recombinant plasmids expressing PPO-His or N-GST were transferred into E. coli strain BL21. Following induction with 0.5 mM IPTG overnight at 37°C until the OD600 of the bacterial solution reached 0.5–0.7, the E. coli cells were collected by centrifugation and sonicated for 30 min in ice water. The supernatant was collected and loaded onto a 4 ml Ni-NTA agarose column for PPO-His or a 6 ml Glutathione Sepharose column for N-GST. The columns were washed with 10 mM imidazole respectively, and each eluate was collected into a different centrifuge tube. Purified proteins were stored in 20 mM Tris-HCl (pH 7.5) at –80°C.



GST-Pull Down Assay

Recombinant N-GST proteins purified as described above were incubated with 200 µl Glutathione Sepharose 4B beads at 4°C for 3 h. The beads were centrifuged for 5 min at 500 g and the supernatant was discarded. The beads were rinsed with PBS buffer to remove unbound proteins and incubated with purified PPO-His for 4 h at 4°C. After being centrifuged and washed with elution buffer (300 mM NaCl, 10 mM Na2HPO3, 3 mM KCl, and 2 M KH2PO4), the bead-bound proteins were subjected to immunoblotting with GST-tag and His-tag antibodies (Abcam, UK).



Immunofluorescence Staining Of PPO in R. dorsalis

To examine the distribution of PPO in R. dorsalis, 3rd instar nymphs from nonviruliferous populations of R. dorsalis (n = 20, three biological repetitions) were dissected (34). The digestive systems and hemolymph were fixed in 4% paraformaldehyde at room temperature for at least 8 h, permeabilized in 4% Triton X-100 for 24 h, and immunolabeled with PPO-specific antibody conjugated to FITC (PPO-FITC). The samples were examined under a Leica TCS SP5II confocal microscope. To study the localization of PPO and RSMV N in the hemolymph of RSMV-infected R. dorsalis, the hemolymph samples were collected from RSMV-infected adult insects and treated in exactly the same manner with N antibody conjugated to rhodamine (N-rhodamine) and PPO-FITC. The samples were then examined by immunofluorescence microscopy.



PPO In Vitro Cleavage Experiments

To test the effect of N protein on PPO cleavage, a mixture of PPO-His, mPPO-His, hemolymph crude extract, N-GST, and PBS was incubated at 30°C for 1 h. To evaluate the cleavage of PPO, the reaction mixture and controls lacking N-GST were analyzed by immunoblotting using antibody against His-tag. To assay the activity of PO cleaved by hemolymph, the same reaction mixture and controls were analyzed as described in the PO activity assay section.




Statistical analysis

All quantitative data presented in the text and figures were analyzed by two-tailed t-tests with GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, USA).



Results


RSMV N Interacts With a Homolog of PPO of R. Dorsalis

We previously demonstrated that RSMV N contributed to the assembly of the viroplasm and was essential for viral replication (2). We then used RMSV N as a bait protein to screen its interacting insect factors from a yeast cDNA library of R. dorsalis. Sequencing of the positive clones identified the N-terminal region (384 aa) of R. dorsalis PPO (RdPPO). We cloned the full-length ORF of PPO gene (1851 bp) based on analysis of R. dorsalis RNA-seq data. We demonstrated that the interaction between RdPPO and RSMV N by performing a yeast two-hybrid assay (Figure 1A). A glutathione S-transferase (GST) pull-down experiment confirmed the interaction of RdPPO and RSMV N (Figure 1B). Sequence alignment indicated that RdPPO shared 55.80%, 46.09%, 46.04%, and 47.83% identify with Tenebrio molitor PPO (TmPPO), Manduca sexta PPO (MsPPO), Drosophila melanogaster PPO (DmPPO), and Laodelphgax striatellus PPO (LsPPO), respectively. Two candidate cleavage sites were identified in these PPO proteins (Figure 1C). Bioinformatics analysis indicated that PPOs are evolutionarily conserved among different insects, suggesting that these proteins may also share the similar functions in the melanization response.




Figure 1 | Interaction and co-localization of RSMV N with RdPPO. (A) Yeast two-hybrid assay of the interaction between RdPPO and RSMV N. Transformants on SD/-Trp-Leu-Ade-His plates are labeled as follows: +, positive control, pGBKT7-53/pGADT7-T; –, negative control, pGBKT7-Lam/pGADT7-T. Serially diluted yeast cultures are shown. (B) Pull-down assay of the interaction of PPO with N. N was fused with GST as a bait protein. PPO was fused with His as a prey protein. Glutathione beads loaded with purified GST protein (lane 1, lane 5) or GST-fused N (GST-N) (lane 3, lane 7) were incubated with recombinant RdPPO-His protein. Following incubation, the amounts of GST-N and RdPPO-His in the reaction mixtures (input) and those bound to the beads (GST pull-down) were determined by immunoblotting using anti-GST and anti-His antibodies. (C) Alignment of the conserved sequences of PPO from five insect species. Possible proteolytic cleavage sites are marked with arrows. All conserved residues are highlighted in black. Alignment of the conserved amino acid sequences from GenBank using DNAMAN shows DmPPO1 (NP_476812.1), LsPPO1 (RZF43154.1), MsPPO (L42556.1), and TmPPO (BAA75470.1).





RdPPO Manipulates Melanization in the Hemolymph of Nonvirulifeorus R. dorsalis

To clarify the function of RdPPO, we purified the C-terminus of RdPPO (699 aa) in E. coli and prepared a polyclonal antibody by immunizing rabbits. We then investigated the distribution of RdPPO in different organs of healthy R. dorsalis by immunofluorescence microscopy with the antibody against RdPPO conjugated with FITC (RdPPO-FITC). No signals of the RdPPO antigen were observed in the intestines of R. dorsalis, whereas the strong immunofluorescence signals of RdPPO were detected in hemolymph cells (Figure 2A). We then measured the mRNA and protein expression levels of RdPPO in the intestine and hemolymph via RT-qPCR and immunoblotting. The results of these experiments were consistent with the results of immunofluorescence microscopy, suggesting that RdPPO was preferentially expressed in the hemolymph cells of R. dorsalis compared to other regions (Figures 2B, C). Furthermore, the proteolytic cleavage of the zymogen RdPPO to RdPO was observed in the insect hemolymph (Figure 2C).




Figure 2 | The role of RdPPO in the melanization reaction of nonviruliferous R. dorsalis. (A) Distribution of RdPPO in the midgut and hemolymph of nonviruliferous R. dorsalis. Leafhopper organs and tissues were dissected and analyzed by immunofluorescence assay. The alimentary canals and hemolymph were immunolabeled with RdPPO-specific antibody conjugated to FITC and examined by confocal microscopy. (B) Transcript levels of RdPPO in the midgut and hemolymph of healthy leafhoppers were normalized to the transcript levels of the internal control Actin gene. (C) RdPPO protein levels in the midgut and hemolymph of healthy leafhoppers. Total proteins were extracted from the dissected midguts or hemolymph of healthy leafhoppers and subjected to immunoblotting with RdPPO-specific antibody. The bands containing RdPPO and RdPO are labeled with red arrows. Leafhopper Actin was used as an internal control. (D) Transcript levels of RdPPO genes in R. dorsalis after microinjection with dsRNAs (dsGFP or dsRdPPO), as detected by RT-qPCR. The transcript levels of PPO were normalized to the transcript levels of the internal control Actin gene in whole bodies of nonviruliferous R. dorsalis at 7 d post-microinjection of dsPPO and dsGFP. P-values were estimated using Student’s t-test. (E) PPO levels in R. dorsalis after treatment with dsGFP or dsRdPPO. At 7 d post-microinjection, total protein were extracted from 15 nonviruliferous R. dorsalis injected with dsGFP or dsRdPPO and subjected to immunoblotting with RdPPO-specific antibody. The bands containing RdPPO and RdPO are labeled with red arrows. Leafhopper Actin was used as an internal control. (F) PO activity in the hemolymph of Recilia dorsalis injected with dsGFP or dsRdPPO. Hemolymph samples were collected at 5 d after treatment and subjected to activity assays. Each value is given as the mean ± SEM of three replicates. Asterisks indicate differences (*, P < 0.05) between the indicated groups. (G) In vitro spontaneous melanization assay of the hemolymph from leafhoppers subjected to different treatments. Hemolymph was collected from R. dorsalis injected with dsGFP or dsRdPPO and subjected to a spontaneous melanization assay. The biosynthesis of melanin was recorded by photography at different time points from 0 to 3 (h) Scale bars, 20 μm.



To further verify the role of RdPPO in melanization, we silenced RdPPO by microinjecting dsRdPPO into the body of R. dorsalis and evaluated the effects of dsRNAs treatment via RT-qPCR and immunoblotting. Compared to R. dorsalis injected with dsGFP, the mRNA and protein levels of RdPPO were strongly reduced at 7 d after treatment with dsRdPPO (Figures 2D, E). Moreover, an immunoblotting assay indicated that the accumulation of RdPO was also reduced after the knockdown of RdPPO expression (Figure 2E). We then measured PO activity by extracting hemolymph from a group of 20 R. dorsalis adults microinjected with either dsRdPPO or dsGFP and subjecting the samples to a PO activity assay. As expected, the knockdown of PPO expression caused a decrease in PO activity in the hemolymph of R. dorsalis (Figure 2F).

Since PO is the final enzyme that catalyzes melanin biosynthesis, we examined the spontaneous melanization of hemolymph samples from dsPPO- or dsGFP-treated R. dorsalis. As shown in Figure 2G, after 3 h treatment, the melanin was observed in the hemolymph samples from the dsGFP-treated group, whereas only slight melanin accumulation was observed in the dsPPO-injected control. These results suggest that the silencing of PPO via dsRNAs microinjection impedes the melanization response in the hemolymph of R. dorsalis. Taken together, these results indicate that RdPPO is mainly accumulated in the hemolymph of R. dorsalis, and the conversation of RdPPO into active RdPO determines the progression of the melanin immune response.



The Melanization Plays an Antiviral Role during RSMV Infection in R. Dorsalis

We next investigated the antiviral function of melanization by the knockdown of RdPPO expression in viruliferous R. dorsalis. We microinjected a mixture of RSMV crude extract with dsRdPPO or dsGFP into the bodies of R. dorsalis and evaluated viral infection by RT-qPCR and immunoblotting. At 7 d after microinjection, viral accumulation was dramatically increased after the knockdown of RdPPO expression (Figures 3A, B), suggesting that the inhibition of melanization promoted RSMV propagation in R. dorsalis. At 12 d after microinjection, the dsRdPPO-treated viruliferous insects showed a survival rate of approximately 16% compared to ~62% in the dsGFP-treated controls (Figure 3C). We reasoned that the low survival rate of viruliferous R. dorsalis with dsPPO treatment might be associated with a considerable increase in viral infection. These results demonstrate that the melanization effectively modulates the persistent infection of RSMV in R. dorsalis.




Figure 3 | The antiviral function of melanization during RSMV infection of R. dorsalis. (A) Transcript levels of RSMV genes in viruliferous Recilia dorsalis microinjected with dsRNAs analyzed by RT-qPCR. At 7 d post microinjection, RT-qPCR was used to detect the transcript levels of N, P, and M genes in different groups. (B) RSMV N, P, and M levels in viruliferous Recilia dorsalis at 5 d post-microinjection with dsRdPPO or dsGFP, as detected by immunoblotting with specific antibodies. Insect Actin protein was used as an internal control. (C) Survival rates of dsRdPPO- or dsGFP-treated viruliferous and nonviruliferous R. dorsalis. Each point represents the mean value of triplicates, and the error bars indicate standard deviation. (D) Variations in PO activity in viruliferous R. dorsalis after injection of PBS of PTU. Hemolymph samples were collected at 5 d post-infection from at least 20 leafhoppers per group and subjected to activity assays. (E, F) Variations in N, P, and M RNA and protein levels in whole bodies of viruliferous R. dorsalis after treatment with PTU. The RNA levels of N, P, and M were quantified by RT-qPCR (E). Specific antibodies of N, P, and M were used to quantify protein levels via immunoblotting. Insect Actin protein was used as an internal control (F). *P < 0.05; **P < 0.01; ***P < 0.001.



To further validate the antiviral function of melanization during RSMV infection, we impaired the melanization response in R. dorsalis using the PO inhibitor phenylthiourea (PTU). We first tested a series of PTU concentrations via microinjection into the bodies of R. dorsalis. PTU at a concentration of 0.5 mM effectively suppressed PO activity and did not significantly cause the phenotypic abnormalities or the mortality of nonviruliferous R. dorsalis (Figure 3D and Supplementary Figure 1). At 7 d post microinjection of 0.5 mM PTU into viruliferous R. dorsalis, viral accumulation was markedly increased compared to the control (Figures 3E, F). PTU treatment also led to a higher insect mortality rate (Supplementary Figure 1). These results confirmed that virus-induced melanization in vector hemolymph could inhibit RSMV propagation.



Melanization is Impaired During RSMV Infection in R. Dorsalis

Since RSMV N interacted with RdPPO, we next investigated whether RSMV infection influenced the melanization response in vector hemolymph. Immunofluorescence microscopy confirmed that RSMV N was colocalized with RdPPO in the punctate structures in the hemolymph cells during RSMV infection in R. dorsalis (Figure 4A). We then examined the association between RdPPO expression and RSMV infection in the hemolymph. RT-qPCR and immunoblotting assays revealed that the expression of RdPPO was significantly increased in the hemolymph of viruliferous R. dorsali (Figures 4B, C). However, the accumulation of RdPO was extremely reduced, suggesting that the conversion of RdPPO into RdPO was inhibited during RSMV infection. Consistent with the results of immunoblotting, RdPO activity was also reduced in viruliferous R. dorsalis (Figure 4D). These results demonstrate that RSMV infection impairs hemolymph melanization.




Figure 4 | Melanization is inhibited in RSMV infected leafhopper. (A) RdPPO and N distribution in hemolymph cells of RSMV-infected R. dorsalis. Hemolymph cells collected from viruliferous R. dorsalis were subjected to an immunolabeling assay with anti-RdPPO antibody conjugated with FITC (green) and anti-N antibody with rhodamine (red) and observed by confocal microscopy observation. Scale bars, 5 μm. (B) Transcript levels of PPO in RSMV-infected or healthy R. dorsalis detected by RT-qPCR normalized to the transcript levels of the internal control Actin gene. (C) The abundance of PPO and PO in viruliferous and nonviruliferous R. dorsalis detected by immunoblotting. RdPPO-specific antibody was used to detect RdPPO and RdPO proteins. The abundance of R. dorsalis Actin, detected with actin antibody, was used as the control. Red arrows indicate the RdPPO and RdPO bands. (D) PO activity in the hemolymph of RSMV-infected and nonviruliferous R. dorsalis. Adult insects were punctured and their hemolymph examined for PO activity. PO activity was strongly reduced in viruliferous R. dorsalis compared to the nonviruliferous controls. (E) PO activity in nonviruliferous or viruliferous Recilia dorsalis infected with M. luteus. The control group was injected with PBS. (F) Transmission electron microscopy images showing the varied morphology of melanin produced in hemocytes of leafhoppers infected with M. luteus, RSMV, or RSMV/M. luteus. Scale bars, 2 µm. (G) In vitro spontaneous melanization assay of hemolymph from leafhoppers subjected to different treatments. Hemolymph was collected from R. dorsalis infected with M. luteus, RSMV, or RSMV/M. luteus and subjected to an in vitro spontaneous melanization assay. Melanin production was recorded by photography at different time points from 0 to 5 h. *P < 0.05; **P < 0.01; ***P < 0.001.



To further verify the effect of RSMV infection on hemolymph melanization, we microinjected M. luteus, a Gram-positive bacterium, into nonviruliferous or viruliferous R. dorsalis adults. PO activity was strongly increased at 24 h after the microinjection of M. luteus into nonviruliferous R. dorsalis; however, M. luteus infection did not significantly alter RdPO activity in RSMV-infected hemolymph (Figure 4E). Thus, the melanization induced by M. luteus infection was suppressed by RSMV infection. We then observed the melanin synthesis in the hemolymph samples from M. luteus-infected viruliferous or nonviruliferous insects by electron microscopy. More melanin aggregates were observed in the hemolymph of M. luteus-infected nonvirulifeorus insects compared to M. luteus-infected virulifeorus insects (Figure 4F). We then performed a spontaneous melanization assay of these hemolymph samples. Consistent with the electron microscopic observations, at 2 h, abundant melanin was observed in the hemolymph samples from M. luteus-infected nonviruliferous insects, whereas only low levels of melanin were detected in the hemolymph samples after coinfection of M. luteus and RSMV (Figure 4G). Taken together, these results demonstrate that RSMV infection impairs melanization in the hemolymph by preventing the conversation of RdPPO to RdPO.



RSMV N Suppresses PO Activity to Enhance Viral Infection by Inhibiting the Cleavage of RdPPO

Since RSMV N interacted with RdPPO, we next investigated whether N repressed the proteolytic cleavage of RdPPO into RdPO. We created RdPPO mutant (mRdPPO) protein in which the amino acid cleavage sites were substituted by alanine (Figure 5A). We mixed hemolymph extract from nonviruliferous R. dorsalis with purified RdPPO-His and mRdPPO-His with or without N-GST, incubated the samples at 37°C for 1 h, and subjected them to immunoblotting. RdPPO-His, but not mRdPPO-His, was digested to form RdPO in vitro by serine protease in the R. dorsalis hemolymph extract (Figure 5B). Importantly, treatment with N-GST attenuated the cleavage of RdPPO (Figure 5B). These results indicate that RdPPO was digested by hemolymph in vitro, whereas N specifically prevented this process. We also evaluated RdPO activity in different samples. As expected, lower RdPO activity was detected in the samples containing N-GST/RdPPO-His/hemolymph compared to samples lacking N-GST (Figure 5C). Together, these results indicate that N represses RdPO activity by manipulating the cleavage of RdPPO.




Figure 5 | RSMV N suppresses in vitro cleavage of RdPPOs into active RdPO. (A) Diagrams of RdPPO protein and RdPPO mutant protein (mRdPPO). The amino acids in the cleavage sites of mRdPPO were substituted with alanine, (A, B) Purified RdPPO-His (20 ng, 10 μL) or mRdPPO-His (20 μg, 10 μL), N-GST (20 ng, 10 μL), and hemolymph samples (Hem, 20 μL) were incubated at 30°C for 1 (h) The reaction mixture and controls without N-GST were separated by 10% SDS/PAGE and examined by immunoblotting with 6×His antibody (left) or GST antibody (right) (lane 1, position of the protein marker; lane 2, mixture of RdPPO-His/N-GST/Hem; lane 3, mixture of RdmPPO-His/N-GST/Hem; lane 4, mixture of PPO-His/Hem; lane 5, mixture of RdmPPO -His/Hem. The PPO precursor and PO are marked with arrows. (C) PO activity of the samples in (A). Mixtures were collected at 1 h post incubation and subjected to PO activity assays. Each value is given as the mean ± SEM of three replicates. Different letters indicate significant difference based on multiple comparisons (Turkey method) after ANOVA.



We then microinjected the purified N into viruliferous R. dorsalis adults to confirm the functional role of N in repressing RdPO activity in vivo. At 6 d after microinjection of purified N, higher RdPPO levels and lower RdPO levels were detected in viruliferous R. dorsalis compared to the control (Figure 6A), which subsequently led to a decline in RdPO activity in the hemolymph (Figure 6B). Consistent with this, a strong increase in RSMV propagation was also detected via RT-qPCR and immunoblotting in samples following N microinjection (Figures 6C, D). Overall, these results demonstrate that N represses melanization to facilitate RSMV infection by attenuating the conversation of RdPPO to RdPO in R. dorsalis.




Figure 6 | Microinjected purified N protein impairs PO activity and facilitates RSMV infection in R. dorsalis. (A) PPO and PO levels in viruliferous R. dorsalis microinjected with or without purified N determined via immunoblotting with PPO-specific antibody. The bands of PPO and PO are indicated. (B) Variations in PO activity in viruliferous R. dorsalis after injection of purified N. Hemolymph samples were collected at 5 d post injection and subjected to activity assays. (C) RT-qPCR showing the transcript levels of RSMV N, P, and M genes in viruliferous R. dorsalis after injection of purified N. Results are normalized against the Actin expression level. (D) Immunoblotting assay showing the levels of N, P and M proteins in viruliferous R. dorsalis after injection of purified N. Insect Actin protein was used as an internal control. *P < 0.05; **P < 0.01.






Discussion

Insect hemolymph serves as a transit point connecting the primary infectious organ in the insect (the alimentary canal) to the terminal infectious tissue (salivary glands), making it critical for the systemic dissemination of persistent plant viruses in the bodies of their vectors (2, 35, 36). Viral propagation does not cause the cytopathology in the hemolymph, implying that the hemolymph employs the antiviral mechanism to limit viral excessive accumulation (37). However, viruses would evade or even exploit the antiviral immune pathway in the hemolymph of insect vectors to facilitate viral transmission.

PPO, a key protein in melanin biosynthesis during melanization, acts as the zymogen for the production of PO, which subsequently catalyzes the production of melanin (13–16). Various insect PPOs are produced by specific hemocytes (38). Indeed, our study reveals that PPO is primarily expressed in hemocytes cells of R. dorsalis. The cleavage of inactive PPO into active PO is essential for the synthesis of melanin. We demonstrate that the knockdown of PPO expression strongly reduces PO activity, which efficiently represses the melanization response in the hemolymph of R. dorsalis, highlighting the pivotal role of PPO in hemolymph-specific antiviral mechanisms in insects. We further determine that the plant rhabdovirus RSMV has evolved to evade the antiviral melanization response in the hemolymph, facilitating viral persistent propagation of insect vectors. After virions enter the hemolymph cells, viral protein N is initially synthesized and directly interacts with PPO, and this process would strongly activate the expression of PPO. However, the interaction of RSMV N with PPO could effectively inhibit the proteolytic cleavage of the zymogen PPO to active PO, finally suppressing the melanization and promoting viral infection. Similarly, the knockdown of PPO expression by RNAi or inhibitor treatment also suppresses the melanization and promotes viral infection, finally causing a high insect mortality rate. Thus, RSMV manipulates hemolymph melanization to maintain a delicate balance between viral effective propagation and persistent transmission, allowing for viral persistence and insect survival in nature.

Viruses have developed various mechanisms to counteract host melanization by targeting different steps involved in the melanin biosynthesis. For example, WSSV453, a virulence factor of white spot syndrome virus, interferes with melanization in shrimp by inhibiting the activity of the terminal serine proteinase PmPPAE2, which catalyzes the proteolytic of PPO into PO (24–26). Nucleopolyhedrovirus suppresses the melanization in Helicoverpa armigera larvae by inducing the expression of the serine protease inhibitors serpin-5 and serpin-9, which inhibit the PPO activity (27, 28). A rice tenuivirus suppresses melanization in planthopper vector by decreasing the cleavage ability of PPO (22). Thus, different viruses have developed the relative mechanisms to suppress melanization by decreasing the cleavage ability of PPOs. Interestingly, we find that the microinjection of purified N protein of RSMV into the body of leafhopper vector can effectively inhibit PPO activity and suppress melanization to facilitate viral infection. We thus speculate that N proteins of rhabdoviruses would serve as the effectors to recognize PPOs and inhibit their cleavage activities.

Based on our findings, we propose a model depicting RSMV N-induced melanization evading in insect vectors (Figure 7). Once RSMV virions spread into hemolymph, viral propagation induces the melanization responses. The downstream serine protease cascade is progressively activated and catalyzes the proteolysis of PPO into active PO. PO, a key enzyme in melanin biosynthesis, mediates the production of melanin, which directly encapsulates and kills RSMV particles. To counteract melanization, RSMV N interacts with PPO and prevents its cleavage into active PO. Taken together, our findings reveal that RSMV has evolved to subvert the melanization-mediated antiviral defense in vector hemolymph via N-mediated inhibition of PPO cleavage to PO, finally facilitating viral persistent propagation in insect vectors. Our study expands our knowledge of how plant rhabdoviruses modulate melanization to ensure their propagation in insect vectors and enhances our understanding of the evolutionary trade-off between persistent plant viruses and insect vectors.




Figure 7 | Schematic model depicting RSMV N-induced melanization evading in insect vectors. Once RSMV particles successfully overcome the midgut barrier and release into hemolymph. The serine protease (SP) is progressively activated to catalyze PPO into active PO. However, RMSV N directly interacts with PPO and prevents the production of PO, finally impairing the biosynthesis of melanin and benefiting the survival of RSMV from melanization.
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A typical characteristics of polydnavirus (PDV) infection is a persistent immunosuppression, governed by the viral integration and expression of virulence genes. Recently, activation of caspase-3 by Microplitis bicoloratus bracovirus (MbBV) to cleave Innexins, gap junction proteins, has been highlighted, further promoting apoptotic cell disassembly and apoptotic body (AB) formation. However, whether ABs play a role in immune suppression remains to be determined. Herein, we show that ABs transmitted immunosuppressive signaling, causing recipient cells to undergo apoptosis and dismigration. Furthermore, the insertion of viral–host integrated motif sites damaged the host genome, stimulating eIF5A nucleocytoplasmic transport and activating the eIF5A-hypusination translation pathway. This pathway specifically translates apoptosis-related host proteins, such as P53, CypA, CypD, and CypJ, to drive cellular apoptosis owing to broken dsDNA. Furthermore, translated viral proteins, such Vank86, 92, and 101, known to complex with transcription factor Dip3, positively regulated DHYS and DOHH transcription maintaining the activation of the eIF5A-hypusination. Mechanistically, MbBV-mediated extracellular vesicles contained inserted viral fragments that re-integrated into recipients, potentially via the homologous recombinant repair system. Meanwhile, this stimulation regulated activated caspase-3 levels via PI3K/AKT 308 and 473 dephosphorylation to promote apoptosis of granulocyte-like recipients Sf9 cell; maintaining PI3K/AKT 473 phosphorylation and 308 dephosphorylation inhibited caspase-3 activation leading to dismigration of plasmatocyte-like recipient High Five cells. Together, our results suggest that integration-mediated eIF5A hypusination drives extracellular vesicles for continuous immunosuppression.




Keywords: Microplitis bicoloratus bracovirus, Immunosuppression, eIF5A hypusination, viral integration, nucleocytoplasmic transport, apoptotic body, extracellular vesicles, viral re-integration
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Bracovirus sneaks into apoptotic bodies where integration-mediated eIF5A hypusination drives immunosuppressive signaling transmission to recipients with different immunosuppressive characteristics. Reintegration of bracovirus fragments from apoptotic bodies affects different AKT phosphorylation sites, leading to different immune response from recipient cells.


Highlights

	Recipient cells of MbBV-mediated apoptotic bodies showed dismigration and apoptosis

	MbBV integration activated the eIF5A-DHYS-DOHH hypusination pathway

	eIF5A hypusination drives immunosuppressive signaling transmission in apoptosis

	MbBV reintegration in recipient cells affected PI3K/AKT phosphorylation sites





Introduction

Immunosuppression and related signaling transmission are important mechanistic elements of immune responses and need further investigation. In the virus–host immune system, the virus hijacks the host, hides in extracellular vesicles (EVs) to escape the immune response, spreads into new hosts, and generates progeny viruses (1). However, whether and how non-replicating viruses, like the Polydnaviridae (PDV) family, including the genera Bracovirus (BV) and Ichnovirus (IV), transmit immunosuppressive factors remain unknown. Herein, we attempt to explain how the non-replicating bracovirus persistently suppresses the immune system of lepidopteran hosts. Microplitis bicoloratus bracovirus (MbBV), a member of the PDV family, plays an essential role in suppressing immune response of lepidopteran hosts to protect the growth and development of parasitoid larvae in the host hemocoel (2, 3). Our recent studies have found that MbBV inhibition of the PI3K/AKT pathway induced hemichannel shutdown, triggering apoptosis and promoting the formation of apoptotic bodies (ABs) (4).

ABs (1–5 μm), the largest type of EVs, are vectors for intercellular communication, especially mediating immune responses (1, 5). Past studies have reported the use of these intercellular communication vector by viruses (6–9). Using EVs for virus transmission is an effective immune escape strategy, such as hepatitis C virus (HCV) (10). In addition, viruses can exploit EVs to regulate the immune system (11–13); the latent membrane protein-1 (LMP1) of human herpesvirus has been found in EVs and can effectively inhibit the immune response (14–16).

Viral integration into the host genome triggers an immune response (17, 18). The goal of viral integration is to transcribe viral genes and translate viral proteins. Notably, a damaged host genome also stimulates an immune response (19). Nevertheless, the most controversial observation is that viruses inhibit the host translation system while translating their own mRNAs. How viruses overcome this obstacle remains to be determined. Eukaryotic translation initiation factor 5A (eIF5A) plays an important role in modulating viral replication (20). Human immunodeficiency virus (HIV) was the first virus suggested to require eIF5A to regulate the expression of virion protein (Rev)-dependent nucleocytoplasmic transport (21–24). Ebola virus also requires eIF5A to regulate the secondary transcription of its genes by modulating the translation of the transcription factor VP30 (24, 25). Hypusine is essential for eIF5A activity, which is catalyzed by deoxyhypusine synthase (DHYS) (26, 27) and deoxyhypusine hydroxylase (DOHH) (28–30). However, little is known about the interaction between viral integration and eIF5A hypusination.

In this study, we address two major gaps in understanding the mechanism underlaying immunosuppression: (1) how the integration of bracovirus drives apoptosis, and (2) how ABs transmit immunosuppressive signaling. We demonstrated that bracovirus sneaks into ABs where integration-mediated eIF5A hypusination drives immunosuppressive signaling transmission to recipient, with different immunosuppressive characteristics, such as apoptosis and dismigration. Reintegration of the bracovirus fragments of ABs alters AKT phosphorylation sites and immune response in recipient cells.



Results


Bracovirus-Induced ABs Transmit Immunosuppressive Signaling

We have previously shown that MbBV induces AB formation by shutting down hemocyte hemichannels to activate caspase-3 and cleave Innexins (Inxs), triggering apoptotic cell disassembly (4). However, the biological role of MbBV-induced ABs in immunosuppression remains poorly understood (Figure 1A). To determine whether MbBV suppresses the immune response via AB phagocytosis, we used ABs-induced by reBac-Inx3 (4, 31, 32) as a positive control, detectable using 6 × His tag (Figure S1A) to allow us to determine whether ABs can be phagocytosed by Sf9 cells. The ABs induced by reBac-Inx3 were divided equally (Figure S1B) for direct protein quantification from the ABs, while the other was incubated with Sf9 cells (Figures 1B–D). The 6 × His tag expression was significantly higher in Sf9 cells incubated with equal ABs (Figure 1C), but lower in ABs-incubated Sf9 cells than in reBac-Inx3-infected Sf9 cells (Figure 1D), suggesting that viruses from ABs were amplified in recipient Sf9 cells. Thus, ABs induced by reBac-Inx3 can be used as a positive control of ABs mediated by MbBV.




Figure 1 | Bracovirus-induced ABs transmit immunosuppressive signaling. (A) Schematic illustration of the fate of the extracellular vesicles phagocytosed by the recipient cells. (B–D) Western blot detection of 6 × His labeled AB of the recipient cells. **p < 0.01, ****p < 0.0001, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (E–K) Formation of ABs induced by MbBV mediated apoptosis of recipient Sf9 cells. Flowchart showing the formation of ABs generated by UV, MbBV, reBAc-His-Inx3 (E). The detection of apoptotic recipient Sf9 cells incubated with UV-induced AB (F), MbBV-induced AB (G) and re-Bac-Inx3-induced AB compared with different concentration (H). The detection of cell numbers of recipient Sf9 cells after incubation with UV-induced AB (I), MbBV-induced AB (J) and re-Bac-Inx3-induced AB compared with different concentration (K). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significant difference; error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (L–P) Formation of ABs mediated by MbBV inhibited the migration of recipient High Five cells. The flowchart of formation of ABs generated by UV, MbBV reBAc-His-Inx3 (L). The detection of migration recipient High Five cells incubated with UV-induced AB (M), MbBV-induced AB (N), and reBac-Inx3-induced AB (O). Scratch assays in recipient High Five cells (P). Scale bar, 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significant difference, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. See also Figure S1.



Accordingly, we treated Sf9 cells using, UV radiation, MbBV, and reBac-Inx3 and collected ABs using gradient centrifugation (Figure S1C), to confirm whether ABs promote AB formation (Figures 1E and S1D). Expectedly, the total number of apoptotic cells incubated with different concentrations of UV-induced ABs was not significant (Figure 1F). The MbBV-induced ABs promoted Sf9 cell apoptosis when the concentration exceeded 30% (Figure 1G); similarly, apoptosis of Sf9 cells was significantly increased by reBac-Inx3-induced ABs (Figure 1H). We also detected the effect of different ABs on cell number and found no significant differences in UV- and MbBV-induced ABs (Figures 1I, J). In contrast, a significant decrease in the cell number was observed from 5–40% reBac-Inx3-induced ABs (Figure 1K). These results show that the MbBV-induced ABs can promote the apoptosis of recipient Sf9 cells.

Since the disturbance of dynamic cytoskeleton regulation is one of the crucial phenotypes of bracovirus infection (33–36), ABs induced by UV, MbBV, and reBac-Inx3 were incubated with scratch High Five cells in a concentration gradient manner for 24 h (Figure 1L). UV-induced ABs did not affect the wound healing rate of High Five cells with the increase in concentration (Figures 1M, P). In contrast, ABs induced by MbBV and reBac-Inx3 inhibited the migration of High Five cells at higher concentrations, MbBV 60% (Figure 1N) and reBac-Inx3 from 10–60% (Figure 1O). Results confirmed that MbBV-induced ABs could inhibit the dynamic cytoskeleton regulation in High Five cells. Our data suggest that MbBV-induced ABs transmit immunosuppressive signaling, thereby inducing recipient cell apoptosis and dismigration.

We investigated how MbBV regulates primarily infected cells and how are viral proteins are translated to determine these functions of ABs.



Bracovirus Primarily Integrates Host Spodoptera litura Genome via Host Integrated Motif

Some bracoviral genomes showed that they can be integrated into the host genome via host integrated motif (HIM), as in the cases of Microplitis demolitor bracovirus (MdBV) (37) and Cotesia congregata bracovirus (CcBV) (38). To determine the viral integrated sequence in host genome, we sequenced the natural parasitized S. litura hemocytes and MbBV-infected Spli221 cells, to obtain the bracovirus-integrated S. litura genome and compared genome of MbBV with that of MdBV and CcBV to identify the HIM of MbBV (Tables S1, S2). Viral HIM was compared with bracovirus-integrated S. litura DNA sequence to isolate viral DNA-HIM-host DNA containing the hybrid fragments. Finally, by mapping fragments to 31 S. litura chromosomes (39), the position of integrated MbBV DNA was identified and quantified (Figure S2A).

The structure of MbBV HIMs was predicted, and sequences containing the HIM junction were selected. All 17 HIMs had similar structures, including two homologous boundary sites (GAAAATTTC) on both the 5′ and 3′ terminals, one homologous junction 1 (CTAGT), one homologous junction 2 (ACTAGG), and a non-homologous loop (Figure S2B). A total of 12 hybrid fragments, 6 containing MbBV DNA, HIM-Junction 1, and host chromosome, and 6 containing host DNA, HIM-Junction 2, and MbBV DNA (Figure S2C), were mapped to the genome of S. litura. Viral integrated DNA into host cells were identified (Figure 2). Overall, viral DNA did not integrate into all host chromosomes; integrated MbBV DNA was found only in 21 out of 31 chromosomes, while the remaining 10 chromosomes, namely Chr 3, 5, 8, 11, 13, 21, 23, 28, 30, and Z, showed no viral integration. Compared with the MbBV genome (40), 8 out of 17 circles and a fragment were integrated, namely C4, C10, C11, C12, C13, C14, C15, C16, and F157 (Figure 2).




Figure 2 | Bracovirus primarily integrates host Spodoptera litura genome via host integrated motif. See also Figure S2, Tables S1 and S2.



Primers were designed to amplify HIM-C11 in Chr 1, HIM-C14 in Chr 9, HIM-C10 in Chr16, and HIM-C16 in Chr 19, in both parasite hemocytes and MbBV-infected Spli221 cells. The viral integrated genes vank86, 99, 100, 101, PTP 102, and vank76, were detected in the host hemocytes parasitism, not non-parasitism (Figure S2D) to further confirm the above results. In conclusion, the partial MbBV is integrated into genome of host via 17 HIM in 21 host chromosomes; at least 8 of 17 MbBV circles and a fragment contained HIM sites and integrated into the host chromosomes.



Bracovirus Integration Triggers eIF5A Hypusination

Previously, we reported that MbBV inhibits the eIF4E-eIF4A axis (3) via viral Vank proteins interacting with host Dip3 (41). We speculated that there exists another translation pathway that may translate viral proteins. eIF5A is required for HIV and Ebola viral replication (23–25). Hemocytes were collected to detect the eIF5A-DHYS-DOHH pathway, showing that eIF5A was hypusinated; DHYS and DOHH expression were upregulated 6 days post parasitism (Figures 3A, B).




Figure 3 | Bracovirus integration triggered eIF5A hypusination. (A, B) Bracovirus integration increases the expression of hypusination, DHYS, and DOHH. *p < 0.05, **p < 0.01, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (C) Expression of proteins and mRNAs under MbBV integration hypusination. Total, continuous, inducible, and silenced mRNA and proteins are identified. (D) Upregulated proteins are enriched in 10 pathways. (E, F) Upregulated proteins, P53, CypD, CypJ, and CypA, related to apoptosis, are detected. *p < 0.05, **p < 0.01, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (G) eIF5A hypusination sites. (H) MbBV increased DHYS and DOHH expression and modified eIF5A hypusination. See also Figure S3 and Table S3.



Next, we performed transcriptomic and proteomic analyses to identify the translated proteins of S. litua hemocytes triggered by eIF5A hypusination under natural parasitization. iTRAQ was performed using hemocytes, and MS/MS data were analyzed with transcription mRNA data (42) together, from two proteomes, M and S (M: Parasitized hemocytes; S: Non-parasitized hemocytes) and three transcriptomes, All, M, and S (All: Mixture, M and S as above) (Figures S3A-C). A total of 1853 proteins and 8625 mRNAs were separated into three classifications: continuous expression 5522 mRNAs (found in the three pools, All, M, and S) and 1604 proteins (found in two pools M and S); inducible 755 mRNAs (in All and M) and silenced 1575 mRNAs (in All and S) (Figure 3C).

Based on previous data showing that ribosomes are stalled in the absence of hypusinated-eIF5A when proline (P) and glycine (G), or charged amino acids [aspartic acid (D-), glutamic acid (E-), lysine (K+), arginine (R+), and histidine (H+)] are located upstream of the P-aminocarbonyl tRNA (43), we further identified the involved proteins. Our analysis revealed that all upregulated proteins were involved in 10 pathways (Figure 3D). Over 35% of 7 amino acids (P, G, D, E, K, R) were separated (Figure S3D), while 10 proteins, namely P53, CypA, CypD, CypJ, Vank86, Vank92, Vank101, eIF5A, DHYS and DOHH, were highly expressed and used as hallmarks of hypusination (Table S3). Accordingly, we identified that the cellular apoptosis-related proteins, P53, CypD, CypJ, and CypA, were highly expressed under hypusination 6 days post parasitization (Figures 3E, F).

Conserved K52 was modified by hypusination in S. litura, and its vicinity was highly conserved from yeast to humans (44, 45) (Figure 3G). eIF5A is hypusinated through a two-enzyme cascade, in which an aminobutyl group from the polyamine spermidine is first covalently attached to lysine 52 of eIF5A by DHYS and then DOHH (46). Moreover, MbBV upregulated DHYS and DOHH expression (Figure 3H). These results demonstrated that natural parasitism of M. bicoloratus promoted hemocyte hypusination of eIF5A and triggered hypusination-dependent protein translation by blocking eIF4E-eIF4A (3, 47) translation during immunosuppression of S. litura.



Viral-Hypusination-Dependent Proteins Positively Regulated DHYS and DOHH

MbBV-integrated genes were highly expressed following hypusination. To determine whether overexpression proteins are dependent on eIF5A hypusination, we used DHYS inhibitor, N1-guanyl-1,7-diaminoheptane (GC7), to block the eIF5A hypusine signaling pathway. Experimental results showed that GC7 inhibited the hypusine modification of eIF5A at a concentration of 10 uM during a 72-h treatment (Figures 4A–D). Inhibition of ectopic expression of the V5-fusion proteins in the High Five cells using 10 µM GC7 for 72 h, Vank proteins, Vank86, 92, 101, were inhibited by GC7, presenting the same pattern as hypusine-dependent proteins, namely P53, CypD, CypA, and CypJ (Figures 4E–R). The data above demonstrate that MbBV regulates the translation of seven host and viral proteins rich in proline, glycine, and amino acids through hypusine (Table S3).




Figure 4 | Viral-hypusination-dependent proteins positively regulated DHYS and DOHH. (A-R) GC7 inhibited hypusination-dependent protein expression. GC7 inhibition of hypusination at different times (A, B) and different dosages (C, D); GC7 inhibited the ectopic expression of the integrated proteins, Vank86, 92, 101, P53, CypA, CypD, and CypJ (E-K); Column summarizes the level of Vank 86, 92, 101, P53, CypA, CypD, and CypJ in High Five cells, normalized to the total protein level (L-R). *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significant difference, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (S-V) Viral-hypusination-dependent proteins positively regulated DHYS and DOHH transcription. Ectopic expression of Dip3 decreased the expression of DHYS and DOHH infected with MbBV (S, T); in vivo, parasitism plus dip3 dsRNA increased the expression of DHYS and DOHH (U, V). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significant difference, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (W-Z2) Electrophoretic mobility shift assay (EMSA) to detect the promoter of DHYS and DOHH interaction with Dip3. Purified Dip3 and Vank86 proteins (W, X); DHYS (Y) or DOHH (Z) promoter EMSA with Dip3, Vank86 as a control protein (Y, Z1); DHYS (Y2) and DOHH (Z2) presented high affinity. See also Figure S4.



Previous research has shown that Vank-Dip3 inhibits the transcription of eIF4E and its regulated genes (41); however, whether and how Dip3 regulates DHYS and DOHH during Vank protein expression remains nebulous. Accordingly, we performed RT-qPCR to determine how Dip3 regulates the transcription of DHYS and DOHH. MbBV promoted the transcription of DHYS and DOHH, which was not predicted to be inhibited; then overexpression Dip3 decreased the transcription of DHYS and DOHH triggered by MbBV (Figures 4S, T). Next, to determine whether Dip3 indeed inhibited the transcription of DHYS and DOHH, we designed parasitism plus RNAi to block Dip3, which increased DHYS and DOHH transcription compared with control egfp dsRNA and dip3 dsRNA only non-parasitism (Figures 4U, V). The results showed that MbBV positively regulated DHYS and DOHH transcription, thus we hypothesized that Dip3 may be a negative regulator of DHYS and DOHH.

Based on previous observations, we hypothesized that Dip3 interacted with the promoter DNA of DHYS and DOHH to inhibit transcription. Furthermore, an electrophoretic mobility shift assay (EMSA) helped us demonstrate. Dip3 and Vank86 proteins were expressed and purified (Figures 4W, X); promoter fragments of DHYS and DOHH were predicted and cloned (Figures S4A, B). EMSA showed that Dip3 was bound to the promoter of both genes, not Vank86 (Figures 4Y, Z2). The data supported our hypothesis that Dip3 negatively regulated DHYS and DOHH via binding to their promotors. In conclusion, these results showed that viral-hypusination-dependent protein positively regulated DHYS and DOHH transcription.



Bracovirus Activates Hypusination via eIF5A Nuclear-Cytoplasmic Transport

Next, we investigated how MbBV regulates hypusine modification. Hypusine modification of eIF5A dictates its location in the cytoplasm, where it is required for protein synthesis (48). Ectopic expression of eIF5A, DHYS, and DOHH did not change eIF5A hypusination, and hallmark proteins, P53, CypA, and CypD, were expressed following the same pattern, except for CypJ, which overexpressed DOHH (Figures S5A, B), suggesting that these protein level did not affect eIF5A hypusination. We next determined whether MbBV modulated its protein synthesis function by altering hypusine localization. We performed western blotting to detect the localization of hypusine modification-related factors of eIF5A in High Five cells under MbBV stimulation. eIF5A was primarily located in the nucleus and transported to the cytoplasm during MbBV infection (Figures 5A–C). Furthermore, immunofluorescence analysis showed that eIF5A was predominantly localized in the nucleus, while during MbBV infection, eIF5A is transported to the cytoplasm (Figures 5D, E). DHYS was only located in the cytoplasm, while DOHH was only located in the nucleus of the High Five cells (Figure 5F). Immunofluorescence analysis showed that MbBV did not change the location of DHYS and DOHH (Figure S5C). These results collectively demonstrated that MbBV acts by facilitating eIF5A transport from the nucleus to the cytoplasm.




Figure 5 | Bracovirus activated hypusination via eIF5A nuclear-cytoplasmic transport. (A–C) Western blotting was used to detect the effect of MbBV on the localization of ectopically expressed eIF5A in High Five cells. The column summarizes the level of eIF5A, normalized to nucleoprotein and cytoplasmic protein respectively. *p < 0.05, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (D, E) Immunofluorescence was used to detect the effect of MbBV infection on the localization of V5-eIF5A in High Five cells. Scale bar, 20 μm. The column summarizes the mean fluorescence intensity. ***p < 0.001, ****p < 0.0001, ns, no significant difference, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (F) Nuclear protein isolated to identify the localization of eIF5A, DHYS and DOHH. See also Figure S5.





Bracovirus Integration-Mediated Hypusination Drives Persistence Apoptosis

Hypusination is required for specific protein translation and is accompanied by cell apoptosis, as evidenced by the expression of apoptosis-related proteins, P53, CypA, CypD, and CypJ. The next question is whether hypusination is required for maintaining persistent apoptosis. We utilized parasitization to activate bracovirus integration-mediated hypusination (BIMH) and an RNAi-mediated silencing approach to inhibit eIF5A hypusination and detect apoptotic cells.

In vivo, inhibiting eIF5A decreased early apoptosis only in the BIMH condition (Figures 6A, B), while inhibition of DHYS and DOHH decreased early apoptosis in both non-parasitism and BIMH (Figures 6D, F); however, in later apoptosis, there were significant differences in non-parasitism and no differences were observed in the BIMH (Figures 6C, E, G), suggesting that hypusination inhibition halted early apoptosis, a mechanism required to maintain persistent apoptosis.




Figure 6 | Bracovirus integration-mediated-eIF5A-hypusination drives persistence apoptosis. (A) The effect of RNAi to inhibit hypusine on apoptosis was studied by detecting the apoptotic hemocytes with annexin V-conjugated FITC and PI. Inverted fluorescence microscopy illustrates the early apoptosis labeled with AnnexinV–FITC (shown in green). Scale bar, 10 μm. This was observed in parasitism under hypusination condition. (B–G) The early and late apoptosis of eIF5A dsRNA, DHYS dsRNA and DOHH dsRNA plus parasitization. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significant, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (H) Illustration of the progress of hypusination triggered by integration of genome promoter in persistent apoptosis. See also Figure S6.



We also examined the effect of the hypusination pathway on development. The head capsule development experiment showed that its development was significantly inhibited by eIF5A dsRNA at day 3, 8 and 9 after feeding (Figure S6A). However, there was no significant difference between treatment groups with eIF5A RNAi after parasitism and the egfp dsRNA control group (Figure S6B). The development was significantly inhibited by DHYS dsRNA at 9 days after feeding, while no significant difference was observed between groups with silenced DHYS after parasitism (Figures S6C, D). Furthermore, in DOHH-silenced conditions, there were no significant differences, except for day 9 after parasitism where the development was significantly increased (Figures S6E, F). These data indicated that the silencing of the hypusine pathway affected the immunosuppression mediated by M. bicoloratus natural parasitism and caused no significant difference in the head capsule width in S. litura.

These results collectively showed that integrated MbBV-mediated eIF5A hypusination is required for driving cell (Figure 6H).



Bracovirus Fragments in ABs Re-Integrate Into Recipient Cells

MbBV-mediated innexin-hemichannel closure causes apoptotic cell disassembly; thereby facilitating MbBV-induced apoptosis via eIF5A hypusination. However, reasons behind recipient cells presenting apoptosis and dismigration during immunosuppression, and whether bracovirus-mediated ABs can transmit viral genes to recipient cells remain to be determined.

We speculated that viral gene fragments are transmitted between cells by ABs as carriers. We used PCR to detect viral gene fragments in the genome of Sf9 recipient cells incubated with MbBV-induced ABs and found that vank86, vank92, and ptp66 were present in recipient cell genome (Figure 7A). The existence of viral genes in the recipient cell genome indicates these genes may be transcribed. Therefore, we detected the transcription of viral genes, including vank86, vank92, vank101, and ptp66, in Sf9 recipient cells (Figures 7B, C). The transcription of viral genes, including vank86 and vank101, was detected in High Five recipient cells (Figure 7D). However, MbBV mediates dsDNA breaks (49) that can damage the HIM; thus, how viral fragments without HIM integrate into the genome of recipient cells is currently unknown. The homologous recombination repair system mediates the integration of exogenous DNA (50), especially when these exogenous DNA fragments carry homologous DNA sequences that can improve the integration efficiency (Figure 7E) (51). Thus, we equally divided ABs into two parts. Half of the ABs were treated with RI-2 (inhibitor of RAD51), while the other half was not. Recipient cells incubated with UV-induced ABs were used as a negative control.




Figure 7 | Bracovirus fragments in extracellular vesicles re-integrate into recipient cells. (A) Detection of viral gene fragments in ABs and Sf9 recipient cells. (B, C) Detection of transcription of viral genes, vank92, vank86, vank101, and PTP66 in Sf9 recipient cells. *p < 0.05, **p < 0.01, ***p < 0.001, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (D) Detection of transcription of viral genes, vank86 and vank101 in High Five recipient cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (E) Homologous recombination repair system mediated by RAD51. (F, G) Detection of viral genes transcription in recipient cells after inhibition of RAD51. vank86 and vank101 in recipient Sf9 cells (F) and in the recipient High Five cells (G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significant difference, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (H, I) Sf9 recipient cells showed decreased expression of AKT-p308 and AKT-p473 (H), increase Cl-caspase-3 (I) using western blotting. *p < 0.05, ns, no significant, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (J, K) High Five recipient cells showed decreased expression of AKT-p308 and increased expression of AKT-p473 (J) as well as inhibited Cl-caspase-3 (K). **p < 0.01, ***p < 0.001, ns, no significant, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (L) Mechanism of re-integrated involvement in apoptotic recipient Sf9 cells and inhibition of migration in the recipient High Five cells.



After incubating the ABs with recipient cells for 72 h, the transcription levels of the viral genes, vank86 and vank101, were significantly decreased following RI-2 treatment in both Sf9 and High Five recipient cells; compared with the negative control, the transcription level of the RI-2 treatment group was significantly increased (Figures 7F, G). These results suggested that AB-mediated viral gene transfer was related to the homologous recombination repair system but was not completely dependent on the homologous recombination repair system.

Next, we investigated the biological role of viral fragment reintegration. We have previously found that blocking the PI3K/AKT signaling pathway is essential for MbBV gene products to perform immunosuppressive function (4). To demonstrate that the virus genes are responsible for the physiological and biochemical changes in recipient cells, we examined the activation of the PI3K/AKT signaling pathway in both Sf9 and High Five recipient cells. The phosphorylation levels of AKT- p308 and AKT-p473 were significantly reduced in Sf9 recipient cells, and Cl-caspase-3 was significantly activated (Figures 7H, I). Similarly, AKT phosphorylation was also detected in the High Five recipient cells and found that only AKT-p308 was dephosphorylated. In contrast, AKT-p473 presented high phosphorylation, and Cl-caspase-3 did not significantly differ in High Five recipient cells (Figure 7K). Considering that AKT requires AKT-p308 and AKT-p473 co-phosphorylation to perform signal transduction, only AKT-p308 dephosphorylation affected transduction, as evidenced by the inhibition of High Five cell migration.

In summary, viral gene products were transcribed and expressed after viral gene fragments re-integrate into recipient cells through ABs. Activated caspase-3 promoted Sf9 recipient cell apoptosis, and pAKT-308 dephosphorylation promoted High Five recipient cell dismigration. These observations indicate that gene products could still exert immunosuppression by regulating the pI3K/AKT signaling pathway (Figure 7L).




Discussion

Immunosuppressive signaling transduction is a novel aspect underlying immunity mechanisms. The PDV virus family usually cannot replicate after infecting host cells due to their special replication and symbiosis mechanism (52–56). Although PDV can cause persistent immunosuppression in lepidopterans, the specific mechanism remains unclear. This study explored the effect of MbBV on immunosuppressive signaling transmission. The results showed that MbBV-mediated ABs transmitted viral fragments to recipient cells, causing persistent immunosuppression. MbBV integration triggered eIF5A hypusination to translate apoptosis-related and viral proteins; the former maintained persistent apoptosis, the latter positively activated eIF5A hypusination pathway. MbBV induced dsDNA breaks in viral fragments delivered to recipient cell via ABs, which reintegrated to regulate PI3K/AKT phosphorylation to suppress immune responses, leading to recipient cell apoptosis and dismigration. To the best of our knowledge, this report is the first to explore the mechanism underlying immunosuppression transmission by bracovirus-mediated ABs.

Bracovirus induce apoptosis in granulocytes and loss of adhesion in plasmatocyte (49, 57), and further disassembly of apoptotic cells (4). In our research, Sf9 cells, which have low–level of activated caspase-3, were characterized to be like of granulocytes, while High Five cells, which have inactive caspase-3, were characterized to be more like plasmatocyte (58). Using these two cell types, we provide evidence that MbBV-infected Sf9 cell-derived ABs can inhibit cell migration after phagocytosis by High Five recipient cells. Similarly, ABs can induce apoptosis after being engulfed by Sf9 recipient cells. The key to the normal operation of the immune function lies in the activation of immune-related signaling pathways (59). However, our previous studies have shown that MbBV induced immunosuppression by inhibiting the PI3K/AKT signaling pathway (4). The phosphorylation sites p308 and p473 of PI3K/AKT in Sf9 recipient cells, co-incubated with ABs from infected Sf9 cells, were inhibited, thereby promoting Cl-caspase-3 activation. Meanwhile, the p308 phosphorylation site of PI3K/AKT in the High Five recipient cells was inhibited. Activation of the PI3K/AKT signaling pathway requires co-phosphorylation of two phosphorylation sites (60). Therefore, the inhibition of either two or a single phosphorylation site can lead to immune inactivation. This may explain the apoptosis in granulocytes-like Sf9 cells and loss of adhesion in plasmacytes-like High Five cells causing dismigration after the cells engulfed MbBV-mediated ABs.

MbBV integration has been reported to trigger eIF5A hypusination. In our research, direct evidence indicated that Dip3 positively regulated the expression of DOHH and DHYS; this is a novel finding suggesting a new concept. Dip3 interaction with the viral protein Vank86, Vank92, and Vank101, inhibited eIF4E and eIF4E-dependent gene expression (41). Viral protein translation needs a specific translation system; in the MbBV system, the eIF4E-eIF4A protein translation system has been blocked (3, 47). Our data showed that DOHH and DHYS are eIF5A-denpendent genes, strongly supporting our hypothesis that integration mediated eIF5a hypusination. The virus triggers eIF5A activation, and when MbBV modifies hypusination, eIF5A translocates from the nucleus to promote its activation in the cytoplasm. Previous studies have reported that the HIV-1 Rev transactivator protein mediates the translocation of viral mRNAs from the nucleus to the cytoplasm, which is essential for expressing viral structural proteins (61). eIF5A specifically binds to Rev (62), and eIF5A loss-of-function mutants block the nuclear export of Rev protein and HIV1 replication (63). We hypothesized that the MbBV-mediated translocation of eIF5A from the nucleus to the cytoplasm promotes eIF5A activation by enabling eIF5A to carry viral proteins or host protein mRNA out of the nucleus, providing a large amount of substrate for protein translation.

The host cell with MbBV-mediated eIF5A hypusination drive apoptotic cells to generate ABs, containing MbBV virulence gene; these ABs are used to induce immunosuppression and alter the physiological and biochemical activities of cells (64, 65). Our data also showed that eIF5A-dependent host proteins, such as P53, CypD, CypA, and CypJ, affected cell apoptosis (66, 67). In related studies, the expression of virulence genes can be detected continuously in bracovirus-infected cell lines (38, 68). Therefore, we hypothesized that unlike proteins and mRNAs with a short half-life, DNA could be easily transmitted between infected and uninfected cells (69, 70).

Re-integration of MbBV fragments is a novel strategy indicating that the spread immunosuppression signaling may involve the homologous recombinant repair system. This is the first time that this strategy was demonstrated to be used in virus re-integration. Our findings demonstrate that MbBV DNA integration sets a foundation for viral gene transcription and plays an essential role in suppressing the host immune response at the DNA level. Moreover, MbBV DNAs separately integrate into different sites on different chromosomes, such as MdBV and CcBV (37, 38). However, the connection between viral DNA and immunosuppression remains nebulous. Researchers believe that DNA integration of PDVs is the basis of the expression of viral genes that function as immune suppressors and development inhibitors (54, 71). MbBV requires a structural foundation to complete its DNA integration, such as MdBV and CcBV (38). A comparative analysis of MbBV, MdBV, and CcBV genomes revealed that MbBV has HIMs on 15 of its 17 dsDNA circles. Although HIMs differ, they share similar structures, containing two boundary sites on both the 5` and 3` terminals, homologous junction 1 and junction 2 near boundary sites, and a non-homologous loop in the middle (38). We found that HIMs of MbBV harbor all these structures, and HIMs on Circle 14 and 16, and Scaffold F157 have the highest integration quantity. This phenomenon corroborates the findings from our previous report on the integration and expression of Vank86 on Circle 14 and Vank101 on Circle 16 (40). Previous studies have shown that the whole DNA circle of PDV can be integrated into the host genome (37, 38). In the ABs, MbBV fragments lost intact of HIM, and RAD51 recombinase, which repair double-stranded DNA breaks, mediated the re-integration.

Overall, our data provide a preliminary basis explaining how ABs participate in bracoviruses-mediated persistent immunosuppression. In addition, we found that MbBV can use ABs to escape immune surveillance. Whether other members of the PDV family can also transmit immunosuppressive signals between infected and uninfected cells through ABs warrants further studies.



Methods Details


Reagents

DHYS inhibitor GC7 was purchased from MedChemExpress (HY-108314A, MCE).



Apoptosis Analysis

Analysis of apoptotic hemocytes was performed using an Annexin V-FITC/PI apoptosis detection kit (Vazyme, Nanjing, China) according to the manufacturer’s instructions.



Insect Cultivation

The S. litura colony was grown on an artificial diet at 27 ± 1°C and 60%–80% humidity (72). The parasitoid M. bicoloratus colony was maintained on S. litura larvae grown in the laboratory. Adults were provided with honey as a dietary supplement (2).



Cell Lines and Transfection

The S. litura (Spli221) (73), S. frugiperda (Sf9) (74), and cabbage looper Trichoplusia ni (High Five; provided by Sun Yat-Sen University) (75) cell lines were cultured at 27°C. All cell lines were cultured in TNM-FH insect culture medium containing 10% fetal bovine serum (HyClone; Cytiva, Marlborough, MA, USA), as previously described (58). Cells were transfected using a 4:1 ratio of X-trem Fugene Transfection Reagent (4 mL; Roche, Basel, Switzerland) and 1 mg DNA per well (1 mL) according to the manufacturer’s protocol. Transfection efficiencies ranged from 50% to 75% in different cell lines, as measured by GFP expression.



Induction, Purification, and Isolation of ABs

Induction of ABs: 4 × 105 Sf9 cells were placed in each well of a 6-well plate. After 2 h of attachment, four equivalent MbBV virus and three generations of reBac-Inx3 at 5% concentration were added. The culture was then continued for 72 h. In the control group, apoptosis was induced by UV irradiation, and the adherent cells were irradiated under a UV lamp (107 uw/cm2) for 2 h and then cultured for 70 h. The AB-induced cells were resuspended and placed into a centrifuge tube. They were centrifuged at 500 × g for 5 min at room temperature. The supernatant was transferred to a new centrifuge tube and then centrifuged at 3,000 × g for 20 min at room temperature. The supernatant was discarded, and the pellet was resuspended with 1× phosphate-buffered saline (PBS) and centrifuged at 3,000 × g for 20 min at room temperature. The above steps were repeated one more time. The precipitates were collected, and the ABs were resuspended in PBS and filtered using a 5-μm filter. The filtrate was centrifuged at 3,000 × g for 20 min at room temperature, and the precipitate was collected as ABs.



Dilution of ABs

The ABs obtained by the above method were gently resuspended and mixed with 1 mL 10% bovine fetal serum medium. Several centrifuge tubes were taken, and different volumes of 10% fetal bovine serum medium (1.9, 1.8, 1.7, 1.4, and 1.2 mL) were added. In addition, 10% bovine fetal serum medium containing ABs was added into the corresponding centrifuge tubes (0.1, 0.2, 0.3, 0.6, and 0.8 mL) and gently mixed with a pipette gun for reserve use. To further confirm the biological role of ABs in recipient cells, we designed Abs of UV-irradiated Sf9 cells without biological and chemical pollution (76, 77) as a negative control.



Scratch Test

In total, 2 × 105 High Five cells were placed in each well of a 6-well plate and allowed to grow to cover the bottom of the 6-well plate. Using a 100 μL pipette, a cross line was marked at the bottom of the 6-well plate with the tip of a pipette. The ABs collected after different apoptotic induction treatments were added to the 6-well plate and observed and photographed under a microscope. After 24 h of growth, they were observed again under a microscope and photographed. Image J was used to calculate the wound healing area within 24 h.



Characterization of reBac-Inx3-Induced AB

In a 6-well plate, 4 × 105 Sf9 cells were placed in each well. Cells were infected with 5% reBac-Inx3 baculovirus of P3 generation for 72 h. The above cells were suspended, and the ABs were purified and collected by gradient centrifugation. The ABs were resuspended with 1 mL of 10% bovine fetal serum medium and mixed thoroughly. The ABs suspension (500 μL) was extracted for protein quantification. The untreated SF9 cells were incubated with another 500 μL of the AB solution for 72 h. After incubation, the cells were washed twice with PBS and then collected for protein quantification.



Hemocytes Isolation

Hemolymph (500 μL) isolated from ∼100 larvae of S. litura was centrifuged at 4°C for 5 min at 1,000 × g, and pellets were collected as hemocytes. The pellets were centrifuged for 5 min at 1000 × g, washed with 1× PBS twice, and resuspended in 1 mL PBS. Hemocytes isolated from parasitized larvae were referred to as parasitized samples, and those from unparasitized larvae were used as controls (78).



Genome Sequencing and Analysis

The samples were sequenced using an Illumina Hiseq 2000, and the total number of bases sequenced was greater than 3 Gbp. de novo DNA-seq assembly was performed using BWA, Velvet and ABySS software (79–81). The viral DNA sequences contained in the total DNA-seq were assembled by using SOAPdenovo (82), Platanus (83) and Cap3 (84). GeneMark was used to identify the functional proteins from the isolated contigs (85). Genome sequences were used to blast with genome of MbBV (40) and genome of normal S. litura larvae (39) by using Blast (v 2.6.0+) (86).



MbBV Isolation and Cell Infection

MbBV viral particles were purified as previously described (49). Briefly, fresh wasps were frozen at -20°C for 10 min and then placed on ice. The reproductive tracts of the female wasps were excised under a binocular stereomicroscope, and the separated ovaries were collected into a 1.5-mL Eppendorf tube on ice. The calyces were then punctured using forceps, the calyx fluid was resuspended in 1× PBS, and the resuspension was ground using a 2.5-mL syringe. The mixture was centrifuged for 3 min at 1,000 × g at 4°C to remove the eggs and cellular debris. A 0.45-μm syringe filter was used to purify the virions. Spli221 cells (1.5 × 105) were seeded in a 12-well culture plate (Corning Inc., Corning, NY, USA) 2 h before infection. The virions from one wasp could infect 1 × 105 Spli221 cells. Purified virions were added to each well in 1 × 105 cells/one wasp-derived MbBV equivalents, as previously described.



Apoptosis Analysis of Hemocytes

Briefly, after seven days of RNAi feeding, hemocytes (1 × 105) were extracted from S. litura larvae (n = 3), resuspended in 100 μL of 1× binding buffer, and incubated with 5 μL of Annexin V-FITC dye and 5 μL of PI dye for 10 min on ice in the dark. After adding 400 μL of 1× binding buffer, an Olympus IX71 inverted fluorescence microscope with FV10-ASW 4.0 Viewer software (Olympus) was used to detect the apoptotic hemocytes. Early apoptotic cells identified by Annexin V-FITC showed green fluorescence, while late apoptotic cells stained by PI showed both green and red fluorescence. Five fields of more than 100 cells within each well of a 12-well plate were captured for analysis and quantification; experiments were performed in triplicate, and we obtained 15 images (from three wells) for each treatment for visual inspection and data quantification.



Total DNA Extraction

Total DNA was isolated from hemocytes and Spli221 cells. Cells (2×106) were incubated in 200 μL of lysis buffer (100 mM NaCl, 10 mM Tris/HCl, 25 mM EDTA, 0.5% SDS, pH 8.0) containing 2.5 mg of proteinase K per mL, 8 μL of 20% Sarcosyl solution, and 1 mg of RNaseA/mL at 55°C for 5 h. The isolated DNA was further purified by phenol-chloroform extraction and subsequent ethanol precipitation. The concentration of each DNA sample was determined by measuring the optical density at A260/A280 using a NanoDrop 2000 and using 1×TBE agarose gels. DNA was prepared for sequencing and further PCR amplification. High quality samples (with an A260/A280 ratio ≥ 2.0, A260/A230 ≥ 2.0, concentration ≥ 500 ng/μL) were stored at −20°C until use. DNA was prepared from at least three biological replicates.



Proteomics of Parasitized Hemocytes and MbBV Infected Spli221 Cells

MbBV infected Spli221 cells were isolated, and protein sequences, for gene expression were determined using tandem mass spectrometry to examine the expression of genes of the parasitized hemocytes.



Construction of eIF5A, DHYS, and DOHH Expression Plasmids

For eIF5A, DHYS and DOHH overexpression, the corresponding genes were amplified by PCR using cDNA as a template and the following primers: E-eIF5A-F (5′-GAA TTC ATG GCT GAT ATC GAG GA-3′) and E-eIF5A-R (5′-GCG GCC GCA TTT GTC AA-3′), containing EcoRI and NotI sites (underlined); E-DHYS-F (5′-GGT ACC ATG GAT ATA ACT TCA GCT A-3′) and E-dip3-R (5′-TCT AGA TAA ACA TTC TTT TTA TTG C-3′), containing KpnI and XbaI sites (underlined), and E-DOHH-F (5′-GAG CTC ATG GCA AAA GCT AG-3′) and E-DOHH-R (5′-TCT AGA CAG CCC TCG ACA GT-3′), containing SacI and XbaI sites (underlined).The genes were directionally cloned into the pMD19 vector (Takara Bio, Kusatsu, Japan), and the inserts were confirmed by direct sequencing. Finally, the eukaryotic expression plasmid pIZT/V5-His (Invitrogen, Carlsbad, CA, USA) was used for the expression of eIF5A, DHYA and DOHH fusion proteins with V5 and 6 × His tags.



Antibodies and Western Blotting

Western blotting was performed as described (58). The following primary antibodies were used: mouse anti-V5 (1:5,000; Thermo Fisher Scientific, Waltham, MA, USA), mouse anti-tubulin (1:2,000; Solarbio, Beijing, China), rabbit anti-GAPDH (1:2,000; Solarbio), and rabbit anti-Hypusine (EMD Millipore; 1:1,000) antibodies, rabbit anti-eIF5A (1:1,000; ABclonal), rabbit anti-DHPS (1:200; abcam), rabbit anti-DOHH (1:500; Sigma-Aldrich). Secondary antibodies used were goat anti-mouse horseradish peroxidase-conjugated secondary antibody (1:2,000; Beyotime, Shanghai, China) and goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:5,000). Anti-His (M1001020, Solarbio), Anti-pAKT473 (GB13012-3, Servicebio), Anti-pAKT308 (ab66134, Abcam), Anti-ATPaseβ (GL Binchem synthesis), Anti-Inx1(GL Binchem synthesis), Anti-Inx2 (GL Binchem synthesis), Anti-Inx3(GL Binchem synthesis), Anti-Inx4 (GL Binchem synthesis), Cleaved-caspase (WL02117, Wanleibio), Anti-GAPDH (M1000110, Solarbio), Anti-β Tubulin (AF1216, Beyotime), Goat Anti-Mouse (A0216, Beyotime), Goat Anti-Rabbit (A0208, Beyotime). Proteins were semi-quantified via densitometry using ImageJ (National Institutes of Health, Bethesda, MD, USA).



Electrophoretic Mobility Shift Assay (EMSA) and Nonlinear Regression Curve and Kd Value Determination

The promoter prediction, the eukaryotic protein expression, and EMSA were performed as described (87–89). First, we used the website http://gene-regulation.com to analyze the domain binding of the promoter region sequences of DOHH and DHYS. We screened out the gene sequences that may interact with the myb/SANT domain of Dip3. Then, through the designed primers, the target gene was obtained by PCR from the whole genome of S. litura hemolymph. Subsequently, we sonicated the BL21(DE3) Escherichia coli carrying pET28a His-Dip3 and pET28a His-Vank86 prokaryotic expression, and vector and extracted the crude protein samples of His-Dip3 and His-Vank86. We then immediately purified the crude protein samples obtained above by nickel magnetic beads to obtain purified His-Dip3 and His-Vank86 samples. Finally, we took the purified His-Dip3 and His-Vank86 proteins, set four gradients (0, 5, 10, and 20 μg), added 1 μg of target DNA and 10×Binding Buffer, and incubated the mixture at room temperature for 30 min. The samples were run on (100 V 30 min) agarose gel, to observe the results.

Nonlinear regression curve and Kd value determination were analyzed as described (90, 91). We used the ImageJ program to analyze the agarose gel image by inverting the image first, and then use ImageJ to measure the raw integrated density (RID) of each band. The results were exported to an Excel table to perform the following calculations. Each RID value was subtracted from the lowest RID value, and the lowest RID value was subtracted from itself, and the result was zero. These values are called relative RIDs. Each relative RID value was divided by the largest relative RID and then multiplied by 100. The maximum relative RID value was divided by itself, multiplied by 100, and the result was 100. These values are called percentage RID values. Finally, the percentage RID value was subtracted from 100 to get the binding rate. The obtained binding rate was analyzed using GraphPad Prism. An XY list was created, the protein concentration being in the X list, and the binding rate being in the Y list. The analysis option was selected, the equation labeled “a site-specific binding” was chosen, and the Kd value was calculated to get a nonlinear regression line.



Immunofluorescence

Immunofluorescence was performed as previously described (58), with minor modifications. High Five Cells grown on coverslips were fixed in 4% paraformaldehyde for 15 min and permeabilized in 0.2% Triton X-100 in PBS (PBST). The fixed cells were blocked with 5% normal goat serum in 0.1% PBST for 15 min. Ectopically expressed V5-fused eIF5A were identified using a mouse anti-V5 antibody (1:2,000; Thermo Fisher Scientific) and AlexaFluor®568 Goat anti-mouse IgG (H+L) (1:2,000; Thermo Fisher Scientific). Labeled cells were incubated with phalloidin (Sigma-Aldrich, St. Louis, MO, USA) diluted 1:40 in PBS for 1 h at 37°C. Cells were then washed with PBS and incubated with 4, 6-diamidino-2-phenylindole (DAPI; 1:1,000; Roche) for 5 min. Slides were mounted with mounting medium, antifading (Cat. No. S2100; Solarbio). Cells were imaged using Confocal (ZEISS LSM 800) microscopy.



Plasmid Construction for dsRNA Feeding

Plasmids were constructed as described previously (92). The sequences encoding the eIF5A, DHYS and DOHH genes were inserted into the RNAi vector L4440, containing two convergent T7 polymerase promoters in opposite orientation separated by a multiple cloning site.



Preparation of dsRNA and dsRNA Feeding

The plasmids for dsRNA feeding were transformed into the bacterial host E. coli HT115 (DE3). In brief, a single colony of HT115 containing the recombinant L4440 vector was inoculated in 4 mL of LB medium containing 4 μL ampicillin (100 μg/mL) and 4 μL tetracycline (100 μg/mL) and cultured overnight at 37°C. The cultures were diluted to reach an OD600 of 0.4. Isopropyl-β-D-thiogalactopyranoside (IPTG) was then added at a final concentration of 0.8 mM, and the cultures were incubated for 4 h with shaking at 37°C. An aliquot of the suspension (200 mL) was centrifuged at 10,000 × g for 10 min; the pellet (OD600 ≈ 1) was resuspended in 5 mL of sterile H2O after cooling to 50°C and mixed with 50 mL of freshly prepared artificial feed. The prepared dsRNA feed was stored in a small plastic box (9.5 × 7.0 × 5.5 cm, 200 mL) at 4°C and used within one week. Control S. litura received a standard feed. Before hatching, S. litura eggs were placed on artificial food. For long-term maintenance of the dsRNA diet, larvae were provided with fresh food every day (47). Hemocytes were harvested on day 7 for apoptosis assays. Head capsule measurement was performed daily. EGFP dsRNA was used as control dsRNA.



RT-qPCR

The recipient cells incubated with ABs were collected. Total RNA was isolated from the samples using the RNAiso Plus kit (Takara Bio) and then treated with DNA enzymes. NanoDrop 2000 was used to measure the concentration and OD260/OD280 of each RNA sample. cDNA was then synthesized by PrimeScript II 1st Strand cDNA Synthesis Kit (Takara Bio). All cDNA samples were stored at -80°C. The above-mentioned synthesized cDNA was used as a template for RT-qPCR analysis. The primers used were: Q-vank86-F(5’- CTC AGA CGG CGT TCA-3’),Q-vank86-R(5’- TCG CAG TAG CCA GAC A -3’); Q-vank92-F(5’- CCT CTG CCG TGA TG-3’),Q-vank92-R(5’- CGA AAA CTC GCT CTT G -3’); Q-vank101-F(5’- CCT TAG ACT GGG AGC GAC AT-3’), Q-vank101-R(5’- ACG CTG CTT CGT GGA GG-3’); Q-18S-F(5’-CTG ATT CCC CGT TAC CCG TGA-3’),Q-18S-R(5’-AGA ACT CTG ACC AGT GAT GGG ATG-3’). The latter two primers were used to amplify 18S as endogenous controls. Cycle parameters are as follows: 95°C for 30 s; 40 cycles of 95°C for 5 s; 40 cycles of 60°C for 34 s; 95°C for 15 s; 60°C for 1 min; 95°C for 15 s and an indefinite hold at 10°C. Each sample was repeated for 3 times. The relative gene expression was calculated by 2-ΔΔCT method.



Quantification and Statistical Analysis

Data were analyzed using GraphPad Prism (ver. 7, Prism), and statistical significance was determined using the Student’s t-test for unpaired experiments (two-tailed). p < 0.05 indicates statistically significant difference between groups. The resulting data are presented as means ± SEM from at least three independent experiments.
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Supplementary Figure 1 | Flowchart showing the generation of apoptotic bodies, Related to Figure 1. (A) Structure model of N-terminal extended Inx3. (B) Schematic illustration of the flow of apoptotic bodies equipartition experiment. (C) Method of creating dilution gradient of apoptotic bodies. (D) Apoptosis detection of recipient Sf9 cells incubated with apoptotic bodies induced by UV, MbBV and re-Bac-Inx3, Scale bar, 20 μm.

Supplementary Figure 2 | Bracovirus integrates host Spodoptera litura genome via host integrated motif, Related to Figure 2. (A) Schematic illustration of analysis of the host genome integrated by MbBV. (B) Host integration sites (HIMs) of MbBV genome. MbBV has 17 HIMs, 15 of which are located in the dsDNA circle, while the remaining 2 appear in short scaffolds. All HIMs have 2 Boundary sites (BS) and 2 Junction sites (JS). (C) Sequence of HIM JS 1 and JS 2 used to scan S. litura chromosomes. (D) The integrated DNA scaffold sequences detected. The primers designed to amplify HIM in the chromosome1, 9, 16, and 19 of S. litura (top); HIM of MbBV in circles 10, 11, 14, and 16 are detected with PCR, 6-days post-parasitism and 72 hours post infection by MbBV (mid), vanks and PTP genes detected in the DNA of parasitism hemocytes (bot).

Supplementary Figure 3 | Proteins involved in eIF5A hypusination translation, Related to Figure 3. (A) Method of sample collection from hemocytes used MS/MS. (B) Identified proteins. (C) Methods of iTRAQ and transcription analysis. (D) Percentages of proline, glycine and charged amino acid in the up-regulated and down-regulated proteins in 6-day p.p hemocytes was analyzed via protein sequence.

Supplementary Figure 4 | Bracovirus integrated viral genes dependent eIF5A hypusination translation pattern, Related to Figure 4. (A) Schematic illustration of the predicted promoter sequence of DHYS in Chromosome 26 of S. litura. (B) Schematic illustration of the predicted promoter sequence of DOHH in Chromosome 29 of S. litura. 

Supplementary Figure 5 | MbBV activated hypusination pathway via promoting eIF5A the nucleocytoplasmic transport, Related to Figure 5. (A, B) Ectopic expression of eIF5A, DHYS, and DOHH cannot modify hypusionation in High Five cells. Hypusine-dependent proteins were detected using western blotting. * p<0.05, ns, no significant difference, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3. (C) Immunofluorescence was used to detect location of DHYS and DOHH in MbBV infected High Five cells. Scale bar, 20 μm.

Supplementary Figure 6 | Bracovirus integration-mediated eIF5A hypusination drives persistence apoptosis, Related to Figure 6. (A) Effect of eIF5A dsRNA on the width of the head shell of S. litura. (B) Effect of the silencing eIF5A after parasitism on the width of the head shell of S. litura. (C) Effect of DHYS dsRNA on the width of the head shell of S. litura. (D) Effect of the silencing DHYS after parasitism on the width of the head shell of S. litura. (E) Effect of DOHH dsRNA on the width of the head shell of S. litura. (F) Effect of the silencing DOHH after parasitism on the width of the head shell of S. litura. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns, no significant difference, error bars represent SEM. Unpaired Student’s t-test with Holm-Sidak method for multiple t test; n = 3.


Supplementary Table 1 | Location of HIM on MbBV genome (Related to Figure 2).


Supplementary Table 2 | Sequencing scaffold with detected MbBV integration events (Related to Figure 2).


Supplementary Table 3 | Rich in proline glycine and charged amino acid proteins in Spodoptera litura hemocytes parasitized by Microplitis bicoloratus (Related to Figure 4).
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Nitric oxide (NO) at a high concentration is an effector to kill pathogens during insect immune responses, it also functions as a second messenger at a low concentration to regulate antimicrobial peptide (AMP) production in insects. Drosophila calcineurin subunit CanA1 is a ubiquitous serine/threonine protein phosphatase involved in NO-induced AMP production. However, it is unclear how NO regulates AMP expression. In this study, we used a lepidopteran pest Ostrinia furnacalis and Drosophila S2 cells to investigate how NO signaling affects the AMP production. Bacterial infections upregulated the transcription of nitric oxide synthase 1/2 (NOS1/2), CanA and AMP genes and increased NO concentration in larval hemolymph. Inhibition of NOS or CanA activity reduced the survival of bacteria-infected O. furnacalis. NO donor increased NO level in plasma and upregulated the production of CanA and certain AMPs. In S2 cells, killed Escherichia coli induced NOS transcription and boosted NO production, whereas knockdown of NOS blocked the NO level increase caused by E. coli. As in O. furnacalis larvae, supplementation of the NO donor increased NO level in the culture medium and AMP expression in S2 cells. Suppression of the key pathway genes showed that the IMD (but not Toll) pathway was involved in the upregulation of CecropinA1, Defensin, Diptericin, and Drosomycin by killed E. coli. Knockdown of NOS also reduced the expression of CanA1 and AMPs induced by E. coli, indicative of a role of NO in the AMP expression. Furthermore, CanA1 RNA interference and inhibition of its phosphatase activity significantly reduced NO-induced AMP expression, and knockdown of IMD suppressed NO-induced AMP expression. Together, these results suggest that NO-induced AMP production is mediated by CanA1 via the IMD pathway.




Keywords: insect immunity, reactive oxygen species, Ostrinia furnacalis, nitric oxide synthase, signal transduction



Introduction

Higher animals are armed with innate and adaptive immunity, but insects rely solely on less-specific innate immune responses to defend against invading pathogens in their habitats (1–3). In insects, bacterial and fungal pathogens trigger the host immune system via humoral and cellular components (4–6). Different immune challenges induce local and/or systemic responses (7, 8), suggesting that immune signaling pathways are extensively interlocked (9). Limited nutrients and short life spans for most insects require them to properly allocate energy between immune responses and other physiological processes such as development and reproduction (10–13). To maximize the reward of energy investment in immune responses, the interlocked immune signaling pathways must be regulated elaborately to avoid excessive immune responses. Reactive oxygen species (ROS) reaction and antimicrobial peptide (AMP) production are two primary humoral responses in the innate immune system of insects (4, 14). Insights into the cross-talk between them are important for understanding how different defense responses are coordinated to control infections.

ROS formation is a rapid, early response to pathogen invasion in insects. ROS can directly kill the invaders as effectors or function as signaling molecules to regulate the immune responses (15, 16). On the other hand, ROS can damage host cells as well (17). ROS include superoxide anion , H2O2, OH•, 1O2, and NO, each with a highly reactive oxygen atom (1, 18–20). They act as signaling compounds and/or toxic byproducts in cells (21). Among them, NO is a gaseous free radical functioning as a signal messenger for several physiological processes (22), including regulation of innate immunity (23–25). In mammals, NO is produced by nitric oxide synthase-2 (NOS2) in macrophages to control bacterial infection, which induces NOS2 transcription (26). In Drosophila melanogaster, NO is involved in the hemocyte encapsulation (27). In mosquitos, NO kills the Plasmodium parasites and increased NO to control the infection. Inhibition of NOS increases the rate of Plasmodium infection and that results in more deaths of infected mosquitos (28, 29). Blood meal taken by Anopheles stephensi catalyzes the conversion of NO to toxic metabolites, which kill the parasite in the gut (30).

AMP production is an effective immune response against microbial infection in insects (31, 32). They kill bacteria, fungi, and viruses sometimes (33–36). The Toll and IMD pathways actively participate in AMP production. Peptidoglycans (PGs) in the bacterial cell wall are recognized by the peptidoglycan recognition protein (PGRPs) to trigger the Toll and IMD pathways directly or indirectly. DAP-PGs from Gram- and some Gram+ bacteria are recognized by PGRP-LC/LE to induce the processing of IMD, FADD, Dredd, and Relish, and then the cleaved Relish enters the nucleus to activate AMP transcription (14, 36–40). Proteolytically activated Spätzle binds to the transmembrane receptor Toll to induce the intracellular signal transduction through MyD88, Tube/Pelle and Cactus. Finally, transcription factors such as Dorsal and Dif translocate into the nucleus to trigger AMP expression (14, 36, 38–40). Besides the classical Toll and IMD pathways, NO, eicosanoids, and calcineurin are also involved in the induced synthesis of AMPs in several model insects (25, 41).

Cross-talks among immune pathways keep the insect defense system running effectively and economically (15, 16, 42). Innate immunity is conserved at different levels in mammals, insects, and plants (43–45). In Drosophila larvae, NO activates the IMD pathway to produce Diptericin after infection by Gram-negative bacteria (46). The ROS stress upregulates NO production to enhance Diptericin synthesis in the adult gut (15). Furthermore, calcineurin subunit CanA1 is required for the NO regulation of AMP production in the fly (47). In Spodoptera exigua, injection of NOS inhibitor or knockdown of NOS reduced the AMP expression. In the absence of bacteria, an NO analog induced AMP expression (25). A cytokine named paralytic peptide induced NOS expression in the silkworm and triggered the AMP transcription in fat body (48). While AMP induction by NO is independent of the IMD or Toll pathway in Drosophila (41), this is dissimilar to the case in S. exigua (25), indicating that mechanism for NO regulation of AMP expression is unclear in insects. Comparative studies in different species are therefore needed to understand reasons for the discrepancy. Towards this goal, we used the Asia corn borer Ostrinia furnacalis as a model to investigate how NO signaling may communicate with the signaling pathways for AMP induction. NO strongly upregulated the AMP expression in O. furnacalis larvae, inhibition of NOS or CanA caused higher susceptibility of O. furnacalis to bacterial infection. In Drosophila S2 cells, IMD pathway connects NO signal to AMP production through CanA1.



Materials and Methods


Cell Culture and Insect Rearing

Drosophila S2 cells (Thermo Fisher, R69007) were maintained in Schneider’s Drosophila medium (Merck, S9895) containing 10% fetal bovine serum (FBS, Thermo Fisher, A3160802) (49). S2 cells were cultured in a 27°C incubator. All the S2 cells were plated in 12-well plates at 1×106 cells/well for different treatments (1 mL medium per well). Asian corn borers, O. furnacalis larvae were reared using an artificial diet at 25 ± 1°C, RH > 80%, and with a photoperiod of 16 h light and 8 h darkness (13, 50).



Bacterial Culture and Preparation of Dead Bacteria

Wild-type bacteria Escherichia coli, Pseudomonas aeruginosa and Micrococcus luteus (All the bacteria strains were kindly donated by Professor Zhiqiang Lu, Department of Entomology, College of Plant Protection, Northwest A & F University, China) picked from LB plates were grown overnight in Luria-Bertani (LB) medium at 37°C and 200 rpm. The 100 μL cultured bacteria were then inoculated into 10 mL fresh LB medium and cultured at 37°C until OD600 was close to 0.6. Finally, the bacteria were harvested by centrifugation at 8000×g for 10 min. After washing for 3 times, bacteria pellets were resuspended with phosphate buffered saline (PBS) for injection. To prepare the dead bacteria, E. coli and M. luteus cells from 100 mL LB medium were resuspended in 1 mL PBS and 40 mL 75% 2-propanol. After incubation for 1 h at 37°C and 200 rpm, dead bacteria were spun down and washed 3 times with PBS. Finally, the dead bacteria were resuspended in 1 mL PBS to treat S2 cells.



Survival Rate Assay of O. furnacalis Larvae after Infection

To determine the number of bacteria for injection, day 1, 4th instar O. furnacalis larvae were fed on artificial diet containing 5 μL (10 μg/μL) tetracycline that eliminates indigenous bacteria. The diet was replaced with fresh diet without antibiotic at 24 h post antibiotic treatment. Day 3, 4th instar larvae were injected with 1×103, 1×104, 1×105, or 1×106 live cells of P. aeruginosa or M. luteus. PBS was used as control. There were 20 larvae in each group. The survival in each group was recorded at 12 h intervals. All the data was analyzed by the log-rank test using Prism 5.0.



Treatment of S2 Cells and Infection of O. furnacalis Larvae

S2 cells cultured in 1 mL medium were incubated with 20 µL of killed bacteria at different amounts. At 24 h post bacterial exposure, the medium was collected for nitric oxide determination, and 500 µL Trizol (Invitrogen) was used to extract RNA from the S2 cells for qPCR analysis. Day 1, 4th instar larvae were fed on the diet containing 50 μg/μL tetracycline to eliminate indigenous bacteria before injection with bacteria as described previously (51). At 24 h after antibiotic feeding, larvae were transferred to fresh diet without antibiotic. Day 3, 4th instar larvae were injected with 1×104 of live P. aeruginosa and M. luteus or along with NOS inhibitor/CanA inhibitor (2 nmol each) for determination of survival curve or qPCR analysis. All the results generated in survival assay were recorded at 12 h intervals and the whole O. furnacalis larvae at certain times post infection were treated with Trizol regent for RNA extraction (Invitrogen). PBS was used as control. All the treatments were performed in triplicate.



RNA Interference

The dsRNA products were prepared as previously described (52). cDNA of Drosophila IMD, MyD88, NOS, and CanA1 and plasmid GFP- pEASY-T1 (TransGen) were used as templates for PCR amplification using gene-specific primers (Table S1). The conditioned medium (1 mL) from S2 cells cultured in 12 well plate was replaced with 0.5 mL of Schneider’s Drosophila medium containing 6 µg of dsRNA samples of IMD, MyD88, NOS, CanA1, or a mixture of dsIMD and dsMyD88 (6 µg each). After 1 h incubation, 0.5 mL of Schneider’s Drosophila medium containing 10% FBS was added to each well. Equal amount of GFP dsRNA was added as a control. RNAi efficiency was examined three days after dsRNA treatment using qPCR as described below. For the RNAi treatment combined with bacterial incubation, the killed bacteria were added to each well at 72 h post dsRNA treatment, and total RNA samples were prepared 24 h later.



Treatment of S2 Cells With Compounds

Stock solution (250 mM) of diethylamine NONOate (Sigma D184, an NO releasing compound or NOC) was dissolved in water prior to use. To treat S2 cells, the NOC at 2.5 mM final concentration was used to increase NO level in the medium. S2 cell and medium samples were collected at 0, 6, 12, 24, and 48 h after NOC addition. Calcineurin A inhibitor FK506 (Sigma, F4679) was dissolved in DMSO to make a 100 mM stock. FK506 at 0, 10, 20, 30 and 50 mM along with 2.5 mM NOC was used to treat S2 cells and test influence of FK506 on the regulation of AMP production by NO. S2 cell and medium samples were collected at 24 h post NOC-FK506 treatment,  PBS was used as control. Stock solution (400 mM) of Nω-nitro-L-arginine methyl ester (Sigma N5751, L-NAME, a NOS inhibitor) was dissolved in water and used at 200 μM along with dead bacteria in the medium as indicated to test the effect of L-NAME on AMP expression. S2 cells and medium samples were collected at 24 h post treatment. PBS and killed bacteria were used as negative and positive controls, respectively.



qPCR Analysis

S2 cells (1×106) or 3 whole larvae were collected from each biological treatment and replicate. Total RNA was extracted using 1 mL Trizol, RNA concentrations were determined on an Eppendorf BioPhotometer D30, and RNA integrity was examined by 1% agarose gel electrophoresis. cDNA templates were generated from 1 μg total RNA using HiScript III RT SuperMix for qPCR in the presence of genomic DNA wiper (Vazyme, Nanjing, China). Diluted cDNA (1:10, 1 μL) was used for qPCR analysis on a Bio-Rad CFX96 Real Time Detection System (Bio-Rad, CA, United States) in 20 μL reaction containing 1 μL of cDNA, 10 μL of AceQ Universal SYBR qPCR Master Mix (Vazyme), 1.0 μL each of forward and reverse primers (10 μM) and 7 μL ddH2O. The thermal cycling conditions were initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 10 s and annealing-extension at 60°C for 30 s, with melting curve measured from 60 to 95°C. All the treatments were in triplicate. O. furnacalis reference gene ribosomal protein L8 (RPL8) gene (53) and D. melanogaster reference gene ribosomal protein 49 (RP49) (54)were used to calibrate the relative expressions of target genes. The mRNA level changes of interested genes were determined using the relative quantitative method (2−ΔΔCt) (55). qPCR data were plotted using GraphPad (Version 9.0.2) for statistical analysis. Student’s t-test results are shown as ∗, p < 0.05; ∗∗, p < 0.01; ∗∗∗, p < 0.001. Results of one-way ANOVA followed by Tukey’s test are marked similarly.



Determination of Nitric Oxide Concentration

To determinate NO concentrations in the media of S2 cells and hemolymph of O. furnacalis larvae, the samples were collected by centrifugation at 16,000×g for 30 s to remove cells, and the supernatants were used for measuring NO concentrations. The supernatants of medium samples and 1:100 diluted larval plasma (30 μL) were taken to measure NO levels using Total Nitric Oxide Assay Kit (Beyotime, Beijing, China) according to the manufacturer’s instructions (56).




Results


Inhibition of NOS and CanA Increased the Mortality of O. furnacalis After Bacterial Infection

To assess the immune stimulatory effect of P. aeruginosa and M. luteus on O. furnacalis, we injected larvae with different numbers of live bacteria and found that the larvae reached 50% mortality after injected with about 1×104 CFUs of P. aeruginosa or M. luteus (Figure S1). Thus, 1×104 CFUs of these two bacteria were used to challenge O. furnacalis larvae in later experiments. Injection of the NOS or CanA inhibitor caused higher mortality of larvae upon bacterial challenge (Figure 1), suggesting an involvement of NOS and CanA in the immune responses to bacterial infection in O. furnacalis.




Figure 1 | Inhibition of CanA and NOS caused more deaths of infected O. furnacalis larvae. After elimination of indigenous bacteria using 50 μg/μL tetracycline, day 3, 4th instar larvae were injected with 1× 104 cells of P. aeruginosa (A) or M. luteus (B) cells or along with 2 nmol FK506 or L-NAME, using PBS as control. All the data was analyzed using the log-rank test. *, p <0.05; FK506, CanA inhibitor; L-NAME, NOS inhibitor; Pa, P. aeruginosa; Ml, M. luteus.





Induction of NOS, CanA and AMPs by Bacterial Infection in O. furnacalis Larvae

NO and AMPs are effectors that eliminate invading bacteria in insects, and some research indicated cross-talks between ROS and AMP production (47). To investigate whether or not NOS and CanA are involved in the processes in O. furnacalis larvae, we first measured the transcript levels of NOS, CanA and AMPs under immune stress (Figure 2). NOS1 but not NOS2 mRNA level was strongly induced (Figures 2A, B), and the expression levels of NOS1 and NOS2 in different tissues showed that NOS1 was mainly expressed in hemocytes, while NOS2 were mainly expressed in fat body (Figure S5). NOS1 and CanA showed a similar expression pattern, which were mainly upregulated at 4 and 12 h post infection (Figures 2A, C). In addition, we found that CanA was also mainly expressed in hemocytes (Figure S5). The AMP effector genes were upregulated following the increase of NOS1 and CanA expression (Figures 2D−H). These data provided clues for us to explore the mechanism for NO-regulated AMP expression during immune responses.




Figure 2 | Expression changes of NOS, CanA and AMPs in O. furnacalis larvae after bacterial infection. mRNA level changes in NOS (A, B), CanA (C), Attacin (D), Cecropin A (E), Gloverin (F), Lebocin4 (G), and Moricin (H) in whole O. furnacalis larvae at certain times post 1×104 cells of P. aeruginosa or M. luteus infection. Cont, PBS as control; CanA, calcineurin A; NOS, nitric oxide synthase; Pa, P. aeruginosa; Ml, M. luteus. One-way ANOVA analysis followed by Tukey’s test was used to compare the control and infected groups. *p < 0.05; **p < 0.01; ***p < 0.001.





NO Increased mRNA Levels of CanA and Some AMPs in O. furnacalis Larvae

NOS catalyzes the production of NO from an endogenous substrate L-arginine. After infection with P. aeruginosa or M. luteus, NO concentrations in hemolymph increased significantly at 4, 12, 24 and 48 h (Figures 3A, B). Injection the diethylamine NONOate (NOC, an NO donor) also increased NO concentration to a similar level in hemolymph (Figure 3C). NO also induced the expression of CanA, and Defensin, Lebocin4 and Moricin (Figures 3D−G). However, NOC did not induce Attacin, CecropinA or Gloverin expression (Figure S2), suggesting NO has some specificity in inducing AMP production. Thus, we hypothesized that CanA may participate in bacteria-induced NO production to regulate the expression of certain AMPs.




Figure 3 | NO increased CanA and AMP expression in O. furnacalis larvae. NO concentrations in hemolymph after infection by 1×104 CFUs of P. aeruginosa (A) and M. luteus (B) at 4 to 48 h post injection. NO concentrations in larval hemolymph after injection of the NOC (C). Transcript levels of CanA (D), Defensin (E), Lebocin 4 (F) and Moricin (G) after NOC injection. One-way ANOVA followed by Tukey’s test was used to compare the control and infected groups (A, B). Student’s t-test was used to compare PBS- and NOC-treated groups (C−G). *p < 0.05; **p < 0.01; ***p < 0.001.





E. coli and NO Releasing Compound (NOC) Increased NO Concentration in the Medium of S2 Cells

To understand how NO may regulate AMP production, we used Drosophila S2 cells in further tests. Incubation with dead M. luteus and E. coli induced S2 cells to make AMPs (Figure S3). E. coli from 1 mL culture at OD600 = 1.0 led to a stronger AMP response than the Gram-positive bacteria. Thus, this amount of dead E. coli was chosen to treat S2 cells in the later experiments. We found that the NOS expression and NO production were strongly induced by E. coli, as in O. furnacalis larvae (Figures 4A, B, 2A). Knockdown of NOS reduced the NO level increased by E. coli (Figure 4C). After incubation with the NOC, NO concentration in the cell culture medium increased and lasted for two days at least (Figure 4D). Therefore, Drosophila S2 cells appear to be a good model for investigating the link between NO and AMP production.




Figure 4 | E coli and NOC treatments stimulated NO production in Drosophila S2 cells. NOS mRNA levels (A) and NO concentrations (B) after E coli infection. NO levels in the medium samples after NOS RNAi and treatment with killed E coli (C) or the NOC (D). Cont, PBS treatment at 0 h One-way ANOVA followed by Tukey’s test was used to compare control and treatment groups (A, B, D). Student’s t-test was used to analyze significance in (C). *p < 0.05; **p < 0.01; ***p < 0.001.





Induction of AMPs by NO in S2 Cells

To further uncover the role of NO in AMP production, we added NOC (NO donor) to the culture of S2 cells. At 24 and 48 h, the transcript levels of CecropinA1, Defensin, Diptericin and Drosomycin increased significantly (Figure 5). The effect was observed for CecropinA1 at 6 and 12 h, suggestive of a more sensitive response to NO for this gene. NO concentration elevations caused by E. coli or the NOC were detected at 6, 12, 24, and 48 h (Figures 4B, D). The major induction of AMPs at 24 and 48 h suggested that the NO involvement in AMP production may be indirect, relying on protein products of intermediate gene(s).




Figure 5 | NOC induced AMP expression in Drosophila S2 cells. The NOC at a final concentration of 2.5 mM was used to treat S2 cells. Transcript levels of the four AMPs Cecropin A1 (A), Defensin (B), Diptericin (C), and Drosomycin (D) at different time points were measured by qPCR. One-way ANOVA followed by Tukey’s test was used to compare control and treated groups. **p < 0.01; ***p < 0.001.





IMD Pathway Connected the NO Signal to AMP Production in S2 Cells

Since AMP expression is known to be controlled by the Toll and IMD pathways (14, 37, 38, 57), how may NO-induced AMP production in S2 cells (Figure 5) and O. furnacalis larvae (Figure 3) be linked to the two classic pathways? To address this question, we employed RNA interference to knockdown the pathway components and determine whether the NO-induced AMP production is affected in S2 cells. We found the increases in mRNA levels of CecropinA1, Defensin, Diptericin and Drosomycin caused by dead E. coli were dramatically suppressed after IMD had been knocked down (Figures 6, S4). Treatment with dsRNA of MyD88 had a lesser effect. Therefore, NO-induced AMP production was regulated mainly by the IMD pathway but not much by Toll signaling. Similarly, the AMP transcription increases were partly suppressed by NOS dsRNA, suggesting the NOS may take part in the AMP induction upon E. coli treatment. Furthermore, knockdown of IMD in S2 cells significantly reduced CecropinA1, Defensin, Diptericin and Drosomycin expression, which induced by NOC treatment (Figures 6E–H). Together, these data suggested that NO is involved in the upregulation of CecropinA1, Defensin, Diptericin and Drosomycin transcription through the IMD pathway.




Figure 6 | Effects of IMD, MyD88 or NOS knockdown on AMP expression in Drosophila S2 cells. To analyze possible roles of Toll/IMD pathway and NOS in NO-induced AMP expression, RNAi of IMD, MyD88 or NOS was performed in S2 cells for 48 h in advance of the treatment by killed E coli. Transcript levels of Cecropin A1 (A), Defensin (B), Diptericin (C) and Drosomycin (D) were analyzed by qPCR. The effects of IMD knockdown on induction of CecropinA1 (E), Defensin (F), Diptericin (G) and Drosomycin (H) by the NOC were detected. Student’s t-test was used to analyze significance, *p < 0.05; **p < 0.01; ***p < 0.001.





NOS Was Required for the Upregulation of CanA1 in S2 Cells Induced by E. coli

In O. furnacalis larvae, bacterial infections increased the transcript levels of CanA and AMPs, whereas inhibition of CanA reduced resistance to the infections and resulted in more death (Figures 1, 2C), suggesting the involvement of CanA in the resistance to bacterial infection. To investigate whether CanA is involved in the resistance through regulating the expression of AMPs, S2 cells were used for further studies. We found that dead E. coli induced the expression of CanA1 at 12, 24, and 48 h in S2 cells (Figure 7A), and that addition of NO donor NOC also induced the expression of CanA1 at 12 and 24 h (Figure 7B), which indicates that bacterial infection and NO increased expression of CanA1. However, knockdown of NOS suppressed the induction of CanA1 by E. coli (Figure 7C), suggesting that CanA1 might be downstream of NO signal.




Figure 7 | NO contributed to the upregulation of CanA1 induced by killed E coli in Drosophila S2 cells. The expression pattern of CanA1 in response to E coli treatment (A), NO donor (B), and NOS knockdown followed by E coli treatment (C) was determined by qPCR. Cont: PBS treatment; NOC: Nitric oxide donor. One-way ANOVA followed by Tukey’s test was used to compare control and treated groups (A, B). Student’s t-test was used to analyze significance (C), *p < 0.05; **p < 0.01; ***p < 0.001.





Knockdown and Inhibition of CanA1 Can Block the Upregulation of AMPs by NO in S2 Cells

To further confirm the relationship between CanA1 and NO on controlling AMPs expression in S2 cells, we used CanA1 inhibitor and knockdown to inhibit the activity of CanA1 and reduce the transcript level of CanA1, respectively. We found that CanA1 inhibitor could significantly block the expression of CecropinA1, Defensin, Diptericin and Drosomycin, which were induced by NO (Figures 8A–D). In addition, knockdown of CanA1 in S2 cells also decreased the expression of CanA1 induced by the NOC (Figure 8E), and significantly suppressed the upregulation of CecropinA1, Defensin, Diptericin and Drosomycin by NO (Figures 8F–I). These results directly indicated that the AMP expression induced by NO was mediated by CanA1.




Figure 8 | Effects of CanA1 knockdown and CanA1 inhibitor on NOC-induced AMP expression. Transcript level changes of Cecropin A (A), Defensin (B), Diptericin (C) and Drosomycin (D) in NOC treated S2 cells after different concentrations of CanA1 inhibitor treatment were determined by qPCR, The concentrations of FK506 were indicated. dsRNA of CanA1 was used to evaluate the effects of NOC on the expression of CanA1 (E), Cecropin A1 (F), Defensin (G), Diptericin (H) and Drosomycin (I) in response to NOC challenge. Cont, PBS used as control; NOC, nitric oxide donor; CanA1, CalcineurinA1. One-way ANOVA followed by Tukey’s test was used to compare control and treatment groups (A-D). Student’s t-test was used to analyze significance (E-I), *p < 0.05; **p < 0.01; ***p < 0.001.






Discussion

After insect innate immunity was discovered, the robust defense system has been well investigated in different species (8, 58). In particular, the immune signaling pathways such as ROS reaction, Toll and IMD pathways, and PPO cascade are well studied (14, 37, 38, 58–60). As a member of the ROS family, NO induced by pathogen infections participates in the regulation of AMP production, mainly regulated via classic Toll and IMD pathways. That means that there are cross-talks between the ROS reaction and AMP signaling pathway. In this study, we used a lepidopteran pest O. furnacalis to analyze the regulatory mechanism of NO on AMP production and found that bacterial infection can upregulate the expression of NOS, CanA and certain AMPs through NO production. NO and CanA are needed to fight against bacterial infection in O. furnacalis. Using S2 cells, we confirmed that CanA1 mediated the regulation of AMP productions between NO signal and IMD pathway. Our work suggests that NO signal might play as the messenger between rapid ROS reaction and AMP signaling pathway.

The mechanism of how CanA regulates the AMPs expression is still unclear. As a member of the protein phosphatase 2B family, calcineurin is a Ca2+-dependent phosphatase, involved in many physiological processes such as regulation of Ca2+ homeostasis, transcription, and innate immunity (61–63). Calcineurin comprises a catalytic subunit A and a regulatory subunit B (41). In Drosophila, there are three catalytic subunits including calcineurin A1, protein phosphatase 2B-14D and calcineurin A-14F (64). Protein phosphatase 2B-14D and calcineurin A-14F can respond to Gram-positive bacterial infection and activate Dorsal to induce AMPs production (41). While calcineurin A1 has effects on regulation of AMPs production via Relish in response to Gram-negative bacterial infections or NO challenge (41, 46). Subunit calcineurin A1 can directly receive the signal of NO and act on Relish without the components of IMD pathway, subunits protein phosphatase 2B-14D and calcineurin A-14F directly activate Dorsal/Dif activity dependent on the calcium level altered by Gram-positive bacterial infections (41), suggesting that the regulation of AMPs production by calcineurin subunit A is directly mediated by NF-κB and independent of Toll/IMD pathways. In contrast, the NO-induced AMPs production is dependent on Toll/IMD pathway in S. exigua (25). In this study, our results indicate that IMD pathway is required for calcineurin A to mediate the regulation of AMPs by NO. These differences between non-NO and NO mediated AMPs production via the CanA1 regulation remain to be fully deciphered in the future. In B. mori and D. melanogaster, eicosanoids are involved in AMPs production (65, 66). Inhibition of phospholipase A2 (PLA2) activity can reduce the biosynthesis of eicosanoids, and finally decreases AMPs production in S. exigua (67). In addition, NO increased the activity of PLA2, and PLA2 was capable to upregulate the AMP production via eicosanoids in S. exigua (25, 68). Therefore, whether or not calcineurin A can regulate the PLA2 to alter AMPs production via eicosanoids need further investigation.

There is organ-to-organ communication during immune responses. In the Drosophila gut, the ROS reaction and IMD pathway producing AMPs play primary roles in the elimination of gut microbes (8). Enterobacteria Ecc15 oral infection can locally trigger the expression of AMPs and ROS reaction in adult Drosophila gut (4), although Ecc15 can’t cross through the gut and enter the hemolymph, the local infection in the gut also upregulates AMPs expression in fat body (69, 70). Furthermore, ROS stress induced by local Ecc15 oral infection in Drosophila gut upregulates the production of NO in gut, and then the NO signal as a messenger is relayed by hemocytes to trigger the expression of AMP Diptericin in the remote organ fat body (15). In this study, we found that NOS1 in hemocytes was the primary NOS in response to bacterial infections in O. furnacalis (Figures 2, S5), while AMPs were mainly expressed in gut and fat body (8, 25), we inferred that there might be also a link between hemocyte producing NO and fat body expressing AMPs in O. furnacalis. Based on the tissue expression analysis of CanA, NOS1 and NOS2, and the responses of these three genes to bacterial infections in O. furnacalis, we inferred NO production induced by bacteria in hemocytes increased the expression of CanA in hemocytes together with some unknown factors, which were released from hemocytes to induce AMPs expression in fat body via IMD pathway (Figure 9). To further confirm the organ-to-organ immune signals in O. furnacalis, Ex vivo assay using hemocytes and fat body from O. furnacalis larvae might need to be set up in the future. Using condition medium collected from dead bacteria-challenged hemocytes to stimulate the germ-free fat body may be an ideal approach to investigate the organ-to-organ communication and identify the unknown factors from hemocytes to fat body.




Figure 9 | A model for NO-regulated AMP production. Bacterial infection induces NOS expression in hemocytes to convert L-arginine to NO by NOS. NO then induces CanA expression to produce and release of an unknown factor (X) from hemocytes. Released X activates AMP expression in fat body via IMD pathway to eliminate the invading bacteria.



NO plays a minor role in bacteria-induced AMP production. The classic pathways regulating AMP productions are Toll and IMD pathways in several model insects (71, 72). Toll pathway and IMD pathway are activated by Lys-peptidoglycans (from Gram-positive bacteria) and DAP-peptidoglycans (DAP: meso-diaminopimelic acid, mainly from Gram-negative bacteria), respectively (73). In this study, different amounts of killed Gram-positive and Gram-negative bacteria M. luteus and E. coli were used to treat S2 cells, even a small amount of E. coli showed stronger activity than M. luteus to induce AMPs expression in S2 cells. We found that knockdown of NOS did not totally block the induction of AMPs after bacterial infection, and NO only induced considerable AMPs, indicating that the AMPs production induced by NO takes part in the AMP production through IMD pathway in S2 cells.

So far, the mechanism of NO production after bacterial infection is unclear. In S. exigua, the expression of AMPs is under the regulation of Toll pathway and IMD pathway like that in other insects (14, 25, 74, 75). NO also can regulate the expression of AMPs in S. exigua, while knockdown of Toll or Relish decreases the expression of NOS, and reduces NO concentration in response to bacterial infection, suggesting that the NO signal is downstream of IMD and Toll pathway in S. exigua (25). In Drosophila, the NO-induced AMPs production is independent of Toll and IMD pathways (41). In this study, our result showed that NO upregulated the expression of CanA1, and then CanA1 activated the expression of AMPs via IMD pathway in S2 cells. Knockdown of both NOS and IMD could block expression of AMPs similar as knockdown of IMD only did, suggesting that the NO signaled IMD pathway to regulate the AMP expression.



Conclusion

In our study, we found that NO donor could induce the expression of Cecropin A, Defensin, Diptericin and Drosomycin in S2 cells (Figure 5), while in O. furnacalis larvae, NO donor significantly induced the expression of Defensin, Lebocin4 and Moricin but not Attacin, Cecropin A1 and Gloverin (Figures 3, S1). NO donor can upregulate the expression of Attacin1/2, Defensin and Gloverin in S. exigua (25). We also used B. mori to analyze the AMPs expression after bacterial infection or NO donor treatment (Figure S6A), and found that NO donor NOC had strong activity to induce the expression of AMPs Cecropin D, Cecropin E, Lebocin, Moricin and Defensin A. Moreover, inhibition of NOS using L-NAME increased the death of bacterial infected B. mori larvae (Figure S6B), which was consistent with the survival assay using O. furnacalis larvae. These data indicated that NO can specifically induce certain AMPs in different insects.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author Contributions

CF, KC and ZL designed the study. XWa, JC and XWe performed the experiments. KC and JC performed statistical analysis, KC prepared the first draft. CF, HJ, ZL and YW revised and finalized the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Natural Science Foundation of China (31901876, 31871952, and 31970467), Natural Science Foundation of Jiangsu Province (KB20190900), China Postdoctoral Science Foundation (2018M642343) and NIH grant GM58634.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.905419/full#supplementary-material

Supplementary Table 1 | Primers used in this study.

Supplementary Figure 1 | Survival of O. furnacalis larvae after bacterial infection. Survival curves of the larvae after an exposure to live P. aeruginosa (A) and M. luteus (B) at different dosages (1×103 to 1×106 CFUs/larva)

Supplementary Figure 2 | NOC did not induce Attacin, Cecropin A or Gloverin synthesis in O. furnacalis larvae.

Supplementary Figure 3 | Induced transcription of Cecropin A1 (A, B), Diptericin (C, D), Defensin (E, F), and Drosomycin (G, H) in Drosophila S2 cells by different amounts of killed M. luteus (A, C, E, G) and E. coli (B, D, F, H).

Supplementary Figure 4 | The efficiency of RNAi against the target genes in Drosophila S2 cells.

Supplementary Figure 5 | Expression of CanA, NOS1 and NOS2 genes in different tissues of O. furnacalis larvae. Different letters above a given treatment indicate means significantly differ. One-way ANOVA followed by Tukey’s test was used to compare each other.

Supplementary Figure 6 | Effects of NO donor and bacterial infections on AMP expression (A) in and survival curves (B) of B. mori larvae. Day 3, 5th instar B. mori larvae were injected with NO donor NOC or S-nitroso-N-acetylpenicillamine (SNAP) (20 nmol/larva), 1×107 cells of P. aeruginosa or S. aureus, or 1×107 cells of P. aeruginosa or S. aureus together with NOS inhibitor L-NAME (2 nmol/larva). Fat body was collected at 6 h post infection, and transcript level change of Cecropin A, Cecropin B, Cecropin D, Cecropin E, Gloverin 4, Lebocin, Moricin and Defensin A were determined by PCR (A). The survival curve was also plotted after bacterial infection with or without NOS inhibitor L-NAME (B).



References

1. Gillespie, JP, Kanost, MR, and Trenczek, T. Biological Mediators of Insect Immunity. Annu Rev Entomol (1997) 42:611–43. doi: 10.1146/annurev.ento.42.1.611

2. Bulmer, MS, Bachelet, I, Raman, R, Rosengaus, RB, and Sasisekharan, R. Targeting an Antimicrobial Effector Function in Insect Immunity as a Pest Control Strategy. Proc Natl Acad Sci USA (2009) 106(31):12652–7. doi: 10.1073/pnas.0904063106

3. Welchman, DP, Aksoy, S, Jiggins, F, and Lemaitre, B. Insect Immunity: From Pattern Recognition to Symbiont-Mediated Host Defense. Cell Host Microbe (2009) 6(2):107–14. doi: 10.1016/j.chom.2009.07.008

4. Lemaitre, B, and Hoffmann, J. The Host Defense of Drosophila Melanogaster. Annu Rev Immunol (2007) 25:697–743. doi: 10.1146/annurev.immunol.25.022106.141615

5. Strand, MR. The Insect Cellular Immune Response. Insect Sci (2008) 15(1):1–14. doi: 10.1111/j.1744-7917.2008.00183.x

6. Hoffmann, JA, Kafatos, FC, Janeway, CA, and Ezekowitz, RA. Phylogenetic Perspectives in Innate Immunity. Science (1999) 284(5418):1313–8. doi: 10.1126/science.284.5418.1313

7. Eleftherianos, I, Heryanto, C, Bassal, T, Zhang, W, Tettamanti, G, and Mohamed, A. Haemocyte-Mediated Immunity in Insects: Cells, Processes and Associated Components in the Fight Against Pathogens and Parasites. Immunology (2021) 164(3):401–32. doi: 10.1111/imm.13390

8. Buchon, N, Silverman, N, and Cherry, S. Immunity in Drosophila Melanogaster- From Microbial Recognition to Whole-Organism Physiology. Nat Rev Immunol (2014) 14(12):796–810. doi: 10.1038/nri3763

9. Holmes, VR, and Johnston, JS. The Innate Immune Response of Eusocial Hymenopterans to Viral Pathogen Challenge. Ann Entomol Soc Am (2021) 115(2):141–7. doi: 10.1093/aesa/saab047

10. Krams, I, Daukste, J, Kivleniece, I, Kaasik, A, Krama, T, Freeberg, TM, et al. Trade-Off Between Cellular Immunity and Life Span in Mealworm Beetles Tenebrio Molitor. Curr Zool (2013) 59(3):340–6. doi: 10.1093/czoolo/59.3.340

11. Bedick, JC, Tunaz, H, Aliza, ARN, Putnam, SM, Ellis, MD, and Stanley, DW. Eicosanoids Act in Nodulation Reactions to Bacterial Infections in Newly Emerged Adult Honey Bees, Apis Mellifera, But Not in Older Foragers. Comp Biochem Physiol C (2001) 130(1):107–17. doi: 10.1016/S1532-0456(01)00226-5

12. Fellowes, MDE, Kraaijeveld, AR, and Godfray, HCJ. Cross-Resistance Following Artificial Selection for Increased Defense Against Parasitoids in Drosophila Melanogaster. Evolution (1999) 53(3):966–72. doi: 10.2307/2640737

13. Chen, KK, Song, JH, Song, QS, Dou, XY, Wang, Y, Wei, YH, et al. Transcriptomic Analysis Provides Insights Into the Immune Responses and Nutrition in Ostrinia Furnacalis Larvae Parasitized by Macrocentrus Cingulum. Arch Insect Biochem Physiol (2022) 109(3):e21863. doi: 10.1002/arch.21863

14. Chen, KK, and Lu, ZQ. Immune Responses to Bacterial and Fungal Infections in the Silkworm, Bombyx Mori. Dev Comp Immunol (2018) 83:3–11. doi: 10.1016/j.dci.2017.12.024

15. Wu, SC, Liao, CW, Pan, RL, and Juang, JL. Infection-Induced Intestinal Oxidative Stress Triggers Organ-to-Organ Immunological Communication in Drosophila. Cell Host Microbe (2012) 11(4):410–7. doi: 10.1016/j.chom.2012.03.004

16. Amcheslavsky, A, and Ip, YT. Be a Good Neighbor: Organ-To-Organ Communication During the Innate Immune Response. Cell Host Microbe (2012) 11(4):323–4. doi: 10.1016/j.chom.2012.04.003

17. Kohchi, C, Inagawa, H, Nishizawa, T, and Soma, G. ROS and Innate Immunity. Anticancer Res (2009) 29(3):817–21.

18. Giorgio, M, Trinei, M, Migliaccio, E, and Pelicci, PG. Hydrogen Peroxide: A Metabolic By-Product or a Common Mediator of Ageing Signals? Nat Rev Mol Cell Biol (2007) 8(9):722–8. doi: 10.1038/nrm2240

19. Liochev, SI. Reactive Oxygen Species and the Free Radical Theory of Aging. Free Radic Biol Med (2013) 60:1–4. doi: 10.1016/j.freeradbiomed.2013.02.011

20. Rhee, SG, and signaling. H2O2, C. A Necessary Evil for Cell Signaling. Science (2006) 312(5782):1882–3. doi: 10.1126/science.1130481

21. Mittler, R. ROS are Good. Trends Plant Sci (2017) 22(1):11–9. doi: 10.1016/j.tplants.2016.08.002

22. Miranda, KM, Espey, MG, Yamada, K, Krishna, M, Ludwick, N, Kim, S, et al. Unique Oxidative Mechanisms for the Reactive Nitrogen Oxide Species, Nitroxyl Anion. J Bio Chem (2001) 276(3):1720–7. doi: 10.1074/jbc.M006174200

23. Bredt, DS, and Snyder, SH. Nitric Oxide: A Physiologic Messenger Molecule. Annu Rev Biochem (1994) 63:175–95. doi: 10.1146/annurev.bi.63.070194.001135

24. Kim, Y, Ahmed, S, Stanley, D, and An, CJ. Eicosanoid-Mediated Immunity in Insects. Dev Comp Immunol (2018) 83:130–43. doi: 10.1016/j.dci.2017.12.005

25. Sadekuzzaman, M, and Kim, Y. Nitric Oxide Mediates Antimicrobial Peptide Gene Expression by Activating Eicosanoid Signaling. PloS One (2018) 13(2):e0193282. doi: 10.1371/journal.pone.0193282

26. MacMicking, J, Xie, QW, and Nathan, C. Nitric Oxide and Macrophage Function. Annu Rev Immunol (1997) 15:323–50. doi: 10.1146/annurev.immunol.15.1.323

27. Nappi, AJ, Vass, E, Frey, F, and Carton, Y. Nitric Oxide Involvement in Drosophila Immunity. Nitric Oxide (2000) 4(4):423–30. doi: 10.1006/niox.2000.0294

28. Rivero, A. Nitric Oxide: An Antiparasitic Molecule of Invertebrates. Trends Parasitol (2006) 22(8):352–2. doi: 10.1016/j.pt.2006.02.014

29. Hillyer, JF, and Estevez-Lao, TY. Nitric Oxide is an Essential Component of the Hemocyte-Mediated Mosquito Immune Response Against Bacteria. Dev Comp Immunol (2010) 34(2):141–9. doi: 10.1016/j.dci.2009.08.014

30. Peterson, TML, Gow, AJ, and Luckhart, S. Nitric Oxide Metabolites Induced in Anopheles Stephensi Control Malaria Parasite Infection. Free Radic Bio Med (2007) 42(1):132–42. doi: 10.1016/j.freeradbiomed.2006.10.037

31. Yi, HY, Chowdhury, M, Huang, YD, and Yu, XQ. Insect Antimicrobial Peptides and Their Applications. Appl Microbiol Biotechnol (2014) 98(13):5807–22. doi: 10.1007/s00253-014-5792-6

32. Wu, Q, Patocka, J, and Kuca, K. Insect Antimicrobial Peptides, a Mini Review. Toxin (Basel) (2018) 10(11):461. doi: 10.3390/toxins10110461

33. Koczulla, AR, and Bals, R. Antimicrobial Peptides: Current Status and Therapeutic Potential. Drugs (2003) 63(4):389–406. doi: 10.2165/00003495-200363040-00005

34. Zhao, PC, Li, JJ, Wang, Y, and Jiang, HB. Broad-Spectrum Antimicrobial Activity of the Reactive Compounds Generated In Vitro by Manduca Sexta Phenoloxidase. Insect Biochem Mol Biol (2007) 37(9):952–9. doi: 10.1016/j.ibmb.2007.05.001

35. Feng, M, Fei, SG, Xia, JM, Labropoulou, V, Swevers, L, and Sun, JC. Antimicrobial Peptides as Potential Antiviral Factors in Insect Antiviral Immune Response. Front Immunol (2020) 11:2030. doi: 10.3389/fimmu.2020.02030

36. Jiang, HB, Vilcinskas, A, and Kanost, MR. Immunity in Lepidopteran Insects. Adv Exp Med Biol (2010) . 708:181–204. doi: 10.1007/978-1-4419-8059-5_10

37. Myllymaki, H, Valanne, S, and Ramet, M. The Drosophila Imd Signaling Pathway. J Immunol (2014) 192(8):3455–62. doi: 10.4049/jimmunol.1303309

38. Valanne, S, Wang, JH, and Ramet, M. The Drosophila Toll Signaling Pathway. J Immunol (2011) 186(2):649–56. doi: 10.4049/jimmunol.1002302

39. De Gregorio, E, Spellman, PT, Tzou, P, Rubin, GM, and Lemaitre, B. The Toll and Imd Pathways are the Major Regulators of the Immune Response in Drosophila. EMBO J (2002) 21(11):2568–79. doi: 10.1093/emboj/21.11.2568

40. Kaneko, T, and Silverman, N. Bacterial Recognition and Signalling by the Drosophila IMD Pathway. Cell Microbiol (2005) 7(4):461–9. doi: 10.1111/j.1462-5822.2005.00504.x

41. Li, YX, and Dijkers, PF. Specific Calcineurin Isoforms are Involved in Drosophila Toll Immune Signaling. J Immunol (2015) 194(1):168–76. doi: 10.4049/jimmunol.1401080

42. Dionne, MS, and Schneider, DS. Models of Infectious Diseases in the Fruit Fly Drosophila Melanogaster. Dis Models Mech (2008) 1(1):43–9. doi: 10.1242/dmm.000307

43. Nurnberger, T, Brunner, F, Kemmerling, B, and Piater, L. Innate Immunity in Plants and Animals: Striking Similarities and Obvious Differences. Immunol Rev (2004) 198:249–66. doi: 10.1111/j.0105-2896.2004.0119.x

44. Hoffmann, JA, and Reichhart, JM. Drosophila Innate Immunity: An Evolutionary Perspective. Nat Immunol (2002) 3(2):121–6. doi: 10.1038/ni0202-121

45. Buchmann, K. Evolution of Innate Immunity: Clues From Invertebrates via Fish to Mammals. Front Immunol (2014) 5:459. doi: 10.3389/fimmu.2014.00459

46. Foley, E, and O'Farrell, PH. Nitric Oxide Contributes to Induction of Innate Immune Responses to Gram-Negative Bacteria in Drosophila. Genes Dev (2003) 17(1):115–25. doi: 10.1101/gad.1018503

47. Dijkers, PF, and O'Farrell, PH. Drosophila Calcineurin Promotes Induction of Innate Immune Responses. Curr Bio (2007) 17(23):2087–93. doi: 10.1016/j.cub.2007.11.001

48. Ishii, K, Adachi, T, Hamamoto, H, Oonishi, T, Kamimura, M, Imamura, K, et al. Insect Cytokine Paralytic Peptide Activates Innate Immunity via Nitric Oxide Production in the Silkworm Bombyx Mori. Dev Comp Immunol (2013) 39(3):147–53. doi: 10.1016/j.dci.2012.10.014

49. Zhou, Y, Guo, J, Wang, XY, Cheng, Y, Guan, JW, Barman, P, et al. FKBP39 Controls Nutrient Dependent Nprl3 Expression and TORC1 Activity in Drosophila. Cell Death Dis (2021) 12(6):571. doi: 10.1038/s41419-021-03860-z

50. Chen, KK, Tang, T, Song, QS, Wang, ZY, He, KL, Liu, X, et al. Transcription Analysis of the Stress and Immune Response Genes to Temperature Stress in Ostrinia Furnacalis. Front Physiol (2019) 10:1289. doi: 10.3389/fphys.2019.01289

51. Chen, KK, Liu, C, He, Y, Jiang, HB, and Lu, ZQ. A Short-Type Peptidoglycan Recognition Protein From the Silkworm: Expression, Characterization and Involvement in the Prophenoloxidase Activation Pathway. Dev Comp Immunol (2014) 45(1):1–9. doi: 10.1016/j.dci.2014.01.017

52. Feng, CJ, Zhao, Y, Chen, KK, Zhai, HF, Wang, ZY, Jiang, HB, et al. Clip Domain Prophenoloxidase Activating Protease is Required for Ostrinia Furnacalis Guenee to Defend Against Bacterial Infection. Dev Comp Immunol (2018) 87:204–15. doi: 10.1016/j.dci.2018.06.014

53. Wang, WX, Wang, YP, Deng, XJ, Dang, XL, Tian, JH, Yi, HY, et al. Molecular and Functional Characterization of a C-Type Lysozyme From the Asian Corn Borer, Ostrinia Furnacalis. J Insect Sci (2009) 9(1):17. doi: 10.1673/031.009.1701

54. Ponton, F, Chapuis, MP, Pernice, M, Sword, GA, and Simpson, SJ. Evaluation of Potential Reference Genes for Reverse Transcription-qPCR Studies of Physiological Responses in Drosophila Melanogaster. J Insect Physiol (2011) 57:840–50. doi: 10.1016/j.jinsphys.2011.03.014

55. Schmittgen, TD, and Livak, KJ. Analyzing Real-Time PCR Data by the Comparative C(T) Method. Nat Protoc (2008) 3(6):1101–8. doi: 10.1038/nprot.2008.73

56. Wang, RJ, Chen, KK, Xing, LS, Lin, Z, Zou, Z, and Lu, ZQ. Reactive Oxygen Species and Antimicrobial Peptides are Sequentially Produced in Silkworm Midgut in Response to Bacterial Infection. Dev Comp Immunol (2020) 110:103720. doi: 10.1016/j.dci.2020.103720

57. Horng, T, and Medzhitov, R. Drosophila MyD88 is an Adapter in the Toll Signaling Pathway. Proc Natl Acad Sci USA (2001) 98(22):12654–8. doi: 10.1073/pnas.231471798

58. Ganesan, S, Aggarwal, K, Paquette, N, and Silverman, N. NF-Kappa B/Rel Proteins and the Humoral Immune Responses of Drosophila Melanogaster. Nf-Kb Health Dis (2011) 349:25–60. doi: 10.1007/82_2010_107

59. Han, M, Qin, S, Song, XJ, Li, YF, Jin, P, Chen, LM, et al. Evolutionary Rate Patterns of Genes Involved in the Drosophila Toll and Imd Signaling Pathway. BMC Evol Biol (2013) 13:245. doi: 10.1186/1471-2148-13-245

60. Kellenberger, C, Leone, P, Coquet, L, Jouenne, T, Reichhart, JM, and Roussel, A. Structure-Function Analysis of Grass Clip Serine Protease Involved in Drosophila Toll Pathway Activation. J Biol Chem (2011) 286(14):35087–95. doi: 10.1074/jbc.M110.182741

61. Furman, JL, and Norris, CM. Calcineurin and Glial Signaling: Neuroinflammation and Beyond. J Neuroinflamm (2014) 11:158. doi: 10.1186/s12974-014-0158-7

62. Saraf, J, Bhattacharya, P, Kalia, K, Borah, A, Sarmah, D, Kaur, H, et al. A Friend or Foe: Calcineurin Across the Gamut of Neurological Disorders. ACS Cent Sci (2018) 4(7):805–19. doi: 10.1021/acscentsci.8b00230

63. Kang, YJ, Kusler, B, Otsuka, M, Hughes, M, Suzuki, N, Suzuki, S, et al. Calcineurin Negatively Regulates TLR-Mediated Activation Pathways. J Immunol (2007) 179(7):4598–607. doi: 10.4049/jimmunol.179.7.4598

64. Gwack, Y, Sharma, S, Nardone, J, Tanasa, B, Iuga, A, Srikanth, S, et al. A Genome-Wide Drosophila RNAi Screen Identifies DYRK-Family Kinases as Regulators of NFAT. Nature (2006) 441(7093):646–50. doi: 10.1038/nature04631

65. Morishima, I, Yamano, Y, Inoue, K, and Matsuo, N. Eicosanoids Mediate Induction of Immune Genes in the Fat Body of the Silkworm, Bombyx Mori. FEBS Lett (1997) 419(1):83–6. doi: 10.1016/S0014-5793(97)01418-X

66. Yajima, M, Takada, M, Takahashi, N, Kikuchi, H, Natori, S, Oshima, Y, et al. A Newly Established In Vitro Culture Using Transgenic Drosophila Reveals Functional Coupling Between the Phospholipase A(2)-Generated Fatty Acid Aascade and Lipopolysaccharide-Dependent Activation of the Immune Deficiency (Imd) Pathway in Insect Immunity. Biochem J (2003) 371:205–10. doi: 10.1042/Bj20021603

67. Hwang, J, Park, Y, Kim, Y, Hwang, J, and Lee, D. An Entomopathogenic Bacterium, Xenorhabdus Nematophila, Suppresses Expression of Antimicrobial Peptides Controlled by Toll and Imd Pathways by Blocking Eicosanoid Biosynthesis. Arch Insect Biochem Physiol (2013) 83(3):151–69. doi: 10.1002/arch.21103

68. Ji, JY, Yin, ZH, Zhang, SS, Shen, DX, and An, CJ. PLA(2) Mediates the Innate Immune Response in Asian Corn Borer, Ostrinia Furnacalis. Insect Sci (2022) 29(1):245–58. doi: 10.1111/1744-7917.12932

69. Basset, A, Khush, RS, Braun, A, Gardan, L, Boccard, F, Hoffmann, JA, et al. The Phytopathogenic Bacteria Erwinia Carotovora Infects Drosophila and Activates an Immune Response. Proc Natl Acad Sci USA (2000) 97(7):3376–81. doi: 10.1073/pnas.070357597

70. Tzou, P, Ohresser, S, Ferrandon, D, Capovilla, M, Reichhart, JM, Lemaitre, B, et al. Tissue-Specific Inducible Expression of Antimicrobial Peptide Genes in Drosophila Surface Epithelia. Immunity (2000) 13(5):737–48. doi: 10.1016/S1074-7613(00)00072-8

71. Irving, P, Troxler, L, Heuer, TS, Belvin, M, Kopczynski, C, Reichhart, JM, et al. A Genome-Wide Analysis of Immune Responses in Drosophila. Proc Natl Acad Sci USA (2001) 98(26):15119–24. doi: 10.1073/pnas.261573998

72. Zou, Z, Evans, JD, Lu, ZQ, Zhao, PC, Williams, M, Sumathipala, N, et al. Comparative Genomic Analysis of the Tribolium Immune System. Genome Biol (2007) 8(8):R177. doi: 10.1186/gb-2007-8-8-r177

73. Charroux, B, Rival, T, Narbonne-Reveau, K, and Royet, J. Bacterial Detection by Drosophila Peptidoglycan Recognition Proteins. Microbes Infect (2009) 11(6-7):631–6. doi: 10.1016/j.micinf.2009.03.004

74. Cao, XL, He, Y, Hu, Y, Wang, Y, Chen, YR, Bryant, B, et al. The Immune Signaling Pathways of Manduca Sexta. Insect Biochem Mol Biol (2015) 62:64–74. doi: 10.1016/j.ibmb.2015.03.006

75. An, CJ, Ishibashi, J, Ragan, EJ, Jiang, HB, and Kanost, MR. Functions of Manduca Sexta Hemolymph Proteinases HP6 and HP8 in Two Innate Immune Pathways. J Biol Chem (2009) 284(29):19716–26. doi: 10.1074/jbc.M109.007112




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Wang, Wei, Chen, Wei, Jiang, Lu and Feng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 18 May 2022

doi: 10.3389/fimmu.2022.877027

[image: image2]


The Dual Functions of a Bracovirus C-Type Lectin in Caterpillar Immune Response Manipulation


Xiaotong Wu 1,2,3,4, Zhiwei Wu 1,3,4, Xiqian Ye 1,2,3,4, Lan Pang 1,3,4, Yifeng Sheng 1,3,4, Zehua Wang 1,3,4, Yuenan Zhou 1,3,4, Jiachen Zhu 1,3,4, Rongmin Hu 1,3,4, Sicong Zhou 1,3,4, Jiani Chen 1,3,4, Zhizhi Wang 1,2,3,4, Min Shi 1,2,3,4,5, Jianhua Huang 1,2,3,4,5* and Xuexin Chen 1,2,3,4,5*


1 Institute of Insect Sciences, College of Agriculture and Biotechnology, Zhejiang University, Hangzhou, China, 2 Guangdong Lab for Lingnan Modern Agriculture, Guangzhou, China, 3 Ministry of Agriculture Key Lab of Molecular Biology of Crop Pathogens and Insect Pests, Zhejiang University, Hangzhou, China, 4 Key Laboratory of Biology of Crop Pathogens and Insects of Zhejiang Province, Zhejiang University, Hangzhou, China, 5 State Key Lab of Rice Biology, Zhejiang University, Hangzhou, China




Edited by: 

Erjun Ling, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (CAS), China

Reviewed by: 

Jian Hu, Sun Yat-Sen University, China

Xiao-Qiang Yu, South China Normal University, China

*Correspondence: 

Jianhua Huang
 jhhuang@zju.edu.cn

Xuexin Chen
 xxchen@zju.edu.cn

Specialty section: 
 This article was submitted to Comparative Immunology, a section of the journal Frontiers in Immunology


Received: 16 February 2022

Accepted: 19 April 2022

Published: 18 May 2022

Citation:
Wu X, Wu Z, Ye X, Pang L, Sheng Y, Wang Z, Zhou Y, Zhu J, Hu R, Zhou S, Chen J, Wang Z, Shi M, Huang J and Chen X (2022) The Dual Functions of a Bracovirus C-Type Lectin in Caterpillar Immune Response Manipulation. Front. Immunol. 13:877027. doi: 10.3389/fimmu.2022.877027



Parasitoids are widespread in natural ecosystems and normally equipped with diverse viral factors to defeat host immune responses. On the other hand, parasitoids can enhance the antibacterial abilities and improve the hypoimmunity traits of parasitized hosts that may encounter pathogenic infections. These adaptive strategies guarantee the survival of parasitoid offspring, yet their underlying mechanisms are poorly understood. Here, we focused on Cotesia vestalis, an endoparasitoid of the diamondback moth Plutella xylostella, and found that C. vestalis parasitization decreases the number of host hemocytes, leading to disruption of the encapsulation reaction. We further found that one bracovirus C-type lectin gene, CvBV_28-1, is highly expressed in the hemocytes of parasitized hosts and participates in suppressing the proliferation rate of host hemocytes, which in turn reduces their population and represses the process of encapsulation. Moreover, CvBV_28-1 presents a classical bacterial clearance ability via the agglutination response in a Ca2+-dependent manner in response to gram-positive bacteria. Our study provides insights into the innovative strategy of a parasitoid-derived viral gene that has dual functions to manipulate host immunity for a successful parasitism.
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Introduction

Parasitism is common in the natural world, and the interactions between parasites and their hosts have received much attention for decades (1). In the evolutionary arms races, the host is under the selection to increase its resistance, whereas the parasite tends to improve its success. Parasitoid wasps are a large group of hymenopteran insects, most of which deposit their eggs into the bodies of their hosts, and the hatched progeny develop by consuming and eventually killing the hosts (2). As a result, the hosts have evolved cellular immune defenses against parasitoids, mainly including the formation of a melanized capsule around the wasp egg (also known as encapsulation), to cause parasitoids death (3–5). For successful parasitization, parasitoid wasps have developed different strategies predominantly based on the use of virulence factors to destroy the immune responses of hosts (6–8).

Polydnaviruses (PDVs) are a special group of large double-stranded DNA viruses that are obligatory symbionts with endoparasitoid wasps in the Braconidae and Ichneumonidae families (7, 9, 10). Based on their wasp family association and morphological structure, PDVs are classified into two different genera, Bracovirus (BV) and Ichnovirus (IV) (9, 11–13). Based on the available genome information from nine BVs and five IVs, the composition features of the virulence genes in PDVs have been identified, which include V-ankyrin-motif genes (ank), Cys-motif genes, protein tyrosine phosphatase genes (PTP), BEN domain-coding genes, lectin genes, histone genes, ribonucleases T2 genes, epidermal growth factor-like genes (EGF), glycosylated central domain genes (Glc), and some other hypothetical genes that lack any known domains (10, 14–22). Along with parasitoid oviposition, PDVs enter infected hosts, and their virulence genes have been widely reported to disrupt the host encapsulation reaction, which consists of the accumulation of multiple layers of hemocytes around the wasp egg and the simultaneous deposition of melanin, leading to parasitoid death (3, 5). For example, PTP-H2 of Micropilitis demolitor Bracovirus (MdBV), TnBV1 and TnBVANK1 of Toxoneuron nigriceps Bracovirus (TnBV), and the Cys-motif genes of Campoletis sanorensis Ichnovirus (CsIV) can decrease the hemocyte population of parasitized hosts by inducing apoptosis and/or programmed cell death events (23–27). Despite the reduction in hemocyte numbers, the following PDV virulence genes can also change the adhesion and/or spreading characteristics of the host hemocytes to suppress the processes of phagocytosis and encapsulation: PTP-H2, PTP-H3 and Glc1.8 of MdBV; CrV1 of Cotesia rubecula Bracovirus (CrBV); Mbcrp with a cysteine-rich trypsin inhibitor-like domain of Microplitis bicoloratus Bracovirus (MbBV); CpBV-PTPs and CpBV15β of Cotesita vestalis Bracovirus (CvBV); and the Cys-motif genes and V-innexin of CsIV (28–34). Recently, several reports have shown that PDV virulence genes also impair the host humoral immune system. For instance, the CLP gene family with a leucine/isoleucine-rich C-terminus in CvBV and two EGF-like genes in MdBV inhibit melanization of host hemolymph, and Ank-H4 and N5 in MdBV and P-vank-1 in CsIV disrupt the IMD signaling pathway and reduce the expression of antimicrobial proteins (AMPs) (35–39). It is therefore reasonable that parasitoid wasps have evolved the ability to decrease host immune responses for successful parasitization. However, this raises an important concern regarding how parasitized hosts with hypoimmunity survive when they encounter opportunistic infections, such as those invading deadly pathogens.

Lectins are widespread in most metazoan species and share conserved carbohydrate recognition domains (CRDs), which help recognize and bind to a wide range of carbohydrates located on the outside surface of the cell membrane. As such, lectins play roles in the cross-linking of these recognized cells and agglutination (40, 41). C-type lectins (CTLs) belong to a special group of lectin proteins whose activity depend on the presence of calcium ions (Ca2+) (42–44). Interestingly, the functions of CTLs are diverse depending on their original source. For instance, CTLs of viruses can modify glycan structures on the surface of host cells and dramatically alter glycosylation, which benefits microbial invasion (45, 46). However, most CTLs of eukaryotes can detect invaders and recognize microorganisms to enhance microbial clearance (47). In addition to two classic properties of CTLs mentioned above, insect CTLs are able to mediate other innate immune responses, including opsonization, nodule formation, phagocytosis, encapsulation/melanization and prophenoloxidase activation (48, 49). Recently, it has been reported that some insect CTLs originated from PDVs through horizontal gene transfer, and the domestication of these CTLs presents new adaptations and confers the host with protection against baculoviruses (50–52). Given the special biological features of PDVs, CTLs from PDVs in parasitized hosts might be necessary for wasp offspring survival. However, their functions are largely unknown.

Cotesia vestalis (Hymenoptera: Braconidae) is a solitary endoparasitoid of the diamondback moth Plutella xylostella (Lepidoptera: Plutellidae) and a worldwide pest of cruciferous plants (53–55). Our previous studies presented the complete CvBV genome and showed that some viral genes are involved in the destruction of the host immune responses (39, 56, 57). Here, we report that one CTL viral gene of CvBV, CvBV_28-1, is highly expressed in the hemocytes of parasitized hosts and serves as a dual functional effector. CvBV_28-1 suppressed the proliferation of host hemocytes, subsequently reducing the number of hemocytes and the encapsulation reaction in host larvae. On the other hand, CvBV_28-1 performed classical bacterial clearance via agglutination to improve the immunity of the hypoimmune hosts to guarantee wasp progeny development.



Materials and Methods


Insects and Cell Lines

C. vestalis was reared on P. xylostella as the host at 25°C with a relative humidity of 65% under a 14:10 light:dark cycle. P. xylostella larvae were provided with cabbage, and all adult P. xylostella and C. vestalis were fed a 20% honey/water (V/V) solution (56). To obtain parasitized host larvae for the experiments, mid-third instar P. xylostella larvae were exposed to one single C. vestalis female wasp within a 10 mm (diameter) × 80 mm (height) glass vial.

L. boulardi (58) was reared on D. melanogaster (W1118 strain) as the regular host at 25°C with a relative humidity of 50% under a 16:8 light:dark cycle. The newly emerged L. boulardi was provided apple juice agar medium. All Drosophila strains used in this study were maintained on standard cornmeal/molasses/agar medium at 25°C in 6-ounce square bottom plastic fly bottles.

To obtain CvBV_28-1 transgenic flies, CvBV_28-1 with the hemagglutinin (HA) epitope tag was first cloned into the pUAST-attb vector. The transgenic Drosophila line carrying the UAS-CvBV_28-1 gene was obtained by phiC31 integrase-mediated insertion into the attP2 landing-site locus on the 3rd chromosome.

Drosophila Schneider 2 (S2) cells were maintained in 60 mm culture dishes in Schneider’s Drosophila Medium (Invitrogen) plus 10% fetal bovine serum (FBS) at 27°C under an ambient atmosphere.



Transcriptome Sequencing and Analysis

P. xylostella hemocytes were sampled in TRIzol reagent at 1 h, 6 h, 12 h, 24 h, 72 h and 120 h post-parasitization with three biological replicates at each time points. RNA extraction, construction of the cDNA library and paired-end RNA-seq (Illumina) were carried out by Annoroad Gene Technology Co., Ltd. The transcriptome sequencing data statistics are listed in Supplementary Table 1. The CvBV-related reads were taken from each Illumina library by mapping reads to the CvBV genome (14). The CvBV genome index was built using Bowtie (v2.1.0) (59), and paired-end clean reads were aligned to the CvBV genome using TopHat (v2.1.1) (60). Cuffdiff (v2.2.1) (61) was used to calculate fragments per kilobase of exon per million fragments mapped (FPKMs) for the coding genes in each group, and the FPKM was calculated based on the length of the fragments and the read count mapped to each fragment. The sum of the average FPKMs at these 6 timepoints post-parasitization was used to determine the top 50 CvBV transcriptional levels in hemocytes (Supplementary Table 2). Cluster analysis of the CvBV transcription pattern was performed via the pheatmap R package (v1.0.12) (62), with FPKMs standardized by natural logarithm. Other heatmap plots were generated with GraphPad Prism (v9.0) with the standardized average FPKM from three biological replications.



Annotation of the CTL Gene Family

The Pfam seed database of CRD (PF00059) (63) and the CTLs in Bombyx mori, Manduca sexta and Nasonia vitripennis retrieved from previous studies (64–66) were used as seeds to annotate the CTL gene family in Cotesia vestalis bracovirus. Most CTL genes in full-sequenced PDVs were primarily annotated with BLASTP (http://www.ncbi.nlm.nih.gov/) based on seed the sequences, and additional CTLs were identified as potential genomic loci by TBLASTN (http://www.ncbi.nlm.nih.gov/) and subsequently predicted using FGENESH (67). Data resources are available in the National Center for Biotechnology Information. All obtained CTL sequences were analyzed by SMART to verify the presence of CRD (68). Signal peptides were predicted with SignalP 5.1 (http://www.cbs.dtu.dk/services/SignalP/). Statistics of the annotated CTL protein sequences are listed in Supplementary Table 4.



Sequence Alignments, Phylogenetic Analysis and Spatial Structure Prediction

Annotated CTL protein sequences in the above species were aligned by MUSCLE in MEGA X with the following parameters: maximum iterations = 100 and clustering method (for iterations 1, 2) = UPGMB (69). Phylogenetic analysis was performed by IQTREE with the automated parameters (70). Phylogenetic trees were viewed using FigTree v1.4.4. Spatial structures of all bracovirus CTLs were predicted with the I-TASSER server (71).



Gene Cloning

Total RNA was isolated from homogenized parasitized P. xylostella using TRIzol and reverse transcribed into cDNA using the PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara). The entire coding region of CvBV_28-1 was cloned and sequenced. Primer sequences are listed in Supplementary Table 5.



Quantitative Real-Time PCR (qRT–PCR)

Total RNA was extracted and then reverse transcribed into cDNA using the ReverTra Ace qPCR RT kit (Toyobo) according to the manufacturer’s protocol. qRT–PCRs were performed in a CFX Connect real-time system (Bio–Rad) with THUNDERBIRD qPCR Mix (Toyobo). Reactions were carried out for 60 s at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C. The Px-β-Actin gene (GenBank accession number: NM_001309101) and Px-β-Tubulin gene (GenBank accession number: EU127912) were used as internal controls, and the relative concentrations were determined using the 2−ΔΔCt method. All the primers used for qRT–PCR in this study are listed in Supplementary Table 5.



Western Blotting

Total protein from approximately 10 transgenic fly larvae was extracted by Minute™ Total Protein Extraction Kit for Insects (Invent) for western blot according to the manufacturer’s protocol. Samples were diluted in 5× Protein Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis Loading Buffer (Sangon), then boiled for 10 min. Proteins were separated in a denaturing polyacrylamide gel and transferred to a polyvinylidene difluoride membrane.

After blocking and washing, membranes were then incubated with primary antibodies against HA-tag (1:2500, Sangon) or primary antibodies against actin (1:2500, CWBIO) for 2 h at room temperature. Membranes were then incubated with secondary antibody horseradish peroxidase conjugated goat anti-mouse IgG (1:5000, Sangon) in Tris-buffered saline with 0.05% Tween-20 for 2 h at room temperature. After five washes, membranes were then incubated with the enhanced chemiluminescence western blotting substrate for imaging (Promega).



RNAi

For RNAi, a 25-bp RNA oligo was designed based on the sequence of CvBV_28-1 and synthesized by Sangon Biotech. The sequence is listed in Supplementary Table 5. The miRCURY LNA miRNA mimic (siNC, EXIQON 479903-001) was used as a negative control. A total of 5 pmol of siRNA was injected into each mid-third instar P. xylostella larva using an Eppendorf FemtoJet 4i Microinjector with the following parameters: injection pressure = 900 hPa and injection time = 0.15 sec (56). Parasitization was conducted 6 h post-injection, and the RNAi efficiency of CvBV_28-1 in P. xylostella hemocytes was detected 6 h post-parasitization by qRT–PCR. At least three biological replicates were performed.



Hemocyte Measurements

Hemocyte density of P. xylostella was detected with a cell counter (CountStar). Briefly, P. xylostella larvae subjected to different treatments were carefully rinsed three times with 1× PBS and dried with filter paper before dissection. Then, 0.5 µL of hemolymph was diluted in 19.5 µL of Typan Blue Solution (Sangon), and the mixture was dropped on an exclusive slide for the cell counter. At least three nonoverlapping images of each slide were captured, and the average concentration was converted into cells per µL. As the volumes of parasitized and nonparasitized P. xylostella larvae were the same, the index of hemocyte density was considered as an indicator of hemocyte number in P. xylostella.

Hemocyte numbers of transgenic flies were counted with a hematocytometer (Watson). Briefly, transgenic fly larvae at 48 h post-parasitization were carefully rinsed three times with 1× PBS and dried with filter paper before dissection. Then, hemolymph of ten individuals was diluted in 20 µL 1× PBS, and 8 µL of mixture was dropped on the hematocytometer. Circulating hemocytes and lamellocytes were shown with GFP (Hml>GFP) and fluorescent red (MsnCherry) respectively. The circulating hemocyte numbers and lamellocyte numbers of transgenic fly larvae in four boxes of corners were counted under a Zeiss LSM 800 confocal microscope, and the average number of hemocytes per larva was converted into cells per individual.



Immunohistochemistry

Drosophila larvae 48 h after L. boulardi attack were used for imaging. They were carefully rinsed three times with 1× PBS and mounted in a drop of glycerol on a glass slide with their dorsal side facing upward. Mounted larvae were kept at -20°C for 20 min before imaging to ensure that the samples were completely fixed. L. boulardi eggs were dissected from the Drosophila larvae 24 h post-parasitization in 1× PBS, fixed in 4% paraformaldehyde in PBS for 30 min, and rinsed three times with 1× PBST (PBS containing 0.1% Triton X-100 and 0.05% Tween-20). Samples were mounted in ProLong Gold Antifade Mountant with DAPI (Invitrogen). Fluorescence images were captured with a Zeiss LSM 800 confocal microscope.

For EdU labeling, Click-iT EdU staining was performed on hemocytes from live larvae and S2 cells according to the manufacturer’s instructions (Invitrogen). Host larvae hemocytes were dissected in 1× PBS and allowed to adhere on the slides for 20 min. Then, they were stained with 10 mM 5-ethynyl-2-deoxyuridine (EdU) for 1 h at room temperature and fixed in 4% paraformaldehyde in PBS for 15 min after washing twice with 3% BSA in PBS and once with 1× PBST for 20 min. Fresh cocktail was prepared, and each sample was stained for 30 min, followed by washing twice with 3% BSA in PBS and once with 1× PBST for 20 min. Samples were mounted in ProLong Gold Antifade Mountant with DAPI (Invitrogen). Fluorescence images were captured with a Zeiss LSM 800 confocal microscope.



Cell Transfection

The ORF of CvBV_28-1 was subcloned into the pAc-V5/His vector (Invitrogen) with the primers shown in Supplementary Table 5 to generate the pAc-CvBV_28-1 plasmid. The Kozak sequence (GCCATGG, the G at positions –3 and +4 of translation initiation) was added to the forward primer, allowing efficient and high-level expression of the recombinant protein in S2 cells. To perform transient transfection, S2 cells were seeded on a cell culture slide in 35 mm culture dishes (to 80% confluence) and transfected with 2.5 μg of pAc-CvBV_28-1 plasmid using a Lipofectamine 3000 Kit (Invitrogen) with pAc-GFP plasmid as a control according to the manufacturer’s instructions.



Recombinant Protein Expression and Purification

The DNA fragment encoding CvBV_28-1 was subcloned into the pET32a vector and transformed into the E. coli strain BL21 (DE3). Expression of CvBV_28-1 was induced by isopropyl β-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM. Harvested bacterial cells were washed with 1× PBS and lysed by sonication. The CvBV_28-1 protein was expressed in its insoluble form and the sediment was resuspended in 1× PBS with 8 M urea and purified using High-Affinity Ni-NTA Resin (Roche) according to the manufacturer’s instructions. The CvBV_28-1 protein was refolded at 4°C with a stepwise decreasing gradient of urea (6 M, 4 M, 3 M, 2 M, 1 M to 0 M urea) in 1× PBS with 5% glycerol, 1% L-arginine and 2% glycine. The protein was analyzed by 12% SDS–PAGE, detected by staining with Coomassie blue, quantified by the Bradford method, and stored at -20°C for further experiments.



Agglutination Response Assay

To assess the agglutination activity of CvBV_28-1, E. coli and S. aureus were collected at OD=0.6 by centrifugation at 3500 rpm for 5 mins, stained by incubation with acridine orange (Sangon, 30 µg/mL) for 20 min at room temperature and washed three times with Tris buffer (20 mM Tris-HCl, pH=8.0). The stained pellets were resuspended in Tris buffer at a concentration of 1× 109 cells/mL for the following test.

For the agglutination response assay, CvBV_28-1 protein was diluted to 10 µg/mL in Tris buffer and mixed with the bacterial suspension in equal volumes. The mixtures were incubated for 1 h at room temperature in the presence or absence of 10 mM CaCl2. To test the minimum concentration of bacterial agglutination, CvBV_28-1 was serially diluted in Tris buffer at the concentrations of 10, 0.1, 10-3, and 10-5 µg/mL. After mixing with an equal volume of bacterial suspension, the mixture was incubated for 1 h at room temperature in the presence of 10 mM CaCl2. All samples were observed and photographed under a Zeiss LSM 800 laser confocal microscope.



Survival Rate Assay

E. coli and S. aureus were grown overnight at 37°C with shaking at 250 r/min. Cultures were centrifuged at 1000 g. The bacteria were resuspended in sterile PBS to achieve an OD of 0.4, and male flies 7 days post-eclosion were injected with 40 nL of the bacterial resuspension with an Eppendorf FemtoJet 4i Microinjector (Eppendorf) and a microcontroller (Narishige). 0.1 µL bacterial resuspension with an OD of 0.02 in sterile PBS was injected into parasitized P. xylostella larvae with CvBV_28-1 knockdown and control at 1 h post-parasitization. Experiments were performed in triplicate (at least 20 individuals per replicate). Injected flies and P. xylostella larvae were then kept at 25°C and recorded after 6 h. Flies and P. xylostella larvae were transferred to a fresh container of every day, and death was recorded every 12 h.



Statistical Analysis

All statistical analyses were performed with GraphPad Prism (v9.0) and Fiji2. Data are expressed as the means ± SD. Log-rank tests were used to determine whether the male fly survival curves were significantly different from one another. For comparison of the hemocyte numbers at 6 and 12 h post-parasitization between the parasitized and nonparasitized host larvae, we performed two-way ANOVA followed by Šidák’s multiple comparisons test with Spearman’s test for heteroscedasticity and the D’Agostino-Pearson omnibus test for normality of the residuals. For comparison of the hemocyte numbers and circulating lamellocyte numbers at 48 h post-parasitization between transgenic flies ectopically expressing CvBV_28-1 in hemocytes (Hml>CvBV_28-1) and control, we performed two-tailed unpaired Student’s t test. One-way ANOVAs were conducted for other experiments with Tukey’s multiple comparisons test. The intensity of fluorescence signal and the number of positive cells in the images were calculated with Fiji2. Significant values are indicated as *P < 0.05, **P < 0.01 and ***P < 0.005.




Results


Two CTL Genes of CvBV Are Highly Expressed in Host Hemocytes

To comprehensively understand the role of CvBV genes in resistance to host cellular immunity, cDNAs were generated from the hemocytes of C. vestalis-parasitized P. xylostella larvae at a series of time points, including 1 h, 6 h, 12 h, 24 h, 72 h and 120 h post-parasitization. The cDNAs were sequenced using the Illumina HiSeq 2500 platform (Figure 1A). The raw sequencing dataset was submitted to the SRA of the NCBI, with the accession numbers from SAMN25185395 to SAMN25185412. After discarding low-quality reads, we obtained clean reads ranging from 39,345,132 to 47,706,030 in these 18 cDNA libraries. The quality Q30 values after data filtering were all greater than 94.19% (Supplementary Table 1). Then, we calculated the fragment per kilobase of exon per million (FPKM) values of the CvBV genes in hemocytes using the CvBV genome as a reference. We ranked the top 50 CvBV genes highly expressed in parasitized hemocytes of hosts, and performed the cluster analysis. The transcriptional patterns of CvBV genes in hemocytes were divided into three distinct types: early (higher expression at early time points), late (higher expression at late time points), and whole-period (high expression at all time points) (Figure 1B). The details of the gene names and their transcriptional levels are shown in Supplementary Table 2. We next focused on the CvBV genes showing high transcriptional levels at early time points in the parasitized hemocytes, because they were most likely to be associated with the host immune suppression process. Among them, we observed one CTL gene, CvBV_28-1, ranked as the top highly expressed CvBV gene in the early category (Figure 1C). The ORF of CvBV_28-1 is 474 bp, encoding a 157 amino acid (aa) protein with a calculated molecular weight of 17.54 kDa and pI of 7.63 (Figure 2A and Supplementary Table 3, GenBank accession number: QZB49176.1). CvBV_28-1 has a predicted N-terminal signal peptide and one single CRD but lacks a typical transmembrane domain, suggesting that it was likely to be a secreted protein into host hemolymph. From the annotated results of the CvBV genome, two CTL genes were identified, the other being CvBV_16-8, which was placed in the whole-period category. The ORF of CvBV_16-8 is 471 bp, encoding a 156 amino acid (aa) protein with a calculated molecular weight of 17.55 kDa and pI of 6.45 (Figure 2A and Supplementary Table 3, GenBank accession number: QZB49081.1). CvBV_16-8 shares the same sequence feature with CvBV_28-1. To further profile a detailed dynamic pattern of the two CTLs, we sampled 8 different tissues (hemocytes, central neural system, midgut, fat body, cuticular, Malpighian tubule, silk gland and testis) of P. xylostella at different time points post-parasitization and determined the transcription levels of the two CTLs by quantitative real-time PCR (qRT–PCR). The results showed that both were highly expressed in hemocytes, with transcriptional level of CvBV_28-1 being higher at a much earlier parasitism stage and that of CvBV_16-8 being higher at 24 h post-parasitization (Figures 1D, E).




Figure 1 | Transcriptional levels of two CTLs in parasitized hosts. (A) Flow chart of the hemocyte transcriptomes of C. vestalis-parasitized P. xylostella at different time points, including 1 h, 6 h, 12 h, 24 h, 72 h and 120 h post-parasitization. (B) Cluster analysis and transcription heatmap of the top 50 CvBV genes in parasitized host hemocytes. The abscissa (x-axis) represents different transcriptomes at 6 time points post-parasitization with three biological replications, and the ordinate (y-axis) represents the top 50 CvBV genes highly expressed in parasitized P. xylostella hemocytes. Values are FPKMs standardized by natural logarithm. Three different transcription patterns are marked with pink, green and blue patches and the relative CvBV gene names. Two CTL genes, CvBV_28-1 and CvBV_16-8, are marked with yellow circles. (C) Transcription heatmap of the top ten CvBV genes with the early transcriptional pattern in parasitized P. xylostella hemocytes. The abscissa (x-axis) represents different times post-parasitization, and the ordinate (y-axis) represents the top ten CvBV genes with the early transcriptional pattern. Values are the average FPKM standardized by natural logarithm with three biological replications. (D) Transcription heatmap of CvBV_28-1 in 8 tissues of P. xylostella post-infection. The abscissa (x-axis) represents different tissues including hemocytes (HC), central neural system (CNS), fat body (FB), midgut (MG), cuticular (CT), testis (TS), silk gland (SG) and Malpighian tubule (MT), and the ordinate (y-axis) represents different time points post-parasitization. Values are the average of relative transcriptional level with three biological replications. (E) Transcription heatmap of CvBV_16-8 in 8 tissues of P. xylostella post-infection. The abscissa (x-axis) represents different tissues, including HC, CNS, FB, MG, CT, TS, SG and MT, and the ordinate (y-axis) represents different time points post-parasitization. Values are the average of relative transcriptional level with three biological replications.






Figure 2 | Phylogenetic analysis and spatial architecture of two CTLs of CvBV. (A) Multiple sequence alignment and phylogenetic analysis of the CTLs of different PDVs. The gene architecture is shown with a signal peptide in blue, CRD motif in gray, four conserved cysteines in yellow, Ca2+ coordinators in purple, a ligand binding motif in pink and carbohydrate coordinators in green. The types of binding carbohydrates are marked in orange. Yellow and blue branches indicate Cotesia and Glyptapanteles species, with the level of bootstrap in pink and green circles. The numbers on the right are the positions of the final amino acids. BM3, N-acetyl-α-D-mannosamine; FUC, α-L-fucopyranose; MAN, β-D-mannose; TRE, trehalose; NGA, N-acetyl-D-galactosamine. (B) Predicted spatial architecture of CvBV_28-1. The position of the Ca2+ binding site of CvBV_28-1 is marked in purple, and the carbohydrate binding site is marked in green. (C) PCR analysis of CvBV_28-1 in DNA of parasitized and nonparasitized host larvae. Px-β-actin expression was served as control. Representative images from three independent replicates are displayed.



To analyze the sequence features of the CTLs in PDVs, we noted that these two CTLs had a single CRD and a signal peptide at the N-terminus (Figure 2A), which is similar to the reported CTLs from other PDVs (72, 73). We further found that CTL genes existed only in the bracovirus species of the genera Cotesia and Glyptapanteles but not in other bracovirus species or ichnovirus species. All of the CTL proteins shared the same domain architecture (Figure 2A), including one signal peptide and one single CRD. Interestingly, we found that the number of CTL genes was different in the bracovirus species with available genomes. Briefly, one CTL gene was identified in Cotesia sesamiae BV (CsBV), two CTL genes were present in Cotesia congregata BV (CcBV), Cotesia ruficrus BV (CrBV), Glyptapanteles indiensis BV (GiBV) and CvBV, and three CTLs were found in Glyptapanteles flavicoxis BV (GfBV) with a few different amino acids (Figure 2A). Multiple sequence alignment of the BV-derived CTLs separated them into two clusters with high bootstraps, and two pairs of disulfide bonds were found to stabilize the protein structures with four conserved cysteines. The Glu-Pro-Ser motif was identified as the carbohydrate ligand binding motif in the CRDs in the majority of the bracovirus CTLs, while Glu-Pro-Asp existed in only CvBV_16-8 and CcBV32_307 and Lys-Pro-Ser existed in only CrBV-CTL2 (Figure 2A). We next constructed the predicted spatial structures of all of these CTLs and found that except for GiBV-CTL2, which lacks the Ca2+-binding site, all had one Ca2+-binding site at site 4, which is important for salt bridge formation between α2 and the β1/β5 sheet (Figure 2B) (42, 74). In addition, different types of binding carbohydrates were also predicted in all of these CTLs. As a result, N-acetyl-α-D-mannosamine was predicted in CvBV_28-1 and GiBV-CTL1; α-L-fucopyranose was predicted in CvBV_16-8, two CTLs of CcBV, CrBV-CTL1 and GfBV-CTL2; β-D-mannose was predicted in one CTL of CsBV; trehalose was predicted in CrBV-CTL2; and N-acetyl-D-galactosamine was predicted in GfBV-CTL1, GfBV-CTL3 and GiBV-CTL2 (Figure 2A). The details of these CTLs spatial structures are shown in Supplementary Table 3. It has been reported that CTLs are widespread in lepidopteran insects and some CTLs from bracoviruses horizontally transferred into genomes of nonparasitized hosts (50, 52), we performed the PCR experiment with specific primers of CvBV_28-1 using the DNA as template from parasitized and nonparasitized P. xylostella larvae. The results showed that CvBV_28-1 derived from C. vestalis bracovirus could be detected in the parasitized hosts, but this gene did not exist in nonparasitized host larvae (Figure 2C). Taken together, these results indicate that CvBV_28-1 may bind to mannose-group carbohydrates on the surface of microorganisms with the help of calcium.



CvBV_28-1 Decreases the Hemocyte Numbers in Parasitized Host Larvae and Suppresses the Encapsulation Response

Host defense against parasitoids relies on hemocytes and certain humoral components, which can recognize and respond to invading parasitoids (75–77). However, parasitoid PDVs, contribute to disrupting the resistant responses of the hosts by killing hemocytes or altering their ability to adhere to the surface of invasive foreigners (78). We measured the changes of hemocyte numbers in P. xylostella at 6 h and 12 h post-C. vestalis parasitization. Compared with the nonparasitized larvae, the parasitized hosts showed a significant reduction in the concentration of hemocytes at the early parasitization stage, indicating a decreased number of host hemocytes (Figure 3A). To test whether CvBV_28-1 participated in the suppression of host hemocyte numbers because of its early expression profile post parasitization (Figure 1C), we next performed RNA interference (RNAi) experiments to knockdown the expression of CvBV_28-1 in parasitized P. xylostella larvae. SiRNAs of CvBV_28-1 were injected into third instar host larvae, and qRT–PCR showed that the expression of the CvBV_28-1 gene decreased significantly by approximately 70% (Figure S1). We also found that the reduction in hemocytes was effectively suppressed in CvBV_28-1 knockdown hosts (Figure 3B).




Figure 3 | CvBV_28-1 decreases the number of hemocytes in parasitized P. xylostella. (A) The hemocyte density of parasitized and nonparasitized P. xylostella larvae 6 h and 12 h post-parasitization. 30 independent biological replicates were performed and shown as dots. Data are presented as the mean values ± SD. Differences between groups were analyzed by two-way ANOVA with Šidák’s multiple comparisons test (***p < 0.001). (B) The hemocyte density of parasitized P. xylostella larvae injected with siCvBV_28-1 (PsiCvBV_28-1) 12 h post-parasitization. Parasitized P. xylostella larvae (Pcontrol) and siNC-injected parasitized P. xylostella larvae (PsiNC) served as controls. 20 independent biological replicates were performed and shown as dots. Data are presented as the mean values ± SD. Differences between groups were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (***p < 0.001; ns: not significant).



Consistent with the fact that CvBV_28-1 can reduce the number of hemocytes, it has been reported that a viral lectin gene has the ability to prevent the encapsulation response against wasp eggs (79). Because P. xylostella lacks the specific markers for hemocytes and has some difficulties in conducting some certain experiments in vivo, we tested the function of CvBV_28-1 in vivo using a Drosophila-parasitoid system. The parasitoid wasp Leptopilina boulardi–host Drosophila system is an excellent model and have been widely used to dissect the underlying mechanisms of the parasitoid-induced host immune responses. The encapsulation responses were obvious in L. boulardi-parasitized host Drosophila, but were absent in the P. xylostella and C. vestalis system. We then fabricated a GAL4/UAS binary expression system in D. melanogaster (80). A transgenic line carrying a UAS transgene encoding the CvBV_28-1 protein with hemagglutinin (HA) epitopes tagged at the C terminus was constructed. CvBV_28-1 expression was driven by the specific hemocyte GAL4 (Hml-GAL4), and verified by qRT–PCR and western blotting (Figures 4A, S2A, B). We then tested the anti-encapsulation response of CvBV_28-1 in Drosophila larvae ectopically expressing viral CvBV_28-1 from C. vestalis in hemocytes. We determined the degrees of the host encapsulation responses and divided them into two categories: large capsules (melanotic encapsulation that covered more than 50% of the wasp egg) and small capsules (melanotic encapsulation that covered less than 50% of the wasp egg) (Figure 4B). We found that the proportion of large capsules dramatically decreased, indicating a reduction in host encapsulation responses when CvBV_28-1 in host hemocytes was ectopically expressed (Figure 4C).




Figure 4 | CvBV_28-1 suppresses encapsulation by reducing host hemocytes. (A) A working model of ectopically expressed of CvBV_28-1 in Drosophila hemocytes using the GAL4/UAS system and conducting L. boulardi parasitization in transgenic flies. (B) Images of the encapsulated phenotypes of L. boulardi eggs in Drosophila larvae 48 h post-parasitization. Red arrowheads represent melanotic encapsulated wasp eggs. Melanotic encapsulation covered more than 50% of the wasp egg, defined as a large capsule, and less than 50% encapsulation was defined as a small capsule. (C) Quantification and phenotypic classification of Drosophila larvae ectopically expressing CvBV_28-1 in hemocytes (Hml>CvBV_28-1) 48 h post-parasitization. Drosphila larvae with the Hml-GAL4 driver only (Hml/+) and with UAS-CvBV_28-1 only (+/UAS-CvBV_28-1) were served as controls. Experiments were performed in three independent replicates each with 50–55 flies. Data are presented as the mean values ± SD. Differences between groups were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (***p < 0.001). (D) The circulating hemocyte and lamellocyte numbers of whole Drosophila larva ectopically expressing CvBV_28-1 in hemocytes (Hml>CvBV_28-1) 48 h post-parasitization, circulating hemocytes and lamellocytes are shown with GFP (Hml>GFP) and fluorescent red (MsnCherry) respectively. Drosophila larva with the Hml-GAL4 driver (Hml/+) only served as the control. Ten independent biological replicates were performed and shown as dots. Data are presented as the mean values ± SD. Differences were analyzed by two-tailed unpaired Student’s t test (***p < 0.001). (E) Image of whole Drosophila larva ectopically expressing CvBV_28-1 in hemocytes (Hml>CvBV_28-1) 48 h post-parasitization; hemocytes are shown with GFP (Hml>GFP). Drosophila larva with the Hml-GAL4 driver (Hml/+) only served as the control. Representative images of three independent replicates are displayed. Scale bars: 500 µm. (F) Image of a whole Drosophila larva ectopically expressing CvBV_28-1 in hemocytes (Hml>CvBV_28-1) 48 h post-parasitization, and lamellocytes are shown in red (MsnCherry). Drosophila larva with the Hml-GAL4 driver (Hml/+) only served as the control. Representative images from three independent replicates are displayed. Scale bars: 500 µm. (G) Image of a wasp egg dissected from Drosophila larva ectopically expressing CvBV_28-1 in hemocytes (Hml>CvBV_28-1) 48 h post-L. boulardi parasitization, and lamellocytes are shown in red (MsnCherry). A wasp egg dissected from Drosophila larva with the Hml-GAL4 driver (Hml/+) only served as the control. Representative images from three independent replicates are displayed. Scale bars: 20 µm.



We next investigated which cell populations were reduced due to CvBV_28-1 ectopic expression in L. boulardi parasitized hosts. Whole Drosophila larvae with different genotypes were imaged, and GFP was used as an indicator of all hemocytes. Overexpressing CvBV_28-1 reduced hemocyte numbers in parasitized host larvae (Figures 4D, E). In addition, Drosophila larvae normally generate a special type of hemocyte, called lamellocytes, for encapsulation post wasp parasitization (58, 77, 81, 82). As such, whole larvae with different genotypes were further imaged with MSNF9MO-mCherry (msnCherry), a well-known marker for lamellocytes (83). Similar to previous reports, we confirmed that large quantities of lamellocytes were produced 48 h post-L. boulardi infection. As expected, overexpressing CvBV_28-1 led to a significant reduction in circulating lamellocyte numbers in parasitized host larvae (Figures 4D, F). We further dissected wasp eggs from the host larvae 24 h after L. boulardi attack to determine the encapsulation degree. In comparison with the many lamellocytes adhered to the surface of the wasp eggs, overexpression of CvBV_28-1 resulted in few lamellocytes on wasp eggs (Figure 4G). Collectively, these results indicate that CvBV_28-1 leads to a significant reduction in circulating hemocytes in parasitized host larvae and prevents lamellocytes from adhering to wasp eggs to initiate the encapsulation response.



CvBV_28-1 Inhibits Proliferation of Hemocytes Post-Parasitization

To further ascertain the mechanisms of CvBV_28-1 post wasp parasitization, we proposed that excessive programmed cell death or an impaired proliferation rate may result in a reduction in circulating hemocytes (84, 85). We first examined the level of apoptosis in circulating hemocytes of CvBV_28-1-expressing Drosophila larvae post wasp infection. Notably, we did not observe a significant difference in the apoptosis level compared with the control groups (Figure S3). Additional expression of DIAP (Death-associated inhibitor of apoptosis) in hemocytes (Hml>DIAP, CvBV_28-1) also had no effect on inhibiting the reduction in hemocytes (Figure S4). We next tested whether the proliferation of hemocytes was impaired via 5-ethynyl-20-deoxyuridine (EdU) assays. When CvBV_28-1 was overexpressed in hemocytes (Hml>CvBV_28-1), the number of EdU-labeled circulating hemocytes was significantly lower than that in control larvae, indicating that CvBV_28-1 inhibits the proliferation of host hemocytes post parasitization (Figures 5A, B). Moreover, the expression of CycE (cyclin E) in hemocytes (Hml>CycE, CvBV_28-1) rescued the proliferation rate (Figures 5A, B). Consistent with the rescued proliferation level, the number of lamellocytes in circulation and attached to wasp eggs also increased compared to the control larvae (Figures 5C-E).




Figure 5 | CvBV_28-1 inhibits hemocyte proliferation in parasitized hosts. (A) EdU incorporation assay of hemocytes in Drosophila larvae ectopically expressing CvBV_28-1 and CycE in hemocytes (Hml>CycE, CvBV_28-1) 48 h post-L. boulardi parasitization. Drosophila larvae with the Hml-GAL4 driver only or ectopically expressing only CycE or CvBV_28-1 in hemocytes (Hml/+, Hml>CycE or Hml>CvBV_28-1) served as controls. EdU was stained with EdU-Alexa594 (red), and the nuclei were labeled with DAPI (blue). Representative images from three independent replicates are displayed. Scale bars: 50 µm. (B) Quantification of EdU staining in hemocytes of Drosophila larvae ectopically expressing CvBV-28-1 and CycE in hemocytes (Hml>CycE, CvBV-28-1) 48 h post-L. boulardi parasitization. Drosophila larva with the Hml-GAL4 driver only or ectopically expressing only CycE or CvBV_28-1 in hemocytes (Hml/+, Hml>CycE or Hml>CvBV_28-1) served as controls. Three independent biological replicates were performed and shown as dots. Data are presented as the mean values ± SD. Differences between groups were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (***p < 0.001). (C) Image of a whole Drosophila larva ectopically expressing CvBV_28-1 and CycE in hemocytes (Hml>CycE, CvBV_28-1) 48 h post-L. boulardi parasitization; lamellocytes are shown in red (MsnCherry). Drosophila larvae ectopically expressing only CvBV_28-1 or CycE in hemocytes (Hml>CvBV_28-1 or Hml>CycE) served as controls. Representative images out of three independent replicates are displayed. Scale bars: 500µm. (D) Image of a wasp egg dissected from a Drosophila larva ectopically expressing CvBV_28-1 and CycE in hemocytes (Hml>CycE, CvBV_28-1) 48 h post-L. boulardi parasitization; lamellocytes are shown in red (MsnCherry). Wasp eggs dissected from Drosophila larvae ectopically expressing only CvBV_28-1 or CycE in hemocytes (Hml>CvBV_28-1 or Hml>CycE) served as controls. Representative images from three independent replicates are displayed. Scale bars: 50 µm. (E) Quantification of lamellocytes in Drosophila larvae ectopically expressing CvBV_28-1 and CycE in hemocytes (Hml>CycE, CvBV_28-1) 48 h post-L. boulardi parasitization. Drosophila larvae ectopically expressing only CvBV_28-1 or CycE in hemocytes (Hml>CvBV_28-1 or Hml>CycE) served as controls. Three independent biological replicates were performed and shown as dots. Data are presented as the mean values ± SD. Differences between groups were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (***p < 0.001).



Finally, we performed an EdU incorporation assay for circulating hemocytes in P. xylostella, the true host of CvBV genes. We found that the ratio of EdU-positive hemocytes clearly decreased, indicating a reduction in the proliferation of circulating hemocytes post parasitization (Figures 6A, B). In comparison to siNC-injected parasitized host larvae, silencing CvBV_28-1 in parasitized P. xylostella partially rescued the reduction in proliferation in circulating hemocytes (Figures 6A, B). An EdU incorporation assay was also conducted in S2 cells with pAc-CvBV_28-1 and control (pAc-GFP) 48 h post-transfection, and overexpression of CvBV_28-1 in S2 cells downregulated the EdU-positive rate (Figure 6C). These data suggested that CvBV_28-1 represses hemocyte proliferation to inhibit host cellular immunity after wasp parasitization.




Figure 6 | CvBV_28-1 suppresses proliferation rate of hemocytes in parasitized P. xylostella and S2 cells. (A) EdU incorporation assay of hemocytes in siCvBV_28-1-injected P. xylostella larvae (PsiCvBV_28-1) 12 h post-parasitization. Nonparasitized P. xylostella larvae (NP), parasitized P. xylostella larvae (P) and siNC-injected parasitized P. xylostella larvae (PsiNC) served as controls. EdU was stained with EdU-Alexa594 (red), and the nuclei were labeled with DAPI (blue). Representative images from three independent replicates are displayed. Scale bars: 50 µm. (B) Quantification of EdU staining in hemocytes of siCvBV_28-1-injected P. xylostella larvae (PsiCvBV_28-1) 12 h post-parasitization. Nonparasitized P. xylostella larvae (NP), parasitized P. xylostella larvae (P) and siNC-injected parasitized P. xylostella larvae (PsiNC) served as controls. Three independent biological replicates were performed and shown as dots. Data are presented as the mean values ± SD. Differences between groups were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (***p < 0.001; ns: not significant). (C) EdU incorporation assay of S2 cells transfected with pAc-CvBV_28-1 and pAc-GFP. EdU was stained with EdU-Alexa594 (red), and the nuclei were labeled with DAPI (blue). Representative images from three independent replicates are displayed. Scale bars: 50 µm.





CvBV_28-1 Affects S. aureus Agglutination and Improves the Survival of Infected Host Larvae

CTLs with CRDs can recognize pathogens by interacting with their cellular surface and promote bacterial agglutination to mediate immune defense responses (42–44). Moreover, our predicted spatial structure of CvBV_28-1 indicated that it may perform bacterial agglutination with the help of calcium. To test whether CvBV_28-1 had this ability, we performed an experiment to evaluate the function of CvBV_28-1 agglutination activity in response to a gram-positive bacterium (Staphylococcus aureus) and a gram-negative bacterium (Escherichia coli). We found that CvBV_28-1 showed a strong agglutination response to S. aureus in the presence of Ca2+ and no agglutination activity to E. coli with or without Ca2+ (Figure 7A). Moreover, the concentration of CvBV_28-1 resulting in an agglutination response to this gram-positive bacterium was low. In our study, the minimum concentration in a Ca2+-dependent manner was 10-3 µg/mL (Figure 7B).




Figure 7 | CvBV_28-1 participates in the agglutination response to S. aureus. (A) Bacterial agglutination response assay of CvBV_28-1 in response to S. aureus and E. coli with or without Ca2+. The concentration of CvBV_28-1 used in each assay is shown in the images. Representative images from three independent replicates are displayed. Scale bars: 20 µm. (B) Bacterial agglutination response with different concentrations of CvBV_28-1 in response to S. aureus with Ca2+. The concentration of CvBV_28-1 used in each assay is shown in the images. Representative images from three independent replicates are displayed. Scale bars: 20 µm.



To confirm the antibacterial function of CvBV_28-1 in vivo, we performed a survival assay to assess the pathogen susceptibility of previous transgenic flies. After injection with PBS, the flies seldom died in the 72 h assay. In contrast, the survival rate of the flies decreased significantly after challenge with both S. aureus and E. coli. Interestingly, flies overexpressing CvBV_28-1 in the hemocytes exhibited decreased susceptibility to S. aureus leading to a rescued survival rate. Consistent with the in vitro results, overexpressing of CvBV_28-1 did not enhance fly survival after infection with E. coli (Figures 8A, B). We also conducted the survival assay in parasitized P. xylostella larvae challenged by S. aureus and E. coli, and CvBV_28-1 knockdown only led to the decreasing survival rate of hosts after S. aureus infection, compared with siNC-injected parasitized host larvae (Figures 8C, D).




Figure 8 | Overexpression of CvBV_28-1 improves the survival rate after infection with S. aureus. (A) Survival rates of male Drosophila adults ectopically expressing CvBV_28-1 in hemocytes (Hml-Gal4>UAS-CvBV_28-1), with Hml-GAL4 driver only (Hml/+) and with UAS-CvBV_28-1 only (+/UAS-CvBV_28-1) after injection of S. aureus. The flies injected with PBS served as controls. Experiments were performed with three independent replicates, and at least 20 flies were used for each replicate. Differences between groups were analyzed by the log-rank test (***p < 0.001; ns: not significant). (B) Survival rate of male Drosophila adults ectopically expressing CvBV_28-1 in hemocytes (Hml-Gal4>UAS-CvBV_28-1), with the Hml-GAL4 driver only (Hml/+) and with UAS-CvBV_28-1 only (+/UAS-CvBV_28-1) after injection of E. coli. The flies injected with PBS served as controls. Experiments were performed with three independent replicates, and at least 20 flies were used for each replicate. Differences between groups were analyzed by the log-rank test (ns: not significant). (C) Survival rates of CvBV_28-1 knockdown in parasitized P. xylostella larvae (PsiCvBV_28-1), with siNC-injected parasitized host larvae (PsiNC) after injection of S. aureus. The parasitized host larvae injected with PBS served as control. Experiments were performed with three independent replicates, and at least 20 P. xylostella larvae were used for each replicate. Differences between groups were analyzed by the log-rank test (***p < 0.001; ns: not significant). (D) Survival rates of CvBV_28-1 knockdown in parasitized P. xylostella larvae (PsiCvBV_28-1), with siNC-injected parasitized host larvae (PsiNC) after injection of E. coli. The parasitized host larvae injected with PBS served as control. Experiments were performed with three independent replicates, and at least 20 P. xylostella larvae were used for each replicate. Differences between groups were analyzed by the log-rank test (ns: not significant).



In conclusion, CvBV_28-1 efficiently performed S. aureus agglutination in a Ca2+-dependent manner, which led to an antibacterial response. However, no effects were observed on E. coli infection.




Discussion

Parasitoid wasps are widespread on earth, and the evolutionary arms race has promoted them to evolve effective weapons to interfere with host immunity. PDVs are special symbionts of endoparasitoid wasps in the Braconidae and Ichneumonidae families that are involved in disrupting host immune responses to benefit parasitization. In this study, we found that one bracovirus CTL gene (CvBV_28-1) presented an extremely high level of expression in host hemocytes at the early stage of parasitization. We further discovered that CvBV_28-1 suppressed the proliferation of host hemocytes, thereby decreasing the number of host hemocytes and reducing host cellular immunity for successful wasp infection. In addition, the antibacterial ability of CvBV_28-1 to clear S. aureus by agglutination provides another possible strategy to strengthen parasitized host immunity when challenged by gram-positive bacteria.

Insect CTLs participate in immune responses post-infection, including prophenoloxidase activation and cellular phagocytosis (48, 49). Here, we found that CvBV_28-1 is responsible for immune suppression in response to the encapsulation by reducing the number of host hemocytes. Insect hemocytes from circulating hemolymph and hematopoietic organs are crucial for killing parasitoid eggs (77, 86–88). Plasmatocytes in Drosophila and granulocytes in Lepidoptera insects, the main type of hemocytes in healthy larvae, are the first to attach to foreign invaders such as wasp eggs, followed by lamellocytes in Drosophila or plasmatocytes in Lepidoptera insect surrounding and encapsulating the coated eggs. Lamellocytes and crystal cells in Drosophila are involved in the process of melanization to kill the parasite, plasmatocytes and granulocytes in Lepidoptera insects participated in this biological process (5, 76, 89). In Drosophila, lamellocyte hematopoiesis induced by wasp parasitization has been widely studied, and different models for lamellocyte hematopoiesis have been proposed. Progenitors of plasmatocyte lineage and lamellocyte lineage in circulating hemolymph proliferate and differentiate for diverse functional hemocytes generation (58). In addition, the posterior signaling center (PSC) of the lymph gland contains the precursor of hemocytes and produces circulating lamellocytes (88, 90). All plasmatocyte subtypes, lamelloblasts and prolamellocytes are proliferating, while lamellocytes have been considered to be terminally differentiated nonmitotic cells (58, 86, 91). Our study provides the evidence that CvBV_28-1 reduces the total number of host hemocytes and the encapsulation response post infection. Using an EdU incorporation assay, we found that CvBV_28-1 is responsible for the decreased proliferation rate of host hemocytes. Moreover, the decreases in proliferation rate and encapsulation responses can be rescued by overexpression of CycE, a well-known regulator of the G1/S transition for cell proliferation (92). We also verified the functions of CvBV_28-1 in both its true host P. xylostella (in vivo) and in S2 cells (in vitro). Some previous studies have suggested that translocation of CTLs into hemocytes might be mediated by the endocytosis-associated or phagocytosis-associated receptors in lepidopteran insects (93–95). Recent studies have also revealed that some proteins belonging to the integrin family have the binding ability to CTLs, and may work as its receptors in invertebrates (96–98). Because integrins are well-known to be responsible for cell adhesion and cell proliferation (99), we speculated that CvBV_28-1 might translocate into hemocytes and suppress hemocyte proliferation by binding with the integrin family of host P. xylostella. Collectively, CvBV_28-1 served as a powerful virulence factor to regulate host hemocyte proliferation and cellular encapsulation for successful parasitism. Maintenance of circulating hemocytes in lepidopteran larvae are challenged by foreign invaders, which has been attributed to proliferation of circulating hemocytes and the release of hemocytes from the hematopoietic organ (100). In this study, we focused on the function of CvBV_28-1 in circulating hemocytes of host larvae, which mainly contains plasmatocytes and granulocytes (101). In Lepidoptera, single lineage and dual lineage models have been proposed for the origin of circulating hemocytes. Plasmatocytes are reported to serve as the stem cells that give rise to granulocytes, oenocytoids and spherule cells. While the immunolabeling assays with specific antibodies indicated that granulocytes and plasmatocytes represent two distinct separate lineages (102–104). In addition, it has been reported that all types of circulating hemocytes in lepidopteran insects with the exception of oenocytoids have the proliferated ability (100). Our results showed that knock-down of CvBV_28-1 in parasitized host larvae could rescue the decreased proliferation rate and number of circulating hemocytes, indicating that CvBV_28-1 might suppress the proliferation levels of both granulocytes and plasmatocytes in P. xylostella host larvae. However, whether CvBV_28-1 regulates the differentiation rate of hemocytes remains to be determined. In addition, certain PDV genes, such as PTP-H2 of MdBV and TnBV1 and TnBVANK1 of TnBV, have been reported to induce programmed cell death in host hemocytes leading to the suppression of host immunity (23, 25). Our results suggested that CvBV_28-1 is not the effector for host hemocyte apoptosis. To the best of our knowledge, this is the first time that a PDV gene has been characterized to be associated with the suppression of hemocyte proliferation, but not for cell apoptosis.

CTLs commonly induce cell agglutination, and bacterial agglutination is an important step in clearing infections (40, 42). Several literatures indicate that virulence genes from parasitoid wasps disable vital components of the host immune system, these evidences, along with the suppression of hemocyte proliferation by CvBV_28-1, may increase the risk of parasitized hosts with hypoimmunity by opportunistic infections (35, 105–107). Our results also showed that CvBV_28-1 was efficient for both bacterial clearance and invader defense by producing an agglutination response in a Ca2+-dependent manner, especially for defending the typical gram-positive bacterium, S. aureus, As such, this CTL gene was suggested as a new parasitic strategy for parasitoid survival to enhance the resistance of parasitized hosts when encountering invading pathogens.

Bracovirus CTLs widely exist in the Cotesia and Glyptapanteles species of the subfamily Microgastrinae. Previous studies have shown that bracovirus CTLs have a closer relationship with Hymenoptera CTLs than other insect CTLs, suggesting that the common ancestor of Cotesia and Glyptapanteles species in the Microgastrinae subfamily appeared to have a gene transfer from the wasp genome into a bracovirus (39, 50). There are two CTLs in the bracoviruses of Cotesia and Glyptapanteles species. However, only one CTL gene was annotated in Cotesia sesamiae BV, probably due to imperfect genome information. Moreover, three CTLs were found in Glyptapanteles flavicoxis BV with highly conserved amino acids; therefore, we assumed that these genes were more similar to the recent duplications. Two CTLs appear in most bracovirus species with high similarity and a primarily conserved ligand binding site that is not typical of the galactose-type QPD motif and mannose-type EPN motif. The specific sequence of the carbohydrate binding site remains the only reliable means for predicting the mannose or galactose group carbohydrate binding ability of CTLs (51). Although it remains difficult to grasp the entire view of bracovirus CTLs through predictions in reference to CTLs from other species in found in databases, we supposed that other bracovirus CTLs may have functions similar to those of CvBV_28-1.

In conclusion, we discovered dual functions of a viral CTL, CvBV_28-1, in the P. xylostella and C. vestalis system. On the one hand, CvBV_28-1 reduces host hemocyte proliferation, which leads to the decreased hemocyte cell numbers and suppresses the host encapsulation response; on the other hand, CvBV_28-1 possesses Ca2+-dependent agglutination activity and antibacterial ability. These findings expand our knowledge and provide insights into the parasitic strategy of PDVs to balance the immune status of the parasitized hosts that benefit parasitization.
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Hemolin is a distinctive immunoglobulin superfamily member involved in invertebrate immune events. Although it is believed that hemolin regulates hemocyte phagocytosis and microbial agglutination in insects, little is known about its contribution to the humoral immune system. In the present study, we focused on hemolin in Antheraea pernyi (Ap-hemolin) by studying its pattern recognition property and humoral immune functions. Tissue distribution analysis demonstrated the mRNA level of Ap-hemolin was extremely immune-inducible in different tissues. The results of western blotting and biolayer interferometry showed recombinant Ap-hemolin bound to various microbes and pathogen-associated molecular patterns. In further immune functional studies, it was detected that knockdown of hemolin regulated the expression level of antimicrobial peptide genes and decreased prophenoloxidase activation in the A. pernyi hemolymph stimulated by microbial invaders. Together, these data suggest that hemolin is a multifunctional pattern recognition receptor that plays critical roles in the humoral immune responses of A. pernyi.
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Introduction

It is a common notion that discrimination between the self and infectious invaders is essential for the initiation of an immune response. In vertebrates, it depends on diverse antibodies, the representative members of the immunoglobulin superfamily (IgSF) that distinguish between the self and nonself (1, 2). In vertebrates, it is the limited germline-encoded pattern recognition receptors (PRRs) that exercise the function of recognizing pathogen-associated molecular patterns (PAMPs), which are a set of limited, highly conserved surface molecular structures of pathogens that are absent from host cells (3, 4). After infectious nonself recognition, two branches of innate immune systems, cellular and humoral immune responses, are triggered in insects to eliminate invaders (5). Cellular responses recruit various hemocytes, leading to phagocytosis, encapsulation and nodulation of microbes (6). Humoral responses include synthesis of antimicrobial peptides (AMPs) and the activation of the prophenoloxidase (PPO) activating system, resulting in melanization of invaders (7–9).

Hemolin is thus a unique invertebrate-derived immunoglobulin superfamily member that participates in immune events. It was first identified in the bacterial-induced pupal hemolymph of Hyalophora cecropia as an important component in the acute phase humoral immune defense protein complex that binds to the bacterial surface (10). A highly homologous cDNA was isolated and sequenced as hemolin (previously named P4) from the larvae of Manduca sexta. In addition to binding to bacterial cells, hemolin in M. sexta also associates with the surface of hemocytes to inhibit hemocyte aggregation (11). Further investigations of the deduced amino acid sequence and crystal structure reveal that hemolin in H. cecropia has a close relation to insect and vertebrate neural adhesion molecules and arranges four internal repeated C2-type Ig domains into a strongly bent horseshoe structure (10, 12). Over the past few decades, numerous hemolin homologs have been identified, and their expression properties have been well studied in insects (13–19). The mRNA expression of insect hemolins is found in several tissues over almost all stages of development, in which the expression level intriguingly increases during metamorphosis, diapause (20) and molting periods (21–24). Furthermore, the expression level is immune-inducible and presents at aconstitutively low level in native samples but increases dramatically after pathogen injection. In view of the structure and expression studies, we can be confident that hemolin has a significantly protective role in the whole life cycle of insects. In 2015, it came as a surprise to find a hemolin-like protein identified from Litopenaeus vannamei, breaking the view that hemolin is only expressed in lepidopterans (25).

The intriguing fact that hemolin is a bacteria-inducible protein but lacks direct antibacterial ability has encouraged many attempts to understand its immune functions. Several studies have demonstrated that hemolin acts as a PRR with broad specificity to bacterial strains and fungi, causing them to aggregate (10, 26, 27). Available data show that the binding of hemolin to bacterial surfaces occurs mainly through its interaction with the Lipid A moiety of lipopolysaccharide (LPS) from Gram-negative bacteria and lipoteichoic acid (LTA) from Gram-positive bacteria (12, 27, 28). Although there are various indications that hemolin might bind to peptidoglycan and β-1,3-glucan, there is no conclusive evidence for the binding of hemolin to these PAMPs.

In addition to the nonspecifically binding capacity to hemocytes and modulating hemocyte aggregation and phagocytosis (26, 29–31), hemolin is involved in opsonizing nonself targets for phagocytosis and encapsulation (29, 32). There is now evidence that hemolin is involved in lepidopteran melanization. RNA interference with hemolin causes depletion of phenoloxidase activity in H. cecropia pupae, but there was no significant interference with the induction of antimicrobial peptides (33). This study provided clues that hemolin is also probably involved in the regulation of insect humoral immune responses. Thus, further experiments are required to more completely characterize the pattern recognition properties of hemolin and to determine what kinds of immune responses it takes part in.

The present study is an attempt to reach some understanding of hemolin in A. pernyi regarding its pattern recognition properties and exact function in the humoral immune system. We investigated the binding affinity of Antheraea pernyi hemolin-like protein (abbreviated as Ap-hemolin in this paper) to typical microorganisms and PAMPs. Further humoral immune functional investigation focused on the regulation of antimicrobial peptide expression and hemolymph PPO activation by Ap-hemolin in response to microbial stimulators. The results suggest that Ap-hemolin probably serves as a versatile pattern recognition receptor and plays crucial roles in the diverse humoral immunity of Antheraea pernyi.



Materials and Methods


Insects, Microorganisms and PAMPs

A. pernyi larvae were purchased from Shenyang Agricultural University and reared on a natural diet at 23 ± 2°C. The bacterial strains and fungi involved in the experiments were provided by another laboratory, including G- bacteria Escherichia coli (CMCC44102) and Pseudomonas aeruginosa (CMCC10104), G+ bacteria Micrococcus luteus (CMCC28001) and Staphylococcus aureus (CMCC26003), and fungi Candida albicans (CMCC98001) and Saccharomyces cerevisiae (S2061).

PAMPs containing LPS (from E. coli O55:B5, L2880), laminarin (from L. digitata, L9634), LTA (from B. subtilis, L3265), Lys-PGN (from M. luteus, 53243), DAP-PGN (from B. subtilis, 69554), and mannan (from S. cerevisiae, M7504) were purchased from Sigma–Aldrich (Poole, USA), and curdlan (insoluble β-1, 3 glucan) was purchased from Wako Pure Chemicals (Osaka, Japan).



Recombinant His6-Ap-Hemolin and Antibody Preparation

A gene fragment encoding mature Ap-hemolin (GenBank ID: KF938917.1) was inserted into a pSYPU-1b expression vector constructed by our laboratory at the restriction enzyme sites for Nco I and EcoR I (TaKaRa, China), followed by transformation into E. coli (strain DE3). Following sequencing, the positive colonies were inoculated into LB medium containing 50 μg/ml kanamycin and cultured at 37°C with 200 rpm of agitation. In the mid-logarithmic phase of culture growth, the overexpression of Ap-hemolin with a His-tag at the amino terminus was induced by the addition of IPTG to a final concentration of 0.2 mM. For purification, the bacteria were harvested by centrifugation at 3500 × g for 20 min. The pellet was resuspended in buffer A (20 mM Tris-HCl, 500 mM NaCl, pH 7.0) and sonicated in an ultrasonic oscillator. After sonication, the supernatant of the sonicated sample was collected by centrifugation at 12000 × g for 20 min. Then, the supernatant was loaded into a Ni-Sepharose column (GE Healthcare) equilibrated with buffer A and eluted with a linear gradient of 10-500 mM imidazole in buffer A. The fractions containing His6-Ap-hemolin were pooled and dialyzed against buffer B (20 mM Tris-HCl, pH 7.0). A rabbit antiserum was raised against recombinant His6-Ap-hemolin, and the polyclonal antibody was purified using HiTrap™ MabSelect SuRe media (GE Healthcare) according to the manufacturer’s instructions.



Expression of Ap-Hemolin in Response to Pathogen Injection

For immune challenge, fifth-instar larvae were subjected to an injection (20-μl volume) of mixed microorganism (S. aureus, E. coli and C. albicans) suspension diluted with insect saline at a final concentration of 1 × 108 CFU/ml. Subsequently, larvae were anesthetized on ice and dissected for tissues, including the fat body, midgut, epidermis, Malpighian tube and hemocytes, at different time points. Larvae injected with the same volume of insect saline were used as negative controls. Total RNA was extracted from each tissue sample with TRIzol reagent (Thermo Scientific™, USA) followed by reverse transcription with a RevertAid First Stand cDNA Synthesis Kit (Thermo Scientific™, USA) according to the manufacturer’s instructions. Taking the synthesized cDNA as a template, quantitative real-time PCR (qPCR) was performed to examine the level of Ap-hemolin mRNA expression in diverse tissues in response to immune injection. For qPCR, a 140-bp fragment of Ap-hemolin was amplified with a CFX96 Optics Module (Bio-Rad); and cycling conditions were as follows: 95°C for 120 s, followed by 50 cycles of 95°C for 15 s and 60°C for 30 s with a final extension of 72°C for 10 min. After amplification, the relative expression level was calculated using the 2-ΔΔCt method, which employed the 18S rRNA gene as an endogenous control. The primers used in all experiments are listed in Table 1.


Table 1 | Sequence information of primers used in the study.



Western blotting assays were performed to detect the amount of hemolin protein in the A. pernyi hemolymph upon microbe injection. Fifth-instar larvae were subjected separately to an injection (20 μl volume) with different microorganism (1 × 108 CFU/ml S. aureus, E. coli and C. albicans) suspensions diluted with insect saline. Twelve hours after injection, the cell-free plasma samples were collected as described by Wen et al. (34). Then, 125 micrograms of total protein in each plasma sample were collected and subjected to 12% SDS–PAGE, followed by transfer to PVDF membranes (Millipore, USA). The membranes were blocked with 5% skim milk in TBST and incubated with the primary rabbit anti-His6-Ap-hemolin polyclonal antibody (1:8,000 diluted) for 1.5 hr. Antibody binding was visualized by a color reaction catalyzed by horseradish peroxidase (HRP) conjugated to goat anti-rabbit IgG (1:8,000 diluted).



Western Blotting and Biolayer Interferometry Binding Assay

Western blotting assays were conducted to evaluate the binding ability of Ap-hemolin to formaldehyde-fixed microbial cells and insoluble PAMPs. Briefly, 200 μl of His6-Ap-hemolin (500 ng/μl in 20 mM Tris-HCl pH 7.0) was incubated with each set of 100 μl of microorganisms (or insoluble PAMPs) at 37°C for 30 min. After washing with 1 M NaCl and 20 mM Tris-HCl at pH 7.0 three times and elution (2% SDS, 20 mM Tris-HCl, pH 7.0), the bound samples were collected and subjected to 12% SDS–PAGE, followed by immunoblotting as described in Section 2.3.

Afterward, the binding affinity of Ap-hemolin to six different soluble PAMPs was analyzed by biolayer interferometry using the Octet K2 system (ForteBio, USA). All experiments were performed at 25°C in a buffer containing 20 mM Tris-HCl at pH 7.0. Nickel-nitrilotriacetic acid (Ni-NTA) biosensors were pre-equilibrated in buffer for at least 10 min before use. Then, recombinant His6-Ap-hemolin with a His-tag (20 ng/μl, 20 mM Tris-HCl, pH 7.0) was loaded onto Ni-NTA biosensors for 300 s for immobilization, and the binding properties were monitored by flowing serially diluted PAMPs (50~150 μg/ml) through the system. The interference patterns from the protein with buffer and uncoated biosensors with PAMP at the corresponding concentrations were measured as two sets of controls. We used double-reference corrections to subtract the binding signals, and the binding constant values were estimated with the corrected data using Octet data analysis software.



RNA Interference and the Effect on the Synthesis of Antimicrobial Peptides

Second instar larvae were used for all RNA interference (RNAi) experiments. For dsRNA preparation, DNA fragments encoding hemolin in the A. pernyi and EGFP genes were amplified with T7 promoter sequences in reverse orientation, and dsRNA synthesis was performed using a TranscriptAid T7 High Yield Transcription Kit (Thermo Scientific) according to the manufacturer’s instructions. Double-stranded RNA was solubilized in insect saline to a final concentration of 40 ng/μl prior to injection. For RNAi, 5 μl of dsRNA was injected into the hemocoel of 2nd instar larvae (5 individuals for each set) using a sterile microsyringe. The whole body was collected after rearing for additional 12- and 24-hr post-dsRNA treatments, and the knockdown efficiency was evaluated by qPCR and western blotting assays.

Immune challenge was performed by injecting different microorganisms (S. aureus, E. coli and C. albicans). Briefly, 5 μl of microbial cells (2 × 108 CFU/ml in PBS) was injected into the RNAi-treated larvae. Total RNA was isolated from the whole body 12 hr later followed by cDNA synthesis, and qPCR was then performed to detect the relative expression of selected antimicrobial peptides together with the factors of AMP synthesis signaling pathways, including defensin, attacin, moricin, spätzle and Fas-associating protein with a novel death domain (Fadd) as previously described in Section 2.3.



PO Activity Assay

As described above, approximately 200 ng (5 μl, 40 ng/μl) of dsRNA was injected into the hemocoel of each larva. Following rearing for an additional 24 hr, cell-free plasma was collected (20 individuals for each set). The PO assay was carried out as previously described (35). Briefly, an aliquot of 10 μl of cell-free hemolin deficiency plasma was incubated with 10 μl of microbes or PAMPs solution at 25°C for 5 min. Plasma incubated with pathogen solvent was employed as a control. After incubation, 470 μl of substrate solution (1 mM 4-methylcatechol, 2 mM 4-hychoxyproline ethyl ester in 20 mM Tris-HCl, pH 7.0) was added to give a final volume of 500 μl. The sample was maintained at 25°C, and the absorbance was continuously monitored at 520 nm using a microplate reader (Thermo Scientific). One unit of PO activity was calculated as a 0.01 increase in A520 per minute.

In addition, the role of recombinant His6-Ap-hemolin on proPO activation was investigated as previously described (36). Briefly, 10 μl of native hemolymph was preincubated with 10 μl of rHis6-Ap-hemolin (20 ng/μl) and 10 μl of microbes (5× 107 CFU/ml, 20 mM Tris-HCl, pH 7.0) or PAMPs (20 mM Tris-HCl, pH 7.0) at 25°C for 5 min, and 480 μl of substrate solution was added. Each set was continuously incubated at 25°C, and the absorbance was monitored at 520 nm as described. As negative controls, samples without rHis6-Ap-hemolin, PAMPs (or microbes) or both (replaced by an appropriate buffer) were examined. Similarly, the role of endogenous hemolin protein on proPO activation was investigated. An aliquot of 10 ml purified anti-His6-Ap-hemolin antibody (0.8 mg/ml) was pre-incubated with 90 ml native hemolymph at 25°C for 30 min for generation of hemolin deficiency plasma. Hemolymph pre-incubated with the same volume of buffer (20 mM Tris-HCl, pH7.0) was used as the negative control. Then the PO activity stimulated by different elicitors (microbes and PAMPs) was examined and compared as above.



Statistical Analysis

All experiments were performed at least three times, and similar results were obtained. Each bar represents the mean ± SD (n=3). The results of the effect of hemolin on the synthesis of antimicrobial peptides and PO activity assays were subjected to analysis of variance, followed by Tukey’s multiple comparisons tests.




Results


Preparation of Recombinant His6-Ap-Hemolin and Its Antibody

To further investigate the role of hemolin in A. pernyi larval immune responses, recombinant His6-Ap-hemolin produced in a prokaryotic expression system was purified with nickel affinity chromatography (Figure 1). As shown in Figure 1A, the purified soluble protein migrated as a single band of approximately 48 kDa (Lane 1, 5 μg His6-Ap-hemolin), which was used as an antigen for subsequent production of a polyclonal rabbit antiserum against Ap-hemolin. To detect the existence and amount of natural hemolin protein in the A. pernyi larval hemolymph, a western blotting assay was performed with the anti-Ap-hemolin antibody purified from rabbit antiserum. Through the gray-scale statistical analysis, a trace amount of natural hemolin (~0.3345 μg) was detected in the hemolymph of native larvae (Lane 2, approximately 150 μg of protein in total), the molecular mass of which was approximately the same as that of the recombinant protein (Lane 3, 1.2 μg His6-Ap-hemolin).




Figure 1 | Identification of His6-Ap-hemolin and its binding to insoluble pathogens. (A) SDS–PAGE and immunoblot analysis of Ap-hemolin. Lane 1: purified recombinant His6-Ap-hemolin (5 μg, Coomassie Brilliant Blue staining); Lane 2: natural hemolin in A. pernyi hemolymph (5 mg/ml); Lane 3: His6-Ap-hemolin (40 μg/ml); both Lanes 2 and 3 (30 μl volume per lane) were detected by western blotting assay using the anti-Ap-hemolin antibody. (B) Binding of His6-Ap-hemolin to microorganisms and insoluble PAMPs was detected by western blotting. A total of 10 μg of His6-Ap-hemolin was incubated with microbial cells or insoluble PAMPs. Supernatant and washing fractions were combined as the unbound sample (U). The bound sample (B) was eluted with 1 × SDS sample buffer. His6-Ap-hemolin was used as a positive control (PC). Three biological replicates were used.





Expression Profiles of Ap-Hemolin in Response to Microbial Stimulation

Significant upregulation of mRNA expression was observed in all examined immune-challenged tissues, including the epidermis, fat body, hemocytes, Malpighian tube and midgut, in comparison to those injected with the same amount of insect saline instead of formaldehyde-killed microorganisms 3 hr after injection (Figure 2). However, the changes in different tissues in response to stimulation varied within 48 hr post injection. After microbial injection, the mRNA level of hemolin in the epidermis increased significantly within the first 3 hr and reached a peak at 9 hr. Although the mRNA level of hemolin rapidly declined after the peak, it maintained a high level at 48 hr post-stimulation, approximately ten fold higher than that without immune challenge at the same time point (Figure 2A). The same trend was detected in both the midgut and hemocytes, except that the level peaked at 12 hr after microbial injection and the level finally decreased to baseline at 48 hr post-injection (Figures 2B, E). Interestingly, in the case of the Malpighian tube and fat body, there were two mRNA level peaks. As shown in Figure 2C, the mRNA level in the Malpighian tube barely changed in the first 3 hr post-stimulation but rose sharply to the peak at 6 hr post-injection. After a rapid fall into the trough, the second expression peak appeared at 12 hr, and the level dropped into the baseline at 18 hr. In the fat body, after hitting the first peak value at 6 hr post-injection, the level slipped near the base level at 12 hr and then increased rapidly to the second expression soar at 24 hr post-injection (Figure 2D). Several studies have demonstrated the involvement of secreted hemolin in the early humoral immune response. To investigate the probable roles of hemolin in humoral immunity, its protein distribution in the larval hemolymph of A. pernyi upon microbe stimulation was evaluated by western blotting. Compared with that in the untreated group, the amount of hemolin in the immune-challenged groups was significantly upregulated (Figure 2F). At 12 h after microbe injection, the amount of hemolin increased more in E. coli- and S. aureus-injected samples (approximately 1.5- and 1.0-fold increases) than in the untreated sample, while the level of protein upregulation was lower upon fungus C. albicans stimulation (~0.5-fold). These results indicate that the expression of hemolin is sensitive to different microbial invaders.




Figure 2 | Expression profiles of hemolin in A. pernyi larvae. Tissue distribution analysis of Ap-hemolin mRNA in response to immune challenge was detected at different immune challenge times (0, 3, 6, 9, 12, 18, 24 and 48 hr). Tissues involved in the experiment were epidermis (A), midgut (B), Malpighian tube (C), fat body (D) and hemocytes (E). Each tissue was collected at different times from the samples (five individuals per time point) injected with insect saline (Control) or the ones immune challenged with the mixture of S. aureus, E. coli and C. albicans (Induced). Each bar represents the mean ± SD (N=3). (F) Changes in hemolin protein levels in cell-free plasma upon microbe injection. Samples were collected before injection (NT) or 12 h after challenge with microbe injection. Lane 1: nontreated 5th instar larvae plasma (NT); Lane 2: larvae plasma stimulated by S. aureus; Lane 3: larvae plasma stimulated by C. albicans; Lane 4: larvae plasma stimulated by E. coli; Lane 5: recombinant His6-Ap-hemolin (2.25 μg, a marker to indicate the migration of endogenous hemolin in hemolymph). All lanes were detected by western blotting assay using anti-His6-Ap-hemolin antibody (total protein in lane 1-4: 125 μg). Three biological replicates were used.





Pattern Recognition Properties of Ap-Hemolin

To date, previous studies have confirmed that hemolin is the only IgSF member considered a PRR that binds diverse microbes and that hemolin in M. sexta interacts with bacteria via the cell wall-derived PAMPs LPS and LTA (27). However, we still do not know how hemolin binds to fungal cells and whether it associates with other components on the surfaces of bacterial cells. Our current research is focused on the pattern recognition properties of Ap-hemolin. First, its binding capacity to pathogens was detected by western blotting assay with the recombinant hemolin protein. As shown in Figure 1B, valid binding of His6-Ap-hemolin to each microbial cell was observed, including G- bacteria E. coli and P. aeruginosa, G+ bacteria M. luteus and S. aureus, and fungi C. albicans and S. cerevisiae. In comparison, hemolin appeared in the unbound sample of M. luteus, revealing the relatively weaker binding ability of hemolin to this kind of microorganism. Further investigations of the molecular interaction between His6-Ap-hemolin and microbial cell wall-derived PAMPs were carried out to gain some understanding of its binding properties. Recombinant Ap-hemolin was detected to have a broad-spectrum binding capacity of insoluble PAMPs, but in the same incubation amount of His6-Ap-hemolin and insoluble PAMPs, the amount of binding fractions was distinct, suggesting different binding abilities of Ap-hemolin to diverse pathogens.

Furthermore, octet biolayer interferometry was employed to evaluate the binding affinity of His6-Ap-hemolin to microbial PAMPs in solvable conditions (Figure 3). The results validated that Ap-hemolin also binds to soluble PAMPs, including laminarin (soluble β-1,3-glucan), Lys-PGN (lysine-type peptidoglycan), DAP-PGN (mesodiaminopimelic acid-type peptidoglycan), LPS, LTA and mannan, almost in a concentration-dependent manner. Although the precise association and dissociation constants could not be calculated due to the lack of a definite molecular weight obtained from the mixed PAMPs, the trend of association and dissociation curves shows that His6-Ap-hemolin has broad-spectrum binding properties and high affinity for the cell wall-derived PAMPs, especially for LTA, DAP-PGN and LPS, according to the ordinate value, which represents the thickness of sensing probes. In comparison of the binding results of laminarin and mannan, which are two crucial fungal PAMPs, Ap-hemolin shows higher binding ability to mannan than to laminarin at the same concentration.




Figure 3 | Binding of His6-Ap-hemolin to soluble PAMPs. A biolayer interferometry binding assay was performed to detect the binding of His6-Ap-hemolin to six soluble microbe-derived PAMPs, including mannan, LPS, LTA, laminarin, Lys-PGN and DAP-PGN. The vertical and horizontal axes represent the light shift distance (nm) and association/dissociation time (s), respectively. As negative controls, the binding of His6-Ap-hemolin to chitin (C9752) and bovine serum albumin (V900933) purchased from Sigma–Aldrich (Poole, USA) was also examined.





Involvement of Ap-Hemolin in Antimicrobial Peptide Production

As shown in Figure 4A, at 24 hr post-injection, the hemolin mRNA level of the dshemolin group displayed effective knockdown with a 65% decline. After S. aureus injection, considerable downregulation of the mRNA levels of all these effector molecules in the Ap-larvae was observed (Figure 4C). Similar but more remarkable results were also observed in the case of fungi C. albicans stimulation (Figure 4D). In contrast, hemolin knockdown followed by E. coli injection led to a significant increase in the transcript levels of three selected antimicrobial peptides (Figure 4E). To explore whether the regulation of hemolin on AMP production works through the Toll or Imd pathways, further investigation was performed simultaneously to evaluate the mRNA level of spätzle and Fadd in the hemolin- samples. Stirringly, the transcript level of spätzle in S. aureus- and C. albicans-triggered samples also declined when the expression of hemolin was knocked down, suggesting the regulation of hemolin on AMP synthesis might be via the Toll pathway. While the expression of Fadd, an important intracellular factor of Imd pathway, rose when the expression of hemolin was knocked down in the E. coli immune-challenged larvae. The expression trend of Fadd is consistent with that of AMPs detected in the same samples, implying the negative regulation of hemolin on Imd signaling pathway.




Figure 4 | Effect of hemolin on the induction of antibacterial peptide synthesis in (A) pernyi larvae by qPCR analysis. RNAi efficiency within 24 hr post RNAi-treatment was estimation by qPCR (A) and western blotting analysis (B). For qPCR, the whole body of larvae was collected at 12 and 24 hr post-injection with dshemolin (dsHEM) or dsEGFP (dsEG) double-stranded RNA. Larvae injected with buffer (Bu) were used as controls. For western blotting analysis, 10 μg of plasma samples from dshemolin-treated and control larvae were used. NT: native sample without treatment. The results represent 3 biological replicates and the gray-scale statistical was shown below. (C-E) Relative mRNA expression levels of antibacterial peptides and the representative factors in Toll or Imd signaling pathway in response to microbial stimulation. Micro: larvae collected 12 hr after injection with formaldehyde-killed microbial cells (105 cells per larva); dsEG/Micro: larvae were first injected with dsEGFP for 24 hr and then immune-challenged with microbial cells for another 12 hr; dsHEM/Micro: larvae were first injected with dshemolin for 24 hr and then immune-challenged with microbes for another 12 hr. Microbes: E. coli, S. aureus and C. albicans. The relative expression level of antibacterial peptides and signaling pathway related factors detected by qPCR: defensin, attacin, moricin, spätzle and Fadd. Each bar represents the mean ± SD (N=3). ****: p<0.0001, ns, no significant difference.





Contribution of Ap-Hemolin to Prophenoloxidase Activation

To investigate the contribution of hemolin to the prophenoloxidase activation system, we treated and collected hemolin-deficient plasma by RNAi, and the knockdown efficiency of hemolin protein in hemolymph was examined by western blotting (Figure S1). For an equal protein amount in plasma, an approximate 75% substantial decline (gray-scale statistical analysis) in hemolin was detected after dshemolin injection compared to the negative controls (samples injected with dsEGFP, buffer and native plasma without treatment) at 24 hr post-injection (Figure 4B). Based on these results, hemocyte-free plasma from hemolin knockdown larvae was collected, and an in vitro PO activity assay was carried out. In comparison to nontreated or dsEGFP-treated plasma, significantly lower PO activity triggered by microbes in hemolin knockdown plasma could be observed (Figure 5A). Since dsEGFP-treated plasma showed no significant difference from native plasma, a deficiency of endogenous hemolin led to decreased PO activity in response to microbe stimulation, implying a positive effect of hemolin on PPO activation. To reconfirm the effect of Ap-hemolin on PPO activation acting as a PRR, an in vitro prophenoloxidase assay was carried out. The effect of various microbes on PPO activation in A. pernyi hemolymph was first estimated. Afterward, PPO activation was remarkably upregulated by the addition of the His6-Ap-hemolin/microbe mixture in comparison to samples with added microbes only (Figure 5B). Similar results of hemolin contributing to PPO activation in A. pernyi larval hemolymph were also detected when the stimulus was replaced by soluble PAMPs (Figure 6). On the other hand, the purified anti-His6-Ap-hemolin antibody was added into plasma to investigate the role of endogenous hemolin on PO activation in protein level. As shown in Figure 7, addition of elicitor led to prominent PO activity in plasma, but addition of antibody resulted in significantly lower PO activity than control plasma without antibody treatment. These results together suggesting that Ap-hemolin might contribute to up-regulation of PPO activation system.




Figure 5 | PO activity assay triggered by microbes. (A) The effects of endogenous hemolin on PPO cascade activation by microbes were investigated by monitoring the PO activity produced in hemolin knockdown plasma. Hemocyte-free plasma of 2nd instar larvae was collected 24 hr after dsRNA injection. Then, the PO activity triggered by microbes was examined. dsEG and dsHEM: plasma samples from dsEGFP- and dshemolin-injected 2nd instar larvae, respectively; NT: nontreated 2nd instar larvae plasma. (B) The effects of exogenous hemolin on PPO activation stimulated by microbes were investigated with recombinant hemolin and 5th instar native larvae plasma. HL: native cell-free hemolymph (total protein: 12 mg/ml); HEM: recombinant His6-Ap-hemolin (500 ng); Micro: E. coli, S. aureus and C. albicans (5 × 102 cells per sample). Each bar represents the mean ± SD (N=3). ****: p<0.0001, ns, no significant difference.






Figure 6 | PO activity assay stimulated by soluble PAMPs. The effects of endogenous (A) and exogenous (B) hemolin on PPO cascade activation by soluble PAMPs were investigated by monitoring the PO activity produced in the A. pernyi larval plasma as described in Figure 5. PAMPs: laminarin (1 μg/ml), LPS (100 μg/ml), LTA (100 μg/ml), DAP-PGN (500 μg/ml), Lys-PGN (500 μg/ml) and mannan (1 mg/ml). dsEG and dsHEM: plasma samples from dsEGFP- and dshemolin-injected 2nd instar larvae, respectively; NT: nontreated 2nd instar larvae plasma. HL: native cell-free hemolymph (total protein: 12 μg/ml); HEM: recombinant His6-Ap-hemolin (500 ng). Each bar represents the mean ± SD (N=3). ***: p<0.001, ****: p<0.0001, ns, no significant difference.






Figure 7 | Pathogen dependent PO activation in Ap-hemolin blocked plasma. Hemocyte-free plasma samples were pre-incubated with anti-His6-Ap-hemolin antibody and 20 mM Tris-HCl, pH7.0, respectively. PO activity of these samples triggered by microbes (A) and soluble PAMPs (B) was examined and compared. HL: native cell-free hemolymph (total protein: 12 mg/ml); Bu: 20 mM Tris-HCl, pH7.0; Ab: anti-His6-hemolin antibody (0.8 mg/ml). Each bar represents the mean ± SD (N=3). ****: p<0.0001, ns, no significant difference.






Discussion

The IgSF is the largest glycoprotein family with more than 700 gene members in the human genome, in which antibodies are the most well-known members that function as immune recognition molecules with high affinity and specificity to foreigners (37). Although no antibodies have been discovered in invertebrates (3), several IgSF members have been identified as cell adhesion molecules, such as fasciclin, neuroglian and Down syndrome cell adhesion molecule (Dscam), during the development of the insect nervous system instead of being involved in immune responses (38–40). Since it is known that IgSF existed prior to the evolutionary divergence of vertebrates and invertebrates, evolutionarily speaking, it remains possible that some proteins from IgSF could have an antibody-like role in immune surveillance in invertebrates. Hemolin is thus far the only invertebrate-derived IgSF member found to be upregulated upon infection. However, most previous studies revealed that the expression of hemolin in insect species exhibited different sensitivities to diverse intruders. For instance, in Samia cynthia ricini larvae, the expression of hemolin was strongly induced in fat bodies by an injection of bacterial cells (Bacillus licheniformis and M. luteus) or PGNs and was very weakly induced by E. coli, lipopolysaccharide or curdlan but was not changed by oligo chitin (14). The mRNA level of hemolin was significantly increased in response to bacterial stimulation but unaffected by natural baculoviral infection in the fat bodies and hemocytes of noctuid moths (17), while an opposite result was reported in bombycoid moths in which both bacterial and baculovirus infection led to upregulation of hemolin in A. pernyi (41). In addition to pathogen infection, hemolin was also present at a very low level in many vital organs, the concentration of which increased dramatically at metamorphosis stages in the absence of microbial challenge and regulated by hormones (19, 23, 24, 42). In the wandering 5th instar larval stage of Plodia interpunctella, major expression of hemolin was detected in the epidermis, rather than in the fat body or gut, and the level was increased by feeding with RH-5992 (an ecdysteroid agonist) but reduced by treatment with KK-42 (an ecdysteroid inhibitor), suggesting that hemolin probably protected larvae from potential infection in the wandering stage (15). A similar result was obtained in G. mellonella in which a profound rise in hemolin expression without bacterial inoculation occurred in the silk glands of isolated abdomens when they were induced to pupate by a topical application of 20-hydroxyecdysone (16). Taken together, the data above underline the paramount importance of hemolin in insect defense against infectious threats throughout the lifecycle.

In this study, we aimed to explore the immune function of hemolin in A. pernyi. Based on the previous result that Ap-hemolin was constitutively expressed in the hemolymph, fat body, Malpighian tube, epidermis and midgut (41), further investigations were carried out to detect the expression level of hemolin in the 5th larval stage in response to microbial injections by qPCR. The results revealed that Ap-hemolin is an immune-inducible protein. Comparing the increased degree of mRNA in different tissues after stimulation, the expression of hemolin was the most sensitive in the midgut, followed by the epidermis and hemocytes, but the change was the smallest in the Malpighian tube (Figure 2). In the first 3 hr post-injection, hemolin expression increased rapidly in the epidermis and fat body but barely changed in the Malpighian tube (Figures 2A, D and C). Moreover, there were two mRNA level peaks of hemolin in the Malpighian tube and fat body. Several explanations might account for these results. A. pernyi larvae feed on the leaves of Quercus (oak) plants, which increases the risk of encountering a large variety of microbes on the surfaces of plants. To combat such a potentially harmful environment, A. pernyi may have evolutionarily developed an efficient immune system in the intestinal system. Highly expressed hemolin in the midgut might function in intestinal immune responses. Moreover, the epidermis is the first line of defense in insects, and the upregulated expression level of hemolin indicates its participation in the early immune response against invading foreigners in the “border areas”. Fat bodies are equivalent to the mammalian liver, which encodes most immune molecules. Hemolin from the fat body might be transported to other organs through blood circulation, playing various immune functions. Moreover, two expression peaks of hemolin in the fat body suggest the involvement of hemolin in different stages of immune responses, for example, the early humoral and the later cellular immune responses. The Malpighian tube is the excretory system of insects at the end of the intestinal system, rarely encountering invaders in the early infectious stage so that the expression of hemolin here exhibited the lowest sensitivity to bacterial injection. However, it is not known why there are two expression peaks in the Malpighian tube facing immune invasion, especially the first peak appearing at 6 hr after pathogen induction.

To date, accumulating evidence has shown that hemolin binds to microbial cells and promotes bacterial agglutination in a calcium-dependent manner. Further studies demonstrate the function of hemolin as a PRR exhibiting specific affinity for LPS and LTA (12, 27, 28). Although the binding sites of hemolin to LPS and LTA have been well analyzed and the binding of LPS and hemolin in M. sexta was found to be decreased by peptidoglycan in a competitive binding assay, which suggests the interaction of hemolin with peptidoglycan (27), the definite pattern recognition property of hemolin is not fully understood. Here, the binding capacity of hemolin in A. pernyi to six classical infectious microbes (covering Gram-positive bacteria, Gram-negative bacteria and fungi) and three insoluble and six soluble bacterial cell wall-derived PAMPs was evaluated by western blotting and biolayer interferometry assays. The results confirmed that hemolin in A. pernyi functioned as a versatile PRR (Figures 1B, 3). Hemolin in A. pernyi showed a higher affinity for LTA than for LPS, which coincided with the result of hemolin in M. sexta (27). Surprisingly, in the case of Lys-PGN, the association and dissociation processes were consistent with the other five PAMPs at concentrations of 50 and 100 μg/ml. When the concentration reached 150 μg/ml, abundant Lys-PGN rapidly dissociated, causing the amount of binding fraction to be even less than that at 50 μg/ml, although the binding amount was amazingly high in the association section. It is assumed that the binding capacity of hemolin to Lys-PGN is limited. Incubation with too much Lys-PGN and hemolin will result in a “hook effect”, which is often found in the interaction between antigen and antibody. Although we have thus gained some knowledge about the pattern recognition property of hemolin, the recognition process of pathogens by PRRs is much more complex than we thought. In the initial identification research of hemolin in M. sexta, apolipophorins and serine protease inhibitors (serpins) were also eluted from the bacteria incubated larval hemolymph (11), suggesting that more than one PRR, and even potential unidentified PRRs, is involved in the interaction with pathogens. In particular, apolipoprotein-III, which has been generally identified as a broad-spectrum PRR, also binds to LTA and LPS. In the pattern recognition process of the same PAMP, taking LTA as an example, it is unclear whether competition or synergy exists between hemolin and apolipoprotein III, which requires more complete characterization of the pattern recognition mechanism of hemolin to diverse microbes. Moreover, the result that hemolin in A. pernyi was inducible by the injection of nucleopolyhedrovirus (NPV), baculovirus or dsRNA (25, 41) suggests that hemolin might bind to viruses perhaps via the nucleic acid component, which needs to be verified in the future.

In addition to facilitating pathogen recognition, hemolin also functions as an opsonin in mediating the ability of hemocytes to engulf bacteria through phagocytosis and to form melanotic nodules, which is confirmed to be of vital importance in insect survival against bacterial infection (43). Although hemolin is widely considered to lack direct antibacterial activity (10, 44), few experimental data have been provided in previous studies. In this study, a bacteriostatic assay of His6-Ap-hemolin was carried out in vitro by monitoring the turbidity change of six typical pathogenic microbes in liquid culture medium (change in quantity). In comparison to the conventional state of microbial strains in fresh medium, the addition of antibiotics significantly suppressed their growth and proliferation at an extremely low concentration. However, in the presence of recombinant hemolin, all the test strains preserved growth and proliferation, exhibiting no significant difference from that of the control group on optical density. This observation affirms that Ap-hemolin has an inability to inhibit bacterial growth and proliferation (Figure S2). Additionally, it was proposed that prior infection of M. sexta larvae with the nonpathogenic bacterium E. coli elicits the upregulation of both hemolin and antibacterial peptide gene expression, providing the host with a high protective effect against invading pathogens (45, 46). This interesting result inspired us to further observe the effect of hemolin on the expression of antimicrobial peptides. Knockdown of the hemolin gene in A. pernyi markedly decreased the expression of the antibacterial peptides defensin, attacin and moricin in response to G+ bacteria (S. aureus) and fungi (C. albicans) stimulation (Figures 4C, D). To further investigate the effect of hemolin on the significant antimicrobial peptide synthesis signaling pathway, the mRNA level of the key factor, spätzle, of the Toll signaling pathway was also evaluated. As expected, the transcript level of spätzle in S. aureus- and C. albicans-triggered samples declined when the expression of hemolin was knocked down. In contrast, remarkably high upregulation of the expression of the same three antibacterial peptides was detected in the dshemolin-treated larvae post injection with the G- bacterium E. coli (Figure 4E). Similarly, the mRNA level of Fadd, a vital intracellular component of Imd signaling pathway increased. Although numerous antimicrobial peptides have been identified in insects, most of them have not been studied for their antibacterial activity and synthetic pathways. It is well accepted that antimicrobial peptides are synthesized via the Toll, Imd, JAK/STAT, and Hippo signaling pathways, and the transcription of the same antimicrobial peptide sometimes might be regulated by more than one signaling pathway and other different factors (47–49). Here, the results that the antibacterial peptide mRNA level changes in synergy with that of spätzle or Fadd provide evidence that hemolin might be involved in the regulation of antimicrobial peptide production via the Toll and Imd signaling pathway in response to different microbial invasion. Combined with the pattern recognition features of hemolin, one testable hypothesis has been that after pattern recognition, the compound of hemolin and immune-elicitors might stimulate the hemolymphatic serine protease cascades, leading to the activation of transmembrane receptor Toll, which then initiates the intracellular transcription of AMPs. However, in the case of G- bacterial stimulation, the expression level of hemolin was negatively correlated with that of antimicrobial peptides, suggesting that hemolin might be a negative regulator in other signaling pathways for antimicrobial peptide synthesis (e. g. Imd pathway) or that there are other factors together involved in the regulation of antimicrobial peptide synthesis, leading to the current results. At present, we do not know why hemolin shows such opposite regulation on the mRNA level of the same antimicrobial peptides when stimulated by different microorganisms, but it is assumed that hemolin acts like PGRP-LF in Drosophila, blocking the function of PGRP-LC, the main receptor of DAP-type gram-negative peptidoglycan upstream of the Imd pathway (50, 51). Ap-hemolin might compete with PGRP-LC for binding immune elicitors, which leads to the inhibition of the Imd signaling pathway and ultimately the reduction of antibacterial peptide synthesis. These hypotheses will be verified when further knowledge is obtained regarding the antibacterial activity of defensin, attacin and moricin and their synthetic signaling pathways in A. pernyi in the future.

On the other hand, we sought to investigate the function of hemolin in the PPO activating system in A. pernyi hemolymph, and the results confirmed the participation of hemolin in A. pernyi PPO activation was triggered by different irritants. The relationship between hemolin and melanization was unique found in H. cecropia (33). It was reported that when injecting dsRNA of the lepidopteran immune protein hemolin in pupae of H. cecropia, a significant reduction was observed in phenoloxidase activity after 24 h, but not after 72 h, the result of which is consistent with that of hemolin in A. pernyi here. In addition to the stimulation of E. coli, we also detected the effect of another two types of microbes, G+ bacteria S. aureus and fungi C. albicans, together with six kinds of PAMPs on hemolymph PPO activation. As expected, hemolin-deficient A. pernyi hemolymph displayed lower sensitivity to microbes and PAMPs than the control hemolymph (Figures 5A, 6A). However, there were a few differences. In Figure 5A, native A. pernyi larval hemolymph showed almost the same sensitivity among the three types of microbial stimulation in PPO activation at the same concentration. When the activator was replaced by soluble PAMP, the sensitivity of PPO activation in larval hemolymph changed. One explanation for the results we sought is that there are various types of PAMPs on the surface of each microorganism, and the amount of PAMPs differs. The level of PO activity in Figure 5A stimulated by microbes was the synthesized result of all the PAMPs on the surface of the microorganisms, which thus exhibited almost no significant difference between microbial elicitors. However, different sensitivities of PPO activation in the A. pernyi hemolymph were detected on PAMPs. To stimulate PO activity in a specific range (10-25 U), the additional amount of PAMPs differed. The results of Figure 6A revealed that the PPO in native larval hemolymph was activated by laminarin but difficult to be activated by mannan, which might be closely related to the species of pathogens that A. pernyi encounters in the long-term living environment. Additionally, hemolin-blocked plasma was also used to investigate the role of endogenous hemolin on PO activation at the protein level. Anti-hemolin polyclonal antibody was added to the plasma to block endogenous hemolin. Consistent with the results shown in Figures 5A and 6A, the addition of the pathogen alone led to prominent PO activity in plasma, but the activation was significantly suppressed in the plasma preincubated with the anti-hemolin antibody (Figure 7). Furthermore, on the premise that Ap-hemolin is observed as a broad-spectrum pattern recognition receptor, PO activity is speculated to be associated with its pattern recognition property. To confirm this hypothesis, recombinant Ap-hemolin was prepared to investigate the effect of exogenous addition of hemolin on PO activity. The Ap-hemolin/elicitor (microbes or PAMPs) mixture increased PPO activation in the A. pernyi larval hemolymph, which was significantly higher than PAMP or hemolin alone (Figures 5B, 6B). Since the native hemolymph contains all endogenous components needed for PPO cascade activation, Ap-hemolin itself failed to activate PPO active system, implying that combination of pathogens is necessary for hemolin contributing in PPO activation system. In addition, PO activation in hemolymph was detected to be pathogen-dependent within a certain concentration range when the amount of rAp-hemolin was excessively added. The link between hemolin and PPO activation suggests that Ap-hemolin probably serves as a pattern recognition receptor and plays a crucial positive regulatory role in triggering the hemolymph PPO cascade in the defense against microbial infection in Antheraea pernyi.

In conclusion, we found that hemolin serves as a versatile pattern recognition receptor participating in the humoral immunity of A. pernyi, but there is still much to be further investigated.
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Kunitz-type protease inhibitors (KPIs) are ubiquitously found in many organisms, and participate in various physiological processes. However, their function in insects remains to be elucidated. In the present study, we characterized and functionally analyzed silkworm KPI5. Sequence analysis showed that KPI5 contains 85 amino acids with six conserved cysteine residues, and the P1 site is a phenylalanine residue. Inhibitory activity and stability analyses indicated that recombinant KPI5 protein significantly inhibited the activity of chymotrypsin and was highly tolerant to temperature and pH. The spatio-temporal expression profile analysis showed that KPI5 was synthesized in the fat body and secreted into the hemolymph. In vivo induction analysis showed that the expression of KPI5 in the fat body was significantly upregulated by pathogen-associated molecular patterns (PAMPs). Binding assays suggested that KPI5 can bind to pathogens and PAMPs. In vitro pathogen growth inhibition assay and encapsulation analysis indicated that KPI5 can neither kill pathogenic bacteria directly nor promote the encapsulation of agarose beads by silkworm hemocytes. Recombinant protein injection test and CRISPR/Cas9-mediated knockdown showed that KPI5 promotes the expression of antimicrobial peptides (AMPs) in the fat body. Moreover, the survival rate of individuals in the KPI5 knockdown group was significantly lower than that of the control group after pathogen infection. Phenoloxidase (PO) activity assays showed that KPI5 significantly inhibited the hemolymph PO activity and melanization induced by PAMPs. These findings suggested that KPI5 plays a dual regulatory role in innate immunity by promoting the expression of antimicrobial peptides in the fat body and inhibiting hemolymph melanization. Our study furthers the understanding of the function of insect KPIs and provides new insights into the regulatory mechanism of insect immune homeostasis.
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Introduction

As one of the most widely distributed groups of organisms on Earth, insects have evolved a complex and efficient defense system, of which innate immunity is an important defense line for insects to resist the invasion of pathogens (1, 2). The innate immune system of insects is comprised by humoral and cellular immunity (2). The insect immune response mainly includes the following steps: pathogen recognition and pathogen-associated molecular patterns (PAMPs) on the surface of pathogenic microorganisms are specifically recognized by pattern recognition receptors (PRRs) (3); then, non-self-recognition triggers a series of downstream signals, such as serine protease cascades, which activate the downstream innate immune system and produce immune effectors to eliminate pathogens (2). When pathogens break through physical barriers, such as the integument and enter the hemolymph, different types of hemocytes clear pathogens through cellular immune responses such as phagocytosis, encapsulation, and nodulation (4, 5). Insect humoral immunity exerts immune effects mainly through two reactions (6–8): the production of antibacterial peptides (AMPs) with bactericidal effects, and melanization, which activates prophenoloxidase (PPO) and catalyzes the production of melanin to remove pathogens.

The innate immune system enables insects to defend against the invasion of various pathogens; however, excessive activation of the immune system is also harmful to the insect. When the melanization reaction is over-activated, the excess production of reactive oxygen species and quinine causes damage to insect tissue function and can even lead to death (9). Insects with excessive immune responses sometimes have intestinal flora disorders, nerve degeneration, and shortened survival (10, 11). In addition, the immune response is an energy-consuming process that competes with other physiological processes for nutrients; thus excessive immune responses significantly affect overall physiological metabolism (12). Therefore, the intensity and duration of activation of insect immune responses must be tightly and precisely regulated.

Previous studies have shown that extracellular serine protease cascades (EPCs) in insect humoral immunity are regulated by protease inhibitors. EPCs rapidly amplify and transmit pathogen invasion signals downward, and the terminally activated serine protease cleaves PPO to phenoloxidase (PO), which activates the melanization reaction, or cleaves the cytokine-like protein Spätzle, which activates the Toll signaling pathway to induce the production of AMPs (13, 14). Immune regulators targeting insect EPCs include serine protease inhibitors (serpins) and Kunitz-type protease inhibitors (KPIs). Several serpins have been reported to be involved in the regulation of insect immune processes by inhibiting the activation of PPO and Toll pathways (15, 16). The tobacco hornworm, Manduca sexta serpin1J and serpin3-7 regulate humoral immune responses by covalently binding to serine proteases of EPCs (17–21). Bombyx mori serpin5 targets HP6 and SP21 to downregulate Toll and PPO pathways (22). Three serpins (SPN40, SPN55, and SPN48) have been found to inhibit melanization and the Toll pathway in the mealworm, Tenebrio molitor (23). Studies have shown that KPIs may regulate hemolymph melanization in M. sexta and B. mori (24, 25). However, it remains unclear whether insect KPIs are involved in the regulation of humoral immunity.

KPIs are ubiquitous protease inhibitors in organisms, usually with one or more Kunitz domains that form a stable spatial structure through three pairs of typical intrachain disulfide bonds (26, 27). Although KPIs are conserved in their secondary structures, their functions vary in different species. Previous studies have shown that KPIs are involved in coagulation, inflammatory regulation, cell proliferation, antimicrobial infection and other processes in invertebrates (28–30). In the castor bean tick, Ixodes Ricinus, CPI has a typical Kunitz domain that binds specifically to human plasma FXIa, FXIIA, and kallikrein to inhibit the coagulation pathway and slightly inhibit fibrinolysis in vitro (31). Simukunin, a single-domain KPI from the black fly, inhibits factor Xa, elastase, and cathepsin G, suggesting that it regulates both blood clotting and inflammatory responses in the host (32). In the Greater wax moth, Galleria mellonella, KTPI might be responsible for the protection of other tissues against proteolytic attack by trypsin-like protease(s) from the larval midgut during metamorphosis, and might play a role in the proliferation of cells in the fat body and integument (28). In B. mori, hemolymph KPI CI-b1 is a lipopolysaccharide-binding protein that is speculated to be a mediator which scavenges intruding bacteria (33). In silkworm cocoon, SPI51, the most abundant KPI, inhibits fungal growth by binding to β-d-glucan and mannan on the surface of fungal cells (30).

In 2012, Zhao et al. identified 80 serine protease inhibitors at the whole-genome level in silkworm, including serpin, Kunitz_BPTI, Kazal, TIL, amfpi, Bowman-Birk, Antistasin, WAP, Pacifastin, and alpha-macroglobulin (34). Ten KPIs were identified in silkworms. In our previous studies, the activity of the Kunitz-type chymotrypsin inhibitor CI-13 (KPI5) was detected in the hemolymph of 425 silkworm strains (unpublished data), suggesting that it may play an important role in silkworm hemolymph. In the present study, we explored the function of KPI5 and found that it promotes the expression of AMPs in the fat body, inhibits hemolymph melanization and plays an essential role in silkworm innate immunity. This study promotes the understanding of the function of insect KPIs and provides new insights into the regulatory mechanism of insect immune homeostasis.



Materials and Methods


Materials and Sample Collection

The Dazao strain of B. mori was reared on fresh mulberry leaves at room temperature with a photoperiod of 12 h light/12 h dark and 70% relative humidity. Escherichia coli, Staphylococcus aureus, Micrococcus luteus, and Saccharomyces cerevisiae were maintained in the State Key Laboratory of Silkworm Genome Biology at Southwest University of China. Bacillus bombyseptieus, a common bacterial pathogen that causes bacterial black thorax septicemia in silkworms, was kindly provided by Professor Yanwen Wang (Shandong Agriculture University, China). All bacterial strains were cultured in LB medium at 37°C for 12 h; S. cerevisiae was cultured in YPD medium at 28°C for 36 h. Various tissues from 3-day-old-fifth-instar larvae were collected for RNA isolation. Fat bodies, hemocytes and hemolymph from 3-day-old-fourth-instar larvae to 1-day-old pupae were collected for RNA isolation and protein extraction. Through silkworm gastropod puncture, the hemolymph was collected into a pre-cooled 1.5 mL microcentrifuge tube, which contained 400 μL phosphate buffer saline (PBS) and an appropriate amount of phenylthiourea (PTU). The hemocytes were collected by centrifugation at 800 × g for 5 min at 4°C. Other tissues were dissected with sterile scissors and forceps, then placed in sterile PBS for washing, and finally collected in a 1.5 mL microcentrifuge tube, and frozen at -80°C.

PAMPs (Sigma-Aldrich, St. Louis, MO, USA), including peptidoglycan (PGN), lipopolysaccharide (LPS), and zymosan (ZYM), were diluted in PBS to a final concentration of 0.5 μg/μL. For PAMPs induction, 120 larvae on 3-day-old-fifth-instar were randomly divided into four groups. Each group was injected with 5 μL phosphate-buffered saline (PBS, negative control), LPS, PGN, or ZYM. Half an hour later, each group was reared on fresh mulberry leaves under standard conditions. At 12 h and 24 h post-injection, the fat bodies of each group were collected for RNA isolation.



Cloning and Sequence Analysis

Based on the silkworm genome database (http://silkbase.ab.a.u-tokyo.ac.jp/cgi-bin/index.cgi), a pair of KPI5-specific primers was designed (Table S1). The cDNA obtained from the fat body of silkworms on 3-day-old-fifth-instar was used as the PCR template. PCR fragments were cloned into the pMD19-T vector (TaKaRa, Otsu, Japan) and sequenced. The signal peptides and functional domains of KPI5 were analyzed using the SMART program (http://smart.embl-heidelberg.de/). The theoretical isoelectric point (pI) and molecular mass of the mature KPI5 protein were predicted using the Expert Protein Analysis System (ExPASy, https://www.expasy.org/). Multi-sequence alignment analysis of KPI5 and other protease inhibitors from the Kunitz family was performed using ClustalX1.8.



RNA Extraction, cDNA Synthesis, and Real-Time Quantitative PCR (RT-qPCR)

Total RNA of silkworm tissues was extracted using TRIzol reagent (Invitrogen, USA). cDNA was synthesized using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China) according to the manufacturer’s protocols. A qTOWER 2.2 REAL-TIME PCR Thermal Cycler System (Analytik Jena, Thuringia, Germany) and SYBR Premix Ex Taq Kit (TaKaRa, Shiga, Japan) were used for real-time PCR according to the manufacturer’s protocols. The optimal PCR amplification procedure consisted of an initial denaturation step of 30 s at 95°C and 40 amplification cycles consisting of 5 s at 95°C followed by 30 s at 60°C. The housekeeping gene eIF4A of B. mori was used as the internal reference gene (Table S1). Relative expression levels were calculated using the relative quantitative method (2−ΔΔCt).



Recombinant Expression, Purification, Inhibitory Activity and Stability Analysis

The coding region of the KPI5 gene without the signal sequence was amplified using a pair of KPI5-specific primers (Table S1). The amplified PCR product was cloned into the expression vector pET28a with restriction enzyme sites, Nde I and Not I. The recombinant pET28a-KPI5 plasmid was transformed into E. coli BL21 (DE3) cells (Trans Gen Biotech, China) for protein expression. After induction with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 37°C 4 h, the cell pellets were collected by centrifugation at 8000×g for 5 min. After sonication, the precipitated proteins were collected by centrifugation at 12000×g for 20 min. The precipitate was dissolved in 20 mL of renaturation buffer (8 M urea, 20 mM Tris-HCl, 100 mM NaCl, 2 mM reduced glutathione, 0.2mM oxidized glutathione). The dissolved supernatants were collected by centrifugation at 12000×g for 20 min and renatured by dialysis against renaturation buffer with decreasing concentrations of urea (6, 4, and 2 M). The final buffer consisted of 20 mM PBS (pH 7.4). Each dialysis step was performed at 4°C for 24 h. The refolded supernatant was filtered through a 0.45 μm microporous membrane, and the recombinant KPI5 (rKPI5) protein was preliminarily purified by Ni-NTA affinity chromatography. The crude rKPI5 protein was further purified using HiLoad 16/600 Superdex 75 pg chromatography (GE Healthcare, USA). The identity of the rKPI5 protein was confirmed by immunoblotting with an anti-histidine antibody. Rabbit polyclonal antibody against KPI5 was prepared by Zoonbio Biotechnology (Nanjing, China).

Protease inhibition assays were performed as previously described (35, 36), with slight modifications. rKPI5 protein (10 μg) was incubated with different commercial proteases (1 μg) in 100 μL assay buffer (100 mM Tris-HCl, pH 7.5) for 30 min at room temperature. A substrate of 10 ng FITC-casein (Thermo Fisher Scientific, USA) in 100 μL assay buffer was added, followed by incubation in the dark for 60 min at room temperature. Substrate hydrolysis was monitored using a microplate reader with excitation at 485 nm and emission at 535 nm. Protease inhibition by rKPI5 protein was assessed using the following formula: inhibition (%) = (1 – residual enzyme activity/enzyme activity without inhibitor)×100%.



SDS-PAGE and Immunoblot Analysis

Silkworm tissue samples were lysed in RIPA lysis buffer (Beyotime, China), and protein concentrations were determined using a BCA assay kit (Beyotime Biotechnology, China). For SDS-PAGE, recombinant protein or tissue protein samples were treated with 5×SDS loading buffer for 5 min at 95°C and then separated by 15% (w/v) SDS-PAGE. Proteins were detected by staining with Coomassie brilliant blue. For immunoblot analysis, the proteins were transferred onto PVDF membranes. The PVDF membrane was blocked with 5% (w/v) skim milk powder in Tris-buffered saline containing 1% Tween 20 (TBST) for 2 h at 37°C. Then, the membranes were incubated with KPI5 antibody or gloverin 2 antibody (1:10,000) in TBST containing 1% (w/v) skim milk powder for 1-2 h at 37°C. The membranes were washed with TBST and incubated with HRP-labeled goat anti-rabbit IgG (1:20,000, Beyotime, China) for 1 h at 37°C. Signals were visualized with Super Signal West Femto Maximum Sensitivity Substrate (Thermo, USA) using a ChemiScope 3400 Mini instrument (Clinx Science, China).



Microbial and PAMPs Binding Assay

E. coli, S. aureus and S. cerevisiae were cultured under appropriate conditions to obtain an OD of =0.6, and the pathogen pellet (1 mL culture medium) was collected by centrifugation at 6000×g for 5 min. The pellets were resuspended in 1 mL TBS and washed three times. Bacteria or fungus (500 μL) and rKPI5 protein (500 μL, 0.2 μg/μL) were incubated with rotation at 4°C for 2 h, and then centrifuged at 6000×g for 10 min. The pellet was washed with TBS three times, and the supernatants and pellets from the last washing were collected. The collected supernatant and pellet were boiled in SDS sample buffer for immunoblot analysis. Incubation with the same concentration and volume of pathogen and TBS buffer without rKPI5 protein was used as a negative control, and incubation with the same concentration and volume of rKPI5 protein was used as a positive control.

The binding between rKPI5 protein and PAMPs was measured using an enzyme-linked immunosorbent assay (ELISA) according to previous studies (37, 38), with slightly modifications. Briefly, 5 μg LPS, PGN, and ZYM were dissolved in coating solution (0.5 M carbonate buffer, pH 9.8), added to a 96-well microtiter plate, and incubated at 4°C overnight. Using PBST buffer (20 mM NaH2PO4, 20 mM Na2HPO4, and 0.05% Tween-20, pH 7.4) as washing solution, the microtiter plate was automatically washed five times in the ELx50 plate washer (BioTek Instruments, Inc., Winooski, VT) to remove uncoated PAMPs. Then, the coated PAMPs were incubated with blocking buffer (3% BSA and 10% normal goat serum in PBS) for 2 h at 37°C. After washing the microtiter plate five times with PBST, 100 μL of the rKPI5 protein in gradient dilution in PBS was added and incubated at 25°C for 2 h. After washing the microtiter plate five times with PBST, 1:1000 rabbit anti-KPI5 in PBS containing 1% BSA was added and incubated at 37°C for 1 h. After washing the microtiter plate three times with PBST, 100 μL of 1:4000 diluted HRP-labeled goat anti-rabbit IgG (Beyotime, China) was added and incubated at 37°C for 1 h. After washing the microtiter plate three times with PBST, 100 μL of TMB (3,3’,5,5’-tetramethylbenzidine) substrate solution was added and incubated in the dark at room temperature for 30 min. Finally, 50 μL 2 M H2SO4 was added to each well to stop the color reaction. Absorbance was measured at OD450 using a GloMax-Multi Detection System (Promega, Madison, WIa). Non-immune rabbit serum was used as a negative control and empty wells were used as a blank. Each experiment was performed in triplicate. Samples with (Psample - Bblank)/(Nnegative - Bblank) > 2.1 were considered positive (37).



In Vitro Pathogen Growth Inhibition Assay and Encapsulation Analysis

E. coli, S. aureus and S. cerevisiae were cultured under appropriate conditions until they reached an OD of =0.3, and then were added to a 96-well microtiter plate together with the corresponding test sample, to a total volume of 200 μL. The negative control group was treated with 100 μL pathogen solution and 100 μL PBS, the positive control group was treated with 100 μL pathogen solution and 100 μL ethylenediaminetetraacetic acid (EDTA, 10 mM), and the experimental group was treated with 100 μL pathogen solution and 100 μL rKPI5 protein (final concentration 0.5 μg/μL). Each experiment was repeated in triplicate. Pathogen growth was observed using UV spectrophotometry by monitoring the absorbance at 600 nm (OD600). The bacterial culture group was cultured in a shaker at 37°C and 45 rpm, and the OD600 was measured every hour for a total of 6 h. The fungus group was cultured in a shaker at 28°C and 45 rpm, and the OD600 was measured every 12 h for a total of 72 h.

The in vitro encapsulation assay was performed as previously described (38, 39), with slight modifications. Briefly, Ni-NTA agarose beads (Qiagen, Dusseldorf, Germany) were equilibrated in TBS (Tris-HCl pH 8.0, 100mM NaCl), and rKPI5 protein was added and incubated with the beads at 4°C overnight. The recombinant protein-coated beads were washed three times with TBS and resuspended in TBS at a concentration of 80-100 beads/μL. A 48-well cell-culture plate was coated with 1% agarose. Hemolymph was collected from the fifth-instar larvae and mixed with an equal volume of Grace’s cell culture medium (10% FBS, 0.1% penicillin-streptomycin, and 200 μL 10 mM PTU). Hemocytes were allowed to adhere for at least 10 min at room temperature in each well. Subsequently, 1 μL of rKPI5-coated and rSPINK7-coated beads were added to each well, and the plate was incubated at room temperature. Beads without protein coatings were used as controls. Encapsulation of agarose beads was observed by microscopy at 6 h and 24 h after incubation. For each recombinant protein, the assay was performed in three wells.



CRISPR/Cas9-Mediated Mutation

To knock out the B. mori KPI5 gene using the CRISPR/Cas9 system, a specific target site was selected in the second exon region of KPI5 gene using the CRISPR/Cas9 target online predictor (https://cctop.cos.uni-heidelberg.de:8043/). Based on the designed and synthesized single-guide RNA (sgRNA) fragment (Table S1), we constructed a pBac[3×P3-EGFP-U6-KPI5 gRNA] plasmid that could synchronously express green fluorescent protein and KPI5 gRNA under the control of different promoters (40). The pBac[3×P3-EGFP-U6-KPI5 gRNA] and piggyBac helper plasmid (encoding piggyBac transposase) were mixed and microinjected into newly laid embryos (0-3 h post-oviposition) at a concentration of 400 ng/μL (41). The injected embryos (G0) were incubated at 27°C and 85% relative humidity for approximately 10 d until hatching. Hatched larvae were reared on fresh mulberry leaves under standard temperatures and photoperiods. G0 moths were sib mated or crossed with wild-type (WT) moths to obtain G1 embryos. G1 individuals that expressed green fluorescence in their eyes were screened using an Olympus SZX12 fluorescent stereomicroscope (Olympus, Japan). The G1 individuals that expressed KPI5 gRNA were bred and maintained. The gene-specific mutants for subsequent experiments were maintained by crossing the KPI5 gRNA transgenic strain with nos-Cas9 transgenic strain (stored in our laboratory).



Genotyping, Molecular Changes and Survival Analysis

Genomic DNA from WT and mutant larvae was extracted using Tissue DNA Kit (Omega Bio-tek, Norcross, GA). Genotyping of KPI5 chimeric mutant individuals was performed by amplification with gene-specific primers which were designed at the sides of the gRNA site (Table S1). To confirm the mutation of the genome target, the PCR products were cloned into the pMD19-T vector (Takara, Shiga, Japan) and sequenced.

Individuals with different editing forms were dissected, and the hemolymph and fat body were collected on 3-day-old-fourth-instar. The expression of AMP genes (Table S1) was detected using RT-qPCR in control individuals and KPI5 chimeric mutant individuals. Immunoblotting was used to detect the expression of KPI5 and gloverin 2 proteins in the hemolymph of control individuals and KPI5 chimeric mutant individuals.

Survival analysis was performed to determine whether KPI5 affects the survival capability of silkworm larvae following a bacterial challenge. Thirty control individuals and KPI5 chimeric mutant individuals on 3-day-old-fifth-instar were randomly selected. The larvae were injected with S. aureus (1×108 CFU/mL, 10 μL) and larval survival was monitored every 12 h. The challenge test with B. bombyseptieus was performed by smearing mulberry leaves. 200 μL B. bombyseptieus was evenly spread on mulberry leaves of the same size. The mulberry leaves were fed to the larvae of each group, and the survival of larvae was monitored every 12 h.



PO Activity Analysis

7.5 μg of rKPI5 protein was injected on 3-day-old-fifth-instar larvae, and the control group was injected with the same concentration and volume of BSA. Thirty minutes after injection, the hemolymph of silkworms in each group was collected and centrifuged at 4°C to remove hemocytes. Next, 5 μL cell-free hemolymph and 5 μL PAMPs (LPS, PGN, ZYM, 5 μL, 1 μg/μL) were successively added to a 96-well plate. Finally, 100 μL of 2 mM L-Dopa was added to determine its absorptivity at 490 nm within 30 min. PO activity was calculated as the change in absorbance per unit time. The method of determining PO activity in the hemolymph of wild-type silkworm and KPI5 knockdown silkworm as descrived above.




Results


Cloning and Sequence Analysis of KPI5

KPI5 contains a coding sequence of 261 bp that encodes an 86-amino-acid protein with a 23-amino-acid signal peptide. After removal of the N-terminal signal peptide, the mature protein of KPI5 was predicted to be 7117.84 Da with a theoretical pI of 4.09. Multiple sequence alignment showed that KPI5 shares similarities with the KPIs of Musca domestica (XP_019893036), Anastrepha sororcula (AUF41111), Chilo suppressalis (RVE46514), Helicoverpa armigera (XP_021201761), Drosophila melanogaster (NP_608803) and Bombyx mandarina (XP_028028838), with identities ranging from 39%-74% (Figure 1). These homologous KPIs possess six conserved cysteines that form three intramolecular disulfide bridges. A relative high sequence conservation was observed between the third and fifth cysteine residues in the Kunitz domain (Figure 1). The P1 site of KPI5 and several of its homologs have been predicted to be Phe45, suggesting that they may have inhibitory activity against chymotrypsin (42).




Figure 1 | Sequence alignment of KPI5 with its homologs. Conserved, highly conserved and identical amino acid residues are highlighted in light gray, gray, and black, respectively. KPI5, B. mori (NP_001119737); SCI-I, Bombyx mandarina (XP_028028838); SCI-sb, B. mori (BAB83366); CI-b1, B. mori (AAN76278); SPI, Musca domestica (XP_019893036); KPI, Drosophila pseudotakahashii (KAH8352633); SCI-III, Drosophila takahashii (XP_017007127); KPI, Helicoverpa armigera (XP_021201761); SCI-III, Drosophila simulans (XP_016023338); SCI-III, Scaptodrosophila lebanonensis (XP_030384440); KPI, Drosophila melanogaster (NP_608803); SCI-II, Rhagoletis pomonella (XP_036329567); KPI, Chilo suppressalis (RVE46514); KPI, Bactrocera dorsalis (XP_011214533); KPI, Anastrepha sororcula (AUF41111); SCI-III, Drosophila rhopaloa (XP_016982857).The conserved cysteine residues and reactive sites are indicated with yellow and red (arrowhead), respectively. Disulfide linkages are indicated with solid lines.





Prokaryotic Expression, Inhibitory Activity and Stability Analysis of KPI5

E. coli BL21 (DE3) cells were used to express rKPI5. The rKPI5 in bacterial inclusion bodies was refolded by gradient dialysis and purified using Ni-NTA affinity chromatography. Crude-purified rKPI5 was collected and further purified by gel filtration (Figure 2A). After a two-step separation and purification, rKPI5 with high purity and specificity was obtained (Figures 2B, C).




Figure 2 | Prokaryotic expression, inhibitory activity and stability analysis of KPI5. (A) Purification of recombinant KPI5 (rKPI5) protein by gel filtration chromatography. (B) Coomassie brilliant blue staining and (C) immunoblot to detect purified rKPI5. (D) Inhibitory activity analysis of rKPI5 protein. Effects of temperature (E) and pH (F) on the activity of rKPI5 protein. The arrowhead indicates the rKPI5 protein. Significant differences are indicated as follows: *P < 0.05 and ***P < 0.001, and ns represents no significance.



To analyze the inhibitory activity of rKPI5 in vitro, FITC-casein was used as a substrate to test the inhibitory activity of rKPI5 against various commercial proteases. KPI5 showed strong inhibitory activity towards chymotrypsin and slight inhibitory activity towards trypsin, but not towards proteinase K and subtilisin (Figure 2D).

To evaluate the stability of KPI5 against changes in temperature and pH, commercial chymotrypsin was used in protease inhibition assays. First, rKPI5 was incubated at temperatures at 20-100°C for 10 minutes. Subsequently, the inhibitory activity against chymotrypsin was measured. The inhibitory activity of KPI5 remained unchanged with increasing temperatures, at all temperatures tested (Figure 2E). The effect of pH on the stability of KPI5 was investigated in a series of Britton-Robinson buffers with different pH values. The rKPI5 was incubated with a buffer of corresponding pH for 24 h at room temperature, and its inhibitory activity toward chymotrypsin was measured in PBS (20 mM, pH 7.4). KPI5 was very stable over a wide pH range (pH 3-11), although the inhibitory activity of KPI5 was significantly reduced to approximately 40% at pH 12 (Figure 2F).



KPI5 Is Expressed Mainly in the Fat Body and Hemolymph During Larval Stage

The expression of KPI5 mRNA and protein in different tissues was analyzed using RT-qPCR and immunoblotting, respectively. The tissue expression profile showed that KPI5 mRNA was mainly detected in the fat body, integument, head, and gonads of 3-day-old fifth-instar larvae (Figure 3A). Developmental expression profiles showed that KPI5 was mainly expressed in the fat body of larvae during the feeding stage, whereas the expression level of KPI5 in hemocytes during the fifth-instar stage was very low (Figures 3B, C). Furthermore, the protein levels of KPI5 in the fat body and hemolymph were detected by immunoblot analysis. The results showed that KPI5 protein could be detected continuously in the fat body and hemolymph from 3-day-old fourth-instar larvae to 1-day-old pupae (Figure 3D).




Figure 3 | Expression profiles of KPI5 in different tissues and development stages of silkworm. (A) Expression profiles of KPI5 in various tissues from 3-day-old fifth-instar larvae. He, head; In, integument; Mg, midgut; Fb, fat body; Go, gonad; Sg, silk gland; Hc, hemocyte; Mt, Malpighian tubule. Temporal expression patterns analysis of KPI5 in the fat body (B) and hemocyte (C) by real-time quantitative PCR. Immunoblot analysis of KPI5 protein in the fat body and hemolymph at different developmental stages (D). IV-3, 3-day-old fourth-instar larvae; IV-M, molting fourth-instar larvae; V-0 to V-6, newly molted to 6-day-old fifth-instar larvae; W-1and W-3: days 1 and 3 after wandering; P-1: day 1 after pupation. a-tubulin was used as the reference protein.





KPI5 Binds to Pathogens and Their PAMPs, but Does Not Inhibit Pathogen Growth

To examine whether KPI5 plays a role in immune defense in the fat body of silkworms, the expression level of KPI5 after PAMP challenge was determined using RT-qPCR. Compared to the control, KPI5 mRNA levels were significantly upregulated at 12 and 24 h after injection with LPS, PGN, and ZYM (Figure 4A).




Figure 4 | Binding analysis of recombinant KPI5 to pathogens and pathogen-associated molecular patterns (PAMPs). (A) Effect of PAMPs on the expression of KPI5 in silkworm fat body. LPS, lipopolysaccharide, PGN, peptidoglycan, ZYM, zymosan. The control group was not injected with any PAMPs. Significant differences are indicated as follows: **P < 0.01 and ***P < 0.001. (B) Immunoblot analysis of the interaction between recombinant KPI5 and bacteria. (C) Enzyme-linked immunosorbent assay (ELISA) analysis of the interaction between rKPI5 and bacteria PAMPs. Pre-immune serum protein was used as the negative control group, and diluent PBST was used as the blank control group. Samples with (Psample - Bblank)/(Nnegative - Bblank) > 2.1 were considered positive.



To test whether the KPI5 protein functions by directly binding to pathogens and their PAMPs, immunoblot and enzyme-linked immunosorbent assay (ELISA) were used to analyze the interaction between KPI5 and pathogens and their PAMPs. Immunoblot analysis showed that KPI5 exhibited positive binding to E. coli, S. aureus, and S. cerevisiae (Figure 4B). The ELISA results showed that KPI5 exhibited positive binding with LPS, PGN, and ZYM at different concentrations (0.875-28 μg/mL) (Figure 4C). These results showed that KPI5 directly binds to pathogens and their PAMPs.

To detect whether KPI5 has antimicrobial activity after binding to pathogens, E. coli, S. aureus, and S. cerevisiae were incubated with 0.5 μg/μL KPI5. The results showed that KPI5 had no significant inhibitory effect on E. coli, S. aureus, and S. cerevisiae growth (Figure S1A). Furthermore, a hemocyte encapsulation experiment was performed to analyze whether KPI5 mediates cellular immunity after binding to pathogens. The results showed that KPI5 did not promote hemocyte encapsulation or melanization (Figure S1B). These results suggest that KPI5 neither participates in cellular immunity nor acts as an immune effector molecule to kill pathogens.



CRISPR/Cas9-Mediated KPI5 Knockout

To explore the physiological functions of silkworm KPI5, we performed CRISPR/Cas9-meidated genome editing to knock out KPI5. First, a gRNA was designed against the second exon of the KPI5 gene, and a pBac-based KPI5-gRNA expressing vector was constructed (Figures 5A, B). Second, the vector was injected into B. mori G0 eggs, and G1 individuals with sable green fluorescence in the eyes were hybridized with a nos-Cas9 transgenic strain exhibiting sable green fluorescence in the integument to produce F1 individuals (Figure 5C). Third, the genomic DNA of F1 individuals with stable green fluorescence in the eyes and integument were extracted from exuviae for PCR amplification of the KPI5 gene, and the chimeric mutant individuals were screened by PAGE and direct sequencing analysis of PCR products (Figure 5C). Finally, the hemolymph of the chimeric mutant individuals was collected to detect the expression of KPI5 protein in 3-day-old fourth-instar larvae (Figure 5D). The results showed that KPI5 protein was significantly reduced in the hemolymph of chimeric mutant individuals compared to that in control individuals (Figure 5D).




Figure 5 | CRISPR/Cas9-mediated KPI5 knockout. Schematic diagram of KPI5-gRNA location (A) and pBac-based KPI5-gRNA expressing vector construction (B). EGFP was used as a selection marker. KPI5-gRNA expression cassettes were driven by a U6 promoter. Primer F and Primer R were used to detect the edited form of KPI5 gene. (C) Edited form of KPI5 gene in F1 generation chimeric mutant individuals. (D) Detection of KPI5 protein in control individuals and F1 generation chimeric mutant individuals.





KPI5 Promotes the Expression of AMPs in the Silkworm Fat Body

To analyze the effect of KPI5 on humoral immunity, we first examined the expression levels of AMPs in KPI5 chimeric mutant individuals. The results revealed that the expression of AMP genes, including attacin 1, cecropin B, gloverin 1, gloverin 2, gloverin 3, lebocin1/2, and moricin 2, was remarkably downregulated in the fat body of KPI5 chimeric mutant individuals compared to the control individuals (Figure 6A). Immunoblot analysis showed that KPI5 protein and gloverin 2 proteins were significantly reduced in the hemolymph of KPI5 chimeric mutant individuals compared to control individuals (Figure 6B). To further analyze the regulation of KPI5 on the expression of AMPs, we detected the effect of pre-injection of rKPI5 protein into B. mori on the expression of AMPs induced by heat-inactivated M. luteus (an immune response inducer). The results showed that the expression of attacin 1, cecropin B, and gloverin 2 was significantly higher in the pre-injected rKPI5 group than in the control group (Figure 6C). These results suggest that KPI5 promotes AMP gene expression in the silkworm fat body.




Figure 6 | Effects of KPI5 knockdown on antimicrobial peptide (AMP) expression and resistance of silkworm to pathogen. (A) RT-qPCR analysis of AMP expression in fat body after KPI5 knockdown. Significant differences are indicated as follows: **P < 0.01, ***P < 0.001 and ****P < 0.0001, and ns represents no significance. (B) Immunoblot analysis of KPI5 and gloverin 2 protein in hemolymph after KPI5 knockdown. (C) Effect of pre-injection of KPI5 protein into B. mori on the expression of AMPs induced by heat-inactivated M. luteus. (D) After knockdown of KPI5, S. aureus or B. bombyseptieus was administered, and the survival curves were counted. Statistical analysis between experimental (KD) and control (CK) groups were calculated by the log-rank test (Mantel-Cox, n = 30).



Furthermore, control individuals and KPI5 chimeric mutant individuals were challenged with S. aureus or B. bombyseptieus (a bacterial pathogen of the silkworm), and the survival rate was determined. The results revealed that KPI5 chimeric mutant group’s survival rate treated with S. aureus or B. bombyseptieus was significantly lower than that of the control group (Figure 6D).



KPI5 Inhibits PO Activity and Melanization in Silkworm Hemolymph

Previous studies have shown that insect endogenous KPIs may be involved in the regulation of the activation of proPO (24, 25). Therefore, we examined the hemolymph PO activity in control individuals and KPI5 chimeric mutant individuals. The results showed that PO activity in the hemolymph of KPI5 chimeric mutant individuals was significantly higher than that of control individuals after LPS, PGN, and ZYM induction (Figure 7A).




Figure 7 | Effects of KPI5 on PO activity and melanization in hemolymph of silkworm. (A) Effect of KPI5 knockdown on PO activity in hemolymph of silkworm. Effects of pre-injection of KPI5 protein into B. mori on PO activity (B) and melanization (C) in hemolymph induced by pathogen-associated molecular patterns. LPS, lipopolysaccharide; PGN, peptidoglycan; ZYM, zymosan. L-dopa was used as a substrate for the determination of PO activity. PO activity was assayed on a plate reader and shown as mean ± SD (n = 3) in the bar graphs. Significant differences are indicated as follows: **P < 0.01 and ***P < 0.001.



To further analyze the regulation by KPI5 of PO activity in the hemolymph, we detected the effect of pre-injection of KPI5 protein into B. mori on PO activity induced by LPS, PGN, and ZYM. The results showed that hemolymph PO activity in the pre-injected KPI5 group was significantly lower than that in the control group, and pre-injected KPI5 significantly inhibited hemolymph melanization (Figures 7B, C).




Discussion

KPIs are an important group of ubiquitous protease inhibitors that are found in microbes to mammals. In invertebrates, KPIs, as well as having protease inhibitor activity, are involved in a range of diverse functional roles (29). Previous studies have shown that KPIs are a class of protease inhibitors that exist in the hemolymph of Lepidoptera and Diptera species (24, 43–46). However, it is unclear whether these proteins function in insect immune defense. In this study, we focused on the hemolymph protein KPI5 in silkworms, and explored its function in innate immunity.

The Kunitz domain is a cysteine-rich peptide chain of  approximately  60 amino acid residues and is stabilized by three conserved disulfide bridges (27). Multiple sequence alignment revealed that KPI5 and its homologs have typical Kunitz sequence characteristics, namely six conserved cysteines. The formation of multiple pairs of disulfide bonds by conserved cysteine residues is a feature shared by several low molecular weight protease inhibitor families, including Kazal, TIL, FPI, and Kunitz (15). Like FPI, TIL and other Kunitz molecules (35, 47), KPI5 displays high thermal and pH stability, which may be attributable to multiple disulfide bonds. The nature of amino acids at the P1 site determines the inhibition specificity of KPIs. For KPIs, when the P1 site is arginine or lysine, it can inhibit the activity of trypsin; when the P1 site is histidine, aspartic acid, leucine, phenylalanine or tryptophan, it can inhibit the activity of chymotrypsin (26, 29, 42). KPI5 exerts strong inhibitory activity against chymotrypsin, which is determined by the phenylalanine residue at the P1 site. In terms of molecular mechanism of action, KPIs participate in various physiological processes mainly by inhibiting the activity of serine proteases (trypsin, chymotrypsin, elastase, and kallikrein) (29). In addition, some KPIs are involved in regulating kinase signal transduction and blocking ion channels by unknown mechanisms (27, 28). This indicates that KPIs may have diverse mechanisms of action.

Our results showed that KPI5 was significantly upregulated by LPS, PGN, and ZYM, suggesting that it is involved in the immune response of the silkworm. We further found that KPI5 binds to pathogens and their PAMPs but does not inhibit pathogen growth. Unlike KPI5, silkworm low molecular weight protease inhibitors SPINK7 (Kazal-type) and BmSPI51 (Kunitz-type) directly inhibit fungal growth by binding to β-d-glucan on the fungal surface (30, 38). Insect immune processes mainly include: immune recognition, signal transmission, and effector production (48). Previous studies have shown that pattern recognition proteins (PRPs) in insects activate immune pathways by binding to PAMPs (49). BmPGRP-S1 can be used as a pattern recognition protein to bind bacteria or PG and activate the IMD pathway to activate the production of AMPs (50). Our results showed that KPI5 can promoted AMP expression in the silkworm fat body. Based on these results, we found that the functional mode of KPI5 is similar to that of PGRPs, that is, they first recognize pathogens and then promote the expression of effector molecules. Therefore, we speculated that KPI5 may be a new PRP in the immune response of silkworms. However, the molecular mechanism by which KPI5 regulates the expression of antimicrobial peptides still needs further study.

In the insect serine protease cascade, non-self-recognition often activates the production of antimicrobial peptides and melanization. Previous studies have shown that KPI5 exists in the active ingredient of PPO activation (25). Our results indicated that KPI5 inhibits hemolymph PO activity and melanization in silkworms. When the melanization reaction is overactivated, more cytotoxic substances are produced. Excess reactive oxygen species and quinine cause damage to insect tissue functions. Therefore, melanization reaction of insect hemolymph must be strictly regulated. Previous studies have shown that several serpins are involved in regulating PPO activation by inhibiting EPCs (15, 19, 36, 51–54). The expression of these serpins is typically upregulated by immune challenges, indicating a pathogen-induced negative feedback inhibitory mechanism (55). Our results directly confirm that insect KPIs are also involved in the regulation of hemolymph melanization. Like inducible serpins, the expression of KPI5 was also upregulated by immune challenges, but its protein abundance was significantly higher in normal silkworm larvae hemolymph than that of serpins (56). This suggests that KPI5 may play a more important role in avoiding excessive melanization of silkworm hemolymph. Based on the well-established PPO activation pathway of M. sexta, hemolymph protease 14 (HP14) senses non-self-presence and triggers a branched serine protease activation pathway, which leads to PPO activation and melanin formation (14, 57). M. sexta HP14 contains five low-density lipoprotein receptor class A repeats, a sushi domain, a unique Cys-rich region, and a typical chymotrypsin-like serine protease domain (57, 58). M. sexta HP14 is the only chymotrypsin in the currently reported insect PPO activation pathway, and B. mori SP14 is highly similar to HP14 (57–59). Therefore, we speculated that KPI5, a chymotrypsin inhibitor, might be involved in the regulation of melanization by inhibiting the activity of SP14 in silkworms.

Overall, we found that KPI5 is synthesized in the fat body and secreted into the hemolymph. KPI5 was strongly upregulated in the fat body after PAMPs challenge. Additionally, KPI5 was able to bind to PAMPs, but did not inhibit pathogen growth. Finally, KPI5 plays a dual regulatory role in pathogen invasion by promoting the expression of antimicrobial peptides in the fat body and inhibiting hemolymph melanization. Our results show that KPI5 has two contrasting regulatory functions in the silkworm immune response. We speculated on the possible regulatory mechanism of KPI5: on one hand, it inhibits the activation of hemolymph PPO, regulates the level of melanization reaction, and avoids excessive melanization; on the other hand, it promotes the production of antimicrobial peptides to kill pathogens and restores the immune homeostasis of the silkworm. However, the molecular mechanism by which KPI5 exerts its dual regulatory roles remains unclear. Further investigation of the interacting proteins or physiological target proteases of KPI5 will contribute to a better understanding of the molecular mechanisms underlying insect immune regulation.
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Supplementary Table 1 | Primers used in this study.
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Silent information regulators (Sirtuins) belong to the family of nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylases (HDACs) that have diverse functions in cells. Mammalian Sirtuins have seven isoforms (Sirt1–7) which have been found to play a role in viral replication. However, Sirtuin members of insects are very different from mammals, and the function of insect Sirtuins in regulating virus replication is unclear. The silkworm, Bombyx mori, as a model species of Lepidoptera, is also an important economical insect. B. mori nucleopolyhedrovirus (BmNPV) is a major pathogen that specifically infects silkworms and causes serious losses in the sericulture industry. Here, we used the infection of the silkworm by BmNPV as a model to explore the effect of Sirtuins on virus replication. We initially knocked down all silkworm Sirtuins, and then infected with BmNPV to analyze its replication. Sirt2 and Sirt5 were found to have potential antiviral functions in the silkworm. We further confirmed the antiviral function of silkworm Sirt5 through its effects on viral titers during both knockdown and overexpression experiments. Additionally, Suramin, a Sirt5 inhibitor, was found to promote BmNPV replication. In terms of molecular mechanism, it was found that silkworm Sirt5 might promote the immune pathway mediated by Relish, thereby enhancing the host antiviral response. This study is the first to explore the role of Sirtuins in insect-virus interactions, providing new insights into the functional role of members of the insect Sirtuin family.
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Introduction

Silent information regulators (Sirtuins) are a family of nicotinamide adenine dinucleotide (NAD)+-dependent histone deacetylases (HDACs) (1). In addition to having deacetylase activity, some Sirtuins have alternative enzymatic activities including ADP ribosyltransferase (Sirt4 and Sirt6), demalonylase and deglutarylase (Sirt5), desuccinylase (Sirt5 and Sirt7), and demyristoylase (Sirt6) (2, 3). Due to the different enzymatic activities and target substrates, Sirtuins are essential for many biological processes including cell survival, anti-aging, DNA repair, proliferation, inflammation, mitochondrial energy homeostasis, and metabolism (1, 3–5).

Studies on Sirtuin biology have made great progress in the past two decades, mainly emphasizing the importance of these enzymes in human biology and disease (4). However, there are few reports on the regulation of viral replication by Sirtuins (6). In particular, there is increasing evidence that Sirtuins are associated with the persistence and pathogenesis of viral infections caused by human immunodeficiency virus, influenza A virus, herpes simplex virus 1, and human papilloma virus (2, 3). Host metabolism regulated by Sirtuins plays a key role in virus-host interaction (7, 8). Another mechanism by which Sirtuins control viruses may be the modulation of the expression of viral genes and viral replication (7). Studies have shown that overexpression of the type 5 isoenzyme of Sirt2 inhibited hepatitis B virus (HBV) replication (9). It was found that Sirt3 by way of its acetylation function can inhibit the production of human cytomegalovirus (HCMV) (10). Recently, a research team found that Sirt5 interacted with the DEAD-box polypeptide 3 (DDX3) and demalonylated DDX3, which was critical for TANK-binding protein kinase 1 (TBK1)-IFN regulatory factor 3 (IRF3) activation, and promoted innate immune responses against RNA and DNA viruses (5). Indeed, according to the existing research reports, there are various ways by which Sirtuins can affect the process of virus-host interactions.

Mammals have seven distinct members in the Sirtuin family named Sirt1, Sirt2, Sirt3, Sirt4, Sirt5, Sirt6 and Sirt7. Sirt1 predominantly locates in the nuclear compartment but also has roles in the cytoplasm (11, 12). Sirt2 is found in the cytosol, while Sirt3, Sirt4 and Sirt5 are mitochondrial proteins (13). Both Sirt6 and Sirt7 have a nuclear localization. However, Sirtuin family members in invertebrates differ considerably from Sirtuins in mammals. Genomes of ecdysozoan species (that grow by molting and include nematodes and arthropods) do not encode a Sirtuin of the Sirt3 group, which must have been lost prior to or early in their evolution (14). Fully sequenced Caenorhabditis elegans and C. briggsae genomes (15) contain Sirt1 and Sirt4 homologs, while an additional divergent Sirtuin in both nematode species does not cluster with any other Sirtuin groups. Interestingly, another nematode Brugia malayi does not contain a Sirt4 homolog, although Sirt1, Sirt6 and Sirt7 homologs are present (16). Within arthropods, several insects including the honey bee Apis mellifera (17), the parasitoid wasp Nasonia vitripennis, and the red flour beetle Tribolium castaneum (18) contain homologs of all Sirtuins except Sirt3 (14). The genome of Drosophila melanogaster was found lacking of a Sirt5 homolog (14). Thus, the loss of specific Sirtuin members is characteristic of nematodes and arthropod lineages (14). The differences between the members of the Sirtuin family in mammals and insects have attracted our interest, especially with respect to the role of Sirtuins in viral infection. In fact, to our knowledge, there are no reports on the regulation of virus infections in insects by Sirtuin proteins.

Bombyx mori, as the model species of Lepidoptera and the only truly domesticated insect, has been used extensively in basic research. In particular, silkworm disease caused by B. mori nucleopolyhedrovirus (BmNPV) has been studied in detail because of its serious impact in sericulture. BmNPV specifically infects B. mori and belongs to the family of Baculoviridae, a group of enveloped insect-specific viruses with large circular DNA genomes that contain 120-170 open reading frames (19). During the baculovirus infection cycle, two types of virions are produced. Occlusion-derived viruses (ODVs) become incorporated in polyhedra or occlusion bodies and are responsible for the spread in the environment and the infection of new hosts after feeding. The other virion type is the budding virus (BV), which is mainly responsible for systemic infection in the host insect, leading to secondary infection of internal tissues (20). It was reported that only 5 Sirtuins (Sirt2, Sirt4, Sirt5, Sirt6 and Sirt7) exist in the silkworm genome (21). Until now, the role of Sirtuins during BmNPV infection has not been investigated. Since the BmNPV-silkworm infection model is very well established, it is considered very suitable for the study of the role of Sirtuins in insect-virus interactions.

In this study for the first time the function of Sirtuins in the regulation of baculovirus infections was explored for the first time. It was found that BmSirt5 can inhibit the replication of BmNPV. The underlying mechanism may be that BmSirt5 affects the function of the central immune response transcription factor Relish to stimulate the antiviral defense.



Materials And Methods


Cell Culture and Virus

The ovary-derived cell line of B. mori (BmN cells) (22, 23) was maintained at 28°C in Grace medium supplemented with 10% fetal bovine serum (FBS) (Gibco, USA). The larvae of the silkworm strain Dazao were reared with fresh mulberry leaves at 28°C and 70-80% relative humidity. The recombinant BmNPV-eGFP was constructed using the BmNPV-based Bac-to-Bac System (B. mori MultiBac) (24) and kept in the Guangdong Provincial Key Laboratory of Agro-animal Genomics and Molecular Breeding.



Bioinformatics Analysis of the Silkworm Sirtuin Family Genes

The chromosomal localization of the silkworm Sirtuin family genes was determined based on the genome of the domesticated silkworm from SilkDB 3.0 (https://silkdb.bioinfotoolkits.net/main/species-info/) (25). Predictive analysis of cellular localization of silkworm Sirtuin family genes was carried out with LocTree3 (https://www.rostlab.org/services/loctree3/) (26). Based on the sequences of Sirtuins obtained from the National Center for Biotechnology Information (NCBI), the phylogenetic analysis was performed with Molecular Evolutionary Genetics Analysis (MEGA) Software Version 7.0 using the neighbor-joining analysis method (NJ), based on 1000 repeats.



Quantitative Reverse Transcription PCR (qRT-PCR) and Reverse Transcription PCR (RT-PCR)

Total RNA of BmN cells or different tissues was extracted by Kit RNA fast 2000 (Fastagen, China) and reverse transcribed to cDNA by the RT reagent kit with gDNA Eraser (TaKaRa, Japan). qRT-PCR tests were conducted using the specific primers listed in Table S1. The silkworm Rp49 gene was used as reference gene. qRT-PCR was performed on the Bio-Rad CFX96 Real-Time Detection System using iTaqTM Universal SYBR® Green Supermix Kit reagents (Bio-Rad, USA). Calculation of relative levels of mRNA expression was performed using the 2-ΔΔCt method. Semi-quantitative RT-PCR was used to detect the relative mRNA expression of BmSirt7 using the silkworm Rp49 gene as an internal control.



Viral Titer Assay

To evaluate the replication of BmNPV at 24, 48 and 72 h post-infection (hpi), cell supernatants were collected at 24, 48 and 72 hpi and diluted serially by 10-fold. Then, 10 µL of each dilution was added to 96-well plates (Thermo, USA) containing 90 µL of BmN cells (1.25×104 cells/well). Green fluorescence was recorded at 72 hpi. The 50% tissue culture infectious dose (TCID50) was calculated according to the method of Reed and Muench (27). In experiments that required synchronous infection, BmN cells were first incubated with virus for 1 h and then replaced with fresh Grace medium containing 10% FBS. This time point was defined as 0 hpi.



Detection of Sirtuin mRNA Expression After BmNPV Infection in the Silkworm

Newly molted fifth-instar silkworm larvae divided into two groups were injected with either 10 µL of BmNPV-eGFP (105.8TCID50/0.1 mL) or PBS (Negative Control, NC). Fat body tissue collected from three silkworms were pooled together as one repeat sample at 24, 48 and 72 hpi. The midgut and hemocyte samples were also collected at these time points. Each group contained 3 replicates (3 larvae/replicate). Sirtuin mRNA expression in BmNPV-infected and PBS-treated silkworms was detected by qRT-PCR.



Double Strand RNA Synthesis

Double strand RNA (dsRNA) was synthesized using the T7 RiboMAX™ Express RNAi System (Promega, USA) according to the manufacturer’s instructions. DsRNA-DsRed was synthesized as negative control. All primers used for the dsRNA synthesis are listed in Table S1.



Knockdown of Silkworm Sirtuin Genes and Measurement of BmNPV Replication in BmN Cells

BmN cells (1.25×105 cells/well) were cultured in 24-well cell plates (Thermo, USA) and transfected with dsRNA targeting BmSirt2, BmSirt4, BmSirt5 and BmSirt6 (5 μg/well) using the FuGENE HD transfection reagent (Promega, USA). BmN cells transfected with dsRNA-DsRed (5 μg/well) were used as control. At 24 h post-transfection, BmN cells were infected with BmNPV-eGFP at 1 MOI. The expression of the viral gene Vp39 was detected by qRT-PCR at 24, 48 and 72 hpi. For the experimental group with knock-down of BmSirt5, additional measurements of virus titer and green fluorescence intensity were employed to further evaluate the replication of BmNPV-eGFP.



Overexpression of BmSirt5 and Detection of BmNPV Replication in BmN Cells

For overexpression of BmSirt5 (fused with 3×Flag tag), the PCR-amplified BmSirt5 coding sequence from BmN cells was cloned into the pIEX plasmid (MiaoLingPlasmid, Wuhan, China) using the restriction enzyme sites of Sac I and Sal I. The specific primers used to amplify BmSirt5 are shown in Table S1. BmN cells (1.25×105 cells/well) were transfected with pIEX-BmSirt5 plasmid (500 ng/well) using FuGENE HD transfection reagent according to the manufacturer’s instructions (Promega, USA). pIEX-eGFP was used as the control. Western blotting was employed to detect protein expression of BmSirt5, eGFP and Tubulin at 24, 48, 72 and 96 h post-transfection using mouse anti-flag antibody (Beyotime, China), mouse anti-GFP antibody (Beyotime, China) and rabbit anti-tubulin antibody (Beyotime, China), respectively.

At 24 h post-transfection, BmN cells were infected with BmNPV-eGFP (1 MOI). Cell total RNA and supernatants were collected at 24, 48 and 72 hpi to detect the replication of BmNPV using qRT-PCR and viral titer assay.



Suramin Treatment of BmN Cells

Suramin as a compound that inhibits Sirt5 NAD+-dependent deacetylase activity (28). To determine the optimal concentration of Suramin, BmN cells (1.25×104 cells/well) were pre-incubated with a gradient of increasing concentrations of Suramin (5, 10, 15, 20, 25, 30 and 35 μM, CHEMEGEN, USA) for 24 h in 96 well-plates. Cytotoxicity was determined using Cell Counting Kit-8 dye (Beyotime, China). The optimum concentration was considered the maximal concentration at which Suramin did not cause measurable toxicity to the cells. In all consecutive experiments, BmN cells (1.25×105 cells/well) were pretreated with Suramin at the optimum concentration (30 μM) for 12 h. Cells pretreated with the same volume of solvent (ddH2O) were used as control. BmN cells pretreated with Suramin or ddH2O were infected with BmNPV at 1 MOI for 1 h. Then, the supernatant was replaced with Grace medium (10% FBS) supplemented with Suramin (at 30 μM). Total RNA and cell supernatants were collected at 24, 48 and 72 hpi to detect BmNPV replication using qRT-PCR and viral titer assay.



Suramin Treatment of Silkworm

According to the manufacturer’s instructions, newly molted fifth-instar silkworm larvae (about 0.3 g in weight) divided into two groups were injected with either Suramin (3 μg in 2.3 μL of ddH2O) or ddH2O (NC, 2.3 µL). Twelve hours later, silkworms pretreated with Suramin or ddH2O were injected with BmNPV-eGFP (105.8TCID50/0.1 mL, 7.7 μL/larva) together with Suramin (2nd dose of 3 μg) or ddH2O (2.3 μL/larva). This time point was defined as 0 hpi. Fat bodies from Suramin-treated and control groups were collected at 24, 48 and 72 hpi. For every time point, three animals were pooled together. Each group contained 3 replicates (3 larvae/replicate). The expression of the viral gene Vp39 in fat body tissue was detected by qRT-PCR.



Quantification of Expression of the Immune Genes BmRelish, CecA and CecB

Fat body and BmN cell samples collected from BmNPV-infected and uninfected groups at 24, 48 and 72 hpi were used to detect the transcriptional level of BmRelish, CecA and CecB by qRT-PCR. BmN cells (1.25×105 cells/well) transfected with dsRNA-BmSirt5 (5 μg/well), pIEX-BmSirt5 plasmid (500 ng/well) or treated with Suramin (30 μM) were infected with BmNPV-eGFP (1 MOI) at 24 h post-treatment. BmN cells (1.25×105 cells/well) transfected with dsRNA-DsRed (5 μg/well), pIEX-eGFP or treated with ddH2O were used as control. The expression of BmRelish, CecA and CecB was quantified by qRT-PCR at 24, 48 and 72 hpi.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, USA). The statistical significance was represented by P values of >0.05, <0.05, <0.01 or <0.001. All results are presented as mean ± SD from three independent experiments.




Result


Chromosomal Location, Subcellular Localization and Phylogenetic Tree Analysis of Silkworm Sirtuin Family Genes

The silkworm Sirtuin gene family includes five members named BmSirt2, BmSirt4, BmSirt5, BmSirt6 and BmSirt7. The chromosomal location of silkworm Sirtuins was analyzed according to the silkworm genome database from SilkDB 3.0. BmSirt2, BmSirt4, BmSirt5, BmSirt6, and BmSirt7 were found to be located on chromosome 25, 16, 9, 21 and 17, respectively (Figure 1A). The prediction of subcellular localization showed BmSirt2 as a putative cytoplasmic protein (Figure 1B). BmSirt4 and BmSirt5 were predicted to be located in the mitochondria, whereas BmSirt6 and BmSirt7 were presumed to be nuclear (Figure 1B). In addition, phylogenetic analysis was performed based on the multiple alignment of Sirtuins from different species including mammals, fish, nematodes and insects. Phylogenetic analysis of the nucleotide sequences of Sirtuins showed that BmSirt2 was closely related to H. armigera Sirt2. Sirt4 of B. mori, H. armigera, P. rapae, Spodoptera litura and S. frugiperda were located in the same clade. BmSirt5 was closely related to Sirt5 from H. armigera and P. rapae. BmSirt6 and P. rapae Sirt6 were assigned to a separate clade. However, compared with the Sirt7 of other species, BmSirt7 was found to belong to an independent branch (Figure 1C).




Figure 1 | Chromosomal location, subcellular localization and phylogenetic analysis of silkworm members of the Sirtuin Family. (A) Chromosomal location of the silkworm Sirtuin genes. (B) Predicted subcellular localization of silkworm Sirtuin genes. (C) Phylogenetic analysis of Sirtuin family members from the silkworm and other insect, invertebrate and vertebrate species. Bayesian phylogenetic tree was generated based on the Sirtuins nucleotide sequences (The Gene ID of each sequence is shown in Table S2). Five branches were color-coded with cyan (Sirt2), purple (Sirt4), yellow (Sirt5), pink (Sirt6) and green (Sirt7). Aa, A; albopictus Hs, H; sapiens; Mm, M; musculus; Dr, D; rerio; Bm, B; mori; Dm, D; melanogaster; Am, A; mellifera; Tc, T; castaneum; Xl, X; laevis, Pt, P; troglodytes, Mam, M; mulatta, Ts, T; scripta elegans, Vl, V; lagopus, Cl, C; lectularius, Sf, S; frugiperda, Ha, H; armigera, De, D; elegans, Si, S; invicta, Vm, V; mandarinia, Pr, P; rapae, Tp, T; palmi, Sl, S; litura.





The Response of Silkworm Sirtuin Expression to BmNPV Infection

To explore the expression of Sirtuin genes during BmNPV infection in the silkworm, hemocytes, fat body and midgut from BmNPV-infected and uninfected larvae were collected to detect the expression level of their mRNAs by qRT-PCR. In BmNPV-infected hemocytes, the mRNA levels of BmSirt2, BmSirt5, and BmSirt6 were significantly decreased at 48 and 72 hpi (Figures 2A, C, D). BmSirt4 expression was significantly down-regulated at 72 hpi and up-regulated at 24 hpi in hemocytes after BmNPV infection (Figure 2B). The expression of BmSirt6 was induced in hemocytes by BmNPV at 24 hpi (Figure 2D). The expression of BmSirt2 and BmSirt5 were significantly up-regulated at 48 and 72 hpi in the fat body after BmNPV infection (Figures 2E, G). BmSirt4 and BmSirt6 expression was also significantly induced by BmNPV infection at 72 hpi and 48 hpi, respectively (Figures 2F, H). Compared to uninfected midgut, the expression of BmSirt4 and BmSirt6 were significantly up-regulated in the BmNPV-infected midgut at 72 hpi (Figures 2J, L). BmSirt5 expression was significantly induced by BmNPV infection in the midgut at 48 hpi (Figure 2K). BmSirt2 in the midgut did not respond to viral infection (Figure 2I). The transcription level of BmSirt7 in fat body, hemocytes and midgut was almost undetectable by RT-PCR which prevented qRT-PCR analysis of its response to the virus infection (Figure S1).




Figure 2 | Expression of Sirtuin family genes in hemocytes, fat body and midgut after BmNPV infection in the silkworm. (A–D) Detection of the expression of BmSirt2, BmSirt4, BmSirt5 and BmSirt6 in hemocytes. (E–H) Transcriptional response of BmSirt2, BmSirt4, BmSirt5 and BmSirt6 to BmNPV infection in fat body. (I–L) Detection of the expression of BmSirt2, BmSirt4, BmSirt5 and BmSirt6 in midgut. Negative control represents uninfected larvae. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.





BmSirt2 and BmSirt5 Have Potential Antiviral Functions

The effect of knockdown of Sirtuin genes on BmNPV replication was further examined in BmN cells. The mRNA levels of BmSirt2, BmSirt4, BmSirt5 and BmSirt6 in BmN cells could be significantly reduced by transfecting the corresponding dsRNAs (Figure S2). qRT-PCR results showed that the viral gene Vp39 was significantly up-regulated (1.4-fold) at 72 hpi when endogenous BmSirt2 was knocked down (Figure 3A). Noteworthily, knockdown of endogenous BmSirt5 could significantly up-regulate the expression of Vp39 at both 48 hpi (2.1-fold) and 72 hpi (3.2-fold) (Figure 3C). Knockdown of BmSirt4 and BmSirt6 had no significant effect on BmNPV replication (Figures 3B, D). These results indicated that BmSirt2 and BmSirt5 have the potential to inhibit BmNPV replication, with knockdown of BmSirt5 exhibiting the most potent effects.




Figure 3 | Detection of the expression of the BmNPV capsid gene Vp39 by qRT-PCR after knockdown of Sirtuin genes in BmN cells. (A) The viral gene Vp39 was significantly up-regulated at 72 hpi after knockdown of BmSirt2. (B) The expression of Vp39 did not change significantly after knockdown of BmSirt4. (C) Vp39 expression was significantly up-regulated at 48 and 72 hpi after knockdown of BmSirt5. (D) Vp39 expression did not change significantly after knockdown of BmSirt6. The BmN cells treated with dsRNA-DsRed were used as negative control. Each bar represents the mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.





Knockdown of BmSirt5 Significantly Promoted BmNPV Replication

To further verify the effect of BmSirt5, virus titers and GFP expression were determined following BmNPV-eGFP infection in the knockdown condition. The number of green fluorescent cells in dsRNA-BmSirt5-transfected BmN was higher than the control group, and the fluorescence intensity was stronger at 48 and 72 hpi (Figure 4A). At 48 and 72 hpi, determination of the TCID50 revealed an increased titer in the cell supernatant after knockdown of BmSirt5 in BmN cells (Figure 4B).




Figure 4 | Knockdown of BmSirt5 significantly promoted BmNPV replication in BmN cells. (A) Green fluorescence images of BmNPV-eGFP infected cells observed by an inverted microscope (100×) at 24, 48 and 72 hpi. (B) Determination of viral titers in dsRNA-BmSirt5-transfected BmN cells at 24, 48 and 72 hpi. DsRNA of DsRed was used as a negative control. Each bar represents the mean ± SD. ***p < 0.001. ns, not significant.





Over-Expression of BmSirt5 Suppressed BmNPV Replication

To increase the expression levels of BmSirt5, BmN cells were transfected with the pIEX-BmSirt5 plasmid. Western blotting showed that exogenous BmSirt5 (detected with Flag antibody) was successfully expressed in BmN cells at 24, 48, 72 and 96 h (Figure 5A). BmN cells transfected with pIEX-eGFP were used as control (Figure 5A). When cells were infected with BmNPV at MOI 1 at 24 h post-transfection, the expression of the viral gene Vp39 was significantly down-regulated in the BmSirt5-over-expressing BmN cells at 48 and 72 hpi (Figure 5B). Measurement of TCID50 showed that the virus titer was significantly decreased at 48 and 72 hpi in BmN cells after over-expression of BmSirt5 (Figure 5C).




Figure 5 | Over-expression of BmSirt5 inhibited the replication of BmNPV. (A) The expression level of exogenous BmSirt5 in BmN cells was determined by Western blotting with flag antibody at 24, 48, 72 and 96 h post transfection. BmN cells transfected with pIEX-eGFP were used as a negative control. (B) Quantification of BmNPV gene Vp39 expression by qRT-PCR in BmN cells transfected with pIEX-BmSirt5 or pIEX-eGFP at 24, 48 and 72 h after BmNPV infection. (C) Viral titer determination using the TCID50 assay in supernatants of BmN cells transfected with pIEX-BmSirt5 or pIEX-eGFP at 24, 48 and 72 hpi. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01. ns, not significant.





Treatment With the Sirt5 Inhibitor, Suramin, Promoted BmNPV Replication

Silkworms were treated with Suramin (3 μg/larva) for 12 h and subsequently infected with BmNPV. Fat body samples were collected at 24, 48 and 72 hpi to detect the expression of Vp39 by qRT-PCR (Figure 6A). Figure 6B showed that Vp39 expression was significantly up-regulated in the fat body of silkworm treated with Suramin at 24, 48 and 72 hpi. These results suggested that treatment with Suramin could promote BmNPV replication in silkworm larvae. To further clarify the effect of BmSirt5 on BmNPV replication, we also pre-treated BmN cells with Suramin. Following the determination of the cellular toxicity of Suramin, the 30 μM concentration was selected for treatment of BmN cells (Figure 6C). Vp39 expression was significantly up-regulated in the Suramin-treated cells at 48 and 72 hpi (Figure 6D). Moreover, virion titers in the supernatant of Suramin-treated cells increased significantly at 72 hpi (Figure 6E).




Figure 6 | The Sirt5 inhibitor, Suramin, promoted BmNPV replication. (A) Schematic diagram of treatment of silkworms with Suramin. (B) Quantification of the expression of the BmNPV capsid gene Vp39 by qRT-PCR after treatment with Suramin in the silkworm fat body at 24, 48 and 72 hpi. (C) Cytotoxicity assay of different concentrations of Suramin in BmN cells. (D) Quantification of Vp39 expression by qRT-PCR after treatment with Suramin in BmN cells at 24, 48 and 72 hpi. (E) Determination of viral titers using the TCID50 assay. Each bar represents the mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.





BmRelish Expression Was Induced After BmNPV Infection

Relish is one of the key factors in the silkworm innate immune antiviral pathways that has been shown to be involved in antiviral defense (29). The CecA and CecB antimicrobial peptide genes were selected as downstream factors of Relish-mediated pathway. After BmNPV infection, the expression of BmRelish was significantly up-regulated at 48 and 72 hpi (Figure 7A), and the expression of both CecA and CecB was also significantly increased at 24, 48 and 72 hpi in the fat body of virus-infected silkworms (Figures 7B, C). In BmN cells, BmRelish expression was significantly up-regulated in BmNPV-infected cells at 72 hpi (Figure 7D). The expression of CecB was significantly induced at 24, 48 and 72 hpi (Figure 7F). However, CecA expression was decreased at 48 hpi (Figure 7E). These results indicated that BmRelish-mediated pathways could respond to BmNPV infection by increased expression of antimicrobial peptide genes.




Figure 7 | Induction of BmRelish expression after BmNPV infection. (A–C) Quantification of the expression of BmRelish, CecA and CecB by qRT-PCR in the fat body of virus-infected silkworm larvae. (D–F) Quantification of the expression of BmRelish, CecA and CecB in BmN cells by qRT-PCR at 24, 48 and 72 h after BmNPV infection. Negative control corresponds to uninfected samples. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.





BmSirt5 Could Enhance BmRelish-Mediated Pathways During BmNPV Infection

To explore the effect of BmSirt5 on the activation of BmRelish-mediated immunity, BmN cells transfected with dsRNA-BmSirt5 (5 μg/well), pIEX-BmSirt5 plasmid (500 ng/well) or treated with Suramin (30 μM) were infected with BmNPV-eGFP at 1 MOI after 24 h post treatment. The expression of BmRelish, CecA and CecB was significantly down-regulated at 48 hpi and 72 hpi after knockdown of BmSirt5 (Figures 8A–C). After over-expression of BmSirt5, the expression of BmRelish and CecA was significantly up-regulated at 48 and 72 h after BmNPV infection (Figures 8D, E), and BmCecB expression was significantly up-regulated at 72 hpi (Figure 8F). After treatment of BmN cells with Suramin, it was observed that the expression of BmRelish was significantly down-regulated at 48 and 72 hpi (Figure 8G), and the expression of both CecA and CecB was significantly down-regulated at 24, 48 and 72 hpi (Figures 8H, I). These results suggest that BmSirt5 could enhance BmRelish-mediated immunity against BmNPV infection.




Figure 8 | Enhancement of BmRelish-mediated immunity by BmSirt5 during BmNPV infection. (A–C) Quantification of the expression of BmRelish, CecA and CecB by qRT-PCR after knockdown of BmSirt5 in BmN cells at 24, 48 and 72 h after BmNPV infection. BmN cells treated with dsRNA-DsRed were used as negative control. (D–F) Quantification of the expression of BmRelish, CecA and CecB by qRT-PCR after over-expression of BmSirt5 in BmN cells at 24, 48 and 72 hpi. BmN cells treated with pIEX-eGFP were used as negative control. (G–I) Quantification of the expression of BmRelish, CecA and CecB by qRT-PCR after treatment with Suramin in BmN cells. BmN cells treated with ddH2O were used as negative control. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001. ns, not significant.






Discussion

Sirtuins represent a class of NAD+-dependent Lysine deacetylases with complex functions in cellular physiology. Mammalian Sirtuins play an important role in maintaining a well-established metabolic pathway network. Much effort was devoted into exploring their roles in human cancers and aging (2). However, a growing literature in virus research brings these enzymes into focus as antiviral factors (3). In particular, some progress has been made in the study of the involvement of Sirtuin family genes in the immune response to viruses in mammals (6, 7, 30, 31).

Viruses need to rely on host metabolism to obtain the energy and building blocks to meet their replication needs. The various metabolic regulatory functions of Sirtuins may be the basis for their regulation of viral immune responses. Studies have shown that the de-acetylase activity of Sirt3 was a key factor in inhibiting the production of HCMV (10). Overexpression of Sirt2 type 5 isoenzyme inhibited HBV replication (9). Conversely, Sirt1 knockdown promoted Kaposi’s sarcoma-associated herpesvirus replication (32). Sirtuin inhibition also has been shown to promote influenza A virus replication (33).

In this study, knockdown of BmSirt4 and BmSirt6 has no significant effect on BmNPV replication. However, BmNPV replication was promoted at 72 hpi when endogenous BmSirt2 was knocked down. Noteworthily, knockdown of endogenous BmSirt5 could promote BmNPV replication at both 48 hpi and 72 hpi. Therefore, BmSirt5 was more extensively investigated for its antiviral mechanism in this study. The role of BmSirt2 in virus infection of silkworm is also worthy of further study, which will be the subject of future research. Here, we demonstrated that BmSirt5 could inhibit BmNPV replication by different approaches (over-expression, knock down, enzymatic inhibition) and assays (qRT-PCR, green fluorescence, virus titer assay) both in vivo (silkworm larvae) and in vitro (BmN cells). Mechanistically, our preliminary findings indicated that BmSirt5 could enhance BmRelish-mediated immune pathways during BmNPV infection. In a mammalian system, it was also shown that Sirt5 could compete with Sirt2 to interact with p65 in a de-acetylase activity-independent way to block the de-acetylation of p65 by Sirt2, consequently leading to the increased acetylation of p65 and activation of NF-κB (34). The antiviral defense of silkworms mainly relies on innate immunity pathways such as RNA interference (RNAi), NF-κB-mediated defense mechanisms and the Immune deficiency (Imd) and Stimulator of Interferon Gene (STING) pathways (29, 35). While RNAi is considered the most important antiviral pathway (29), the NF-κB-mediated and STING pathways also play a critical role in the outcome of viral infections in the silkworm (29). Recent studies have elucidated a STING-mediated antiviral pathway in the silkworm (36) in which production of cyclic guanosine monophosphate–adenosine monophosphate (cGAMP) was triggered upon BmNPV infection. As a secondary messenger molecule, cGAMP induced the activation of BmSTING that resulted in cleavage and nuclear translocation of BmRelish to stimulate the transcription of antimicrobial and antiviral genes (36). Our study revealed that BmSirt5 may promote the activation of BmRelish through a specific mechanism, leading to the enhanced transcription of downstream antiviral factors (29). However, the mechanism by which BmSirt5 can regulate the activity of BmRelish remains to be elucidated. Nevertheless, we demonstrated that treatment of silkworm larvae and BmN cells with Suramin resulted in enhanced BmNPV replication. Suramin has been shown to inhibit Sirt5 NAD+-dependent de-acetylase activity (28) and it is therefore suggested that BmSirt5 plays its antiviral role through this enzymatic activity. In the future, we will further study the specific mechanism of BmSirt5 regulation of downstream genes through activation of BmRelish, so as to provide new insights into this specific pathway of antiviral defense in Bombyx.

Based on the results of this study, the possible antiviral mode of action of BmSirt5 in the silkworm can be summarized as follows (Figure 9). In BmNPV-infected silkworms, BmSirt5 expression becomes significantly induced in the fat body or midgut tissue while other reports also documented the activation of the STING pathway (Figure 9A). The antiviral pathway mediated by BmRelish is known to induce the production of downstream antimicrobial peptides and other (to be identified) antiviral effectors to resist BmNPV infection (29) (Figure 9B). BmSirt5 potentially could enhance BmRelish function by its de-succinylation or de-acetylation activities (Figure 9C). By inhibiting the NAD+-dependent de-acetylase activity of BmSirt5, Suramin may reduce cleavage or nuclear entry of BmRelish which is required for the induction of innate immune genes (Figure 9D).




Figure 9 | Schematic diagram of the putative antiviral mechanism by which BmSirt5 inhibited BmNPV proliferation in the silkworm. (A) BmSirt5 expression was significantly induced by BmNPV infection in the fat body or midgut, together with the activation of other host antiviral pathways such as STING. (B) The innate immune pathway mediated by BmRelish can induce the production of downstream antimicrobial peptide (AMP) genes and other antiviral genes to resist BmNPV infection. (C) Nuclear translocation of Relish may be stimulated by de-succinylation or de-acetylation activities of BmSirt5. (D) Inhibition of the NAD+-dependent de-acetylase activity of BmSirt5 by Suramin could interfere with the activation of BmRelish, for instance by inhibition of its transfer to the nucleus.
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The JAK/STAT pathway plays an important role in the development and immune responses of animals. In vertebrates, families of cytokines or growth factors act as activators of the JAK/STAT pathway; however, the activators for the JAK/STAT signaling pathway in arthropods are largely unknown. Herein we report a new ligand, peroxiredoxin 4 (Prx4), for the Domeless in the JAK/STAT pathway of shrimp Marsupenaeus japonicus. Prx4 was induced to secrete into the extracellular surroundings upon Vibrio challenge, which then facilitated the anti-Vibrio activity of shrimp by activating the phosphorylation and nuclear translocation of STAT and the expression of STAT-responsive antimicrobial peptides. Blocking the expression of Prx4 in vivo abrogated the activation of the JAK/STAT pathway by Vibrio infection, while injection of Prx4 protein activated the pathway. The interaction between Prx4 and Domeless was proved by immuno-precipitation and protein pull-down assays. Moreover, two cysteine residues in Prx4 that are critical for the interaction and Prx4’s anti-Vibrio role were identified, and the binding site in Domeless for Prx4 was proved to be the cytokine-binding homology module fragment. Taken together, our study revealed a new function for Prx4 enzyme and established a new enzyme-type ligand for the activation of the JAK/STAT pathway in an aquatic arthropod.




Keywords: peroxiredoxin 4, JAK/STAT, Domeless, antimicrobial peptide, Vibrio anguillarum, Marsupenaeus japonicus



Introduction

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway is involved in multiple physiological processes of animals, including embryonic segmentation, metabolism, and immune modulation (1–3). The canonical JAK/STAT signaling is activated by ligand binding to the transmembrane receptors; then, dimerization of the receptors is induced, and the intracellular domain of receptors is transphosphorylation by the associated intracellular JAK protein. The STAT protein is then phosphorylated and activated, which is translocated as a dimer into the nucleus to regulate target gene transcription (4). In vertebrates, more than 50 cytokines and growth factors are implicated in activating the JAK/STAT pathway through the membrane-located type I cytokine receptors, four intracellular JAKs JAKs (Jak1, Jak2, Jak3, and Tyk2) and seven STATs (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6) have been reported (5, 6). In invertebrates, the components of the JAK/STAT pathway are conserved in several arthropod species, but they are simplified—for example, the complete components of the JAK/STAT pathway in Drosophila were identified, with only one JAK (encoded by hopscotch gene, hop), one STAT (encoded by stat92E gene or Marelle), three ligands (encoded by unpaired gene—Upd1, Upd2, and Upd3), one receptor (encoded by Domeless gene, Dome), and a short receptor (encoded by CG14225/latran) (7–11). In aquatic shrimp, the main components of the JAK/STAT pathway are also reported, including one Domeless, one JAK, and one STAT, and several antimicrobial peptides (AMPs) are identified as the effector genes of the pathway (12–16). Compared with mammals, little is known about the ligand that can activate the JAK/STAT pathway in aquatic arthropods. Moreover, in other invertebrate species, such as mollusks, nematodes, and echinoderms, only some components of the JAK/STAT pathway were reported, and whether or not they have a complete JAK/STAT pathway is still unclear (17–19).

Peroxiredoxins (Prxs) are a superfamily of antioxidases widely distributed in animals. The molecular size of these antioxidant enzymes ranges from 20 to 30 kDa. Based on the number of conserved cysteine residues and the action mode, six members of the Prxs family can be divided into three subtypes: typical 2-Cys (including Prx1, Prx2, Prx3, and Prx4 subtype), atypical 2-Cys (Prx5), and 1-Cys (Prx6) (20). In addition to acting as non-selenium-dependent peroxidases to catalyze the reduction of H2O2 and various organic hydroperoxides to form water and alcohols, the Prx members are also involved in signal regulation, apoptotic process, or tumor growth through hyperoxidation into sulfinic or sulfonic derivatives and/or various reversible modifications such as phosphorylation, glutathionylation, acetylation, nitrosylation, or hyperoxidation (21). The cellular localization, reaction mechanisms, and functions of Prx subtypes have been fully studied and reviewed in several articles (20, 22, 23).

In this study, we report a new function of shrimp Prx4 in promoting the anti-bacterial immune response of shrimp through activating the Domeless—Jak/stat signal pathway. The in vivo function of Prx4 in the anti-bacterial immunity of shrimp was investigated by survival assay and bacterial clearance assay, secretion of Prx4 in response to bacterial challenge was observed, and the activator activity of Prx4 to the JAK/STAT pathway was confirmed by antibody blocking and injection of exogenous Prx4 protein assays. The interaction of Prx4 with Domeless was also investigated by immunoprecipitation and protein pull-down assays. These results revealed a new model for the activation of Domeless—Jak/stat pathway in crustacean.



Materials and Methods


Immune Challenge and Tissue Collection

Healthy kuruma shrimp (M. japonicus) (about 9–12 g each) purchased from a seafood market in Qingdao, Shandong Province, were chosen as experimental materials. The shrimp was raised in laboratory conditions equipped with aquarium tanks with aerated seawater at 24°C for 3 days before infectious challenge and fed a commercial diet daily in the laboratory. For the bacteria challenge, each shrimp was injected with Vibrio anguillarum or Staphylococcus aureus (2 × 107 CFU per shrimp), and phosphate-buffered saline (PBS) was injected as the control. For hemocyte collection, hemolymph was extracted from shrimp at different time points (2, 6, 12, 24, and 48 h) post-challenge (at least three shrimps at each time point) by using a syringe preloaded with ice-cold anticoagulants (0.45 M NaCl, 10 mM KCl, 10 mM EDTA, and 10 mM HEPES, pH 7.5) at a ratio of 1:1. Then, the hemocytes were collected by centrifuging the hemolymph sample at 800 × g for 10 min at 4°C. Gill tissue was collected simultaneously. Each sample was collected from at least five shrimp.



RNA Extraction and cDNA Synthesis

Total RNA was extracted from the indicated tissues of shrimp using Trizol reagent (CWbio, Beijing, China) according to the manufacturer’s protocol. One hundred micrograms of tissues or 2 × 107 cells were used for RNA extraction. The cDNA was synthesized using a Fast Quant First Strand cDNA Synthesis kit (Tiangen, Beijing, China) according to the manufacturer’s instructions.



Quantitative Real-Time PCR

Quantitative real-time PCR (Q-PCR) was performed to determine the gene expression profiles. The experiment was performed according to the Ultra SYBR mixture protocol (with ROX, CWBio, Beijing, China) in a C1000 thermal cycler (Bio-Rad, USA) with the gene-specific primers listed in Table 1. The PCR procedure was as follows: 94°C for 5 min, 40 cycles of 94°C for 10 s, 60°C for 1 min, and a melting curve from 65 to 95°C. β-actin was used as the internal reference gene. The results were analyzed by the 2-ΔΔCt method, and the data obtained were analyzed statistically using Student’s t-test and presented as mean ± SD. Significant differences were accepted at p < 0.05 (*) and p < 0.01 (**). All the experiments were repeated at least three times using individual templates.


Table 1 | Sequences of the primers used in this study.





RNA Interference

The RNA interference (RNAi) was performed to detect gene function in vivo by injection of double-stranded RNA (dsRNA). The partial DNA fragment of indicated genes and the control gene (GFP) were amplified using primers (Table 1) linked to a T7 promoter. The PCR products were purified, enriched into 1 μg/μl, and utilized as the templates for dsRNA synthesis. The dsRNA was synthesized using T7 polymerase (Fermentas, USA) based on the method of Chen et al. (24). The RNAi assay was performed by injecting the specific dsRNAs (4 μg/g shrimp) into the shrimp hemocoel at the abdominal segment, and the control group was injected with an equal amount of control dsRNA. RNAi efficiency was determined using Q-PCR at 48 h after dsRNA injection.



In Vivo Bacterial Clearance Assay

Bacterial clearance assays were performed to determine whether MjPrx4 participated in inhibiting bacterial proliferation in vivo. The RNAi of MjPrx4 or GFP was performed prior to the injection of V. anguillarum or S. aureus (3 × 107 CFU). Hemolymph (200 μl) was collected from three shrimps of each group at 2 h post-injection of the bacteria and diluted 500 times with aseptic PBS. Diluted hemolymph (100 μl) was cultured on LB solid medium overnight at 37°C, and three repeats for each sample were performed. The number of bacterial colonies was counted. The assay was repeated twice. The final data of each sample were analyzed by GraphPad Prism software. The differences between experimental (dsPrx4) and control groups (dsGFP) were determined by t-test and indicated as p < 0.05 (*) and p < 0.01 (**).



Expression and Purification of Recombinant Proteins and Preparation of Antibody

The cDNA sequence encoding the mature peptide of MjPrx4, MjSTAT, MjDorsal, MjRelish, or various fragments of MjDome was amplified using the specific primers listed in Table 1 and ligated into the pET30a (+) or pGEX4T-1 plasmid. The recombinant vector was transformed into Escherichia coli for the expression of recombinant proteins after induction with 0.5 mM isopropyl-b-d-thiogalactopyranoside (IPTG). The inclusion bodies were extracted, washed, dissolved in buffer [0.1 mM Tris-HCl (pH 8), 10 mM DDT, and 8 M urea], and renatured by dialysis in PBS with 5% glycerol. The recombinant proteins were then purified using affinity chromatography with Ni-NTA Resin (TransGen Biotech) or GST-resin (GenScript, Nanjing, China). The endotoxins were removed by thoroughly washing the column with cold 0.1% Triton X-114 before the final elution of recombinant proteins from the column. The purified proteins were then dialyzed in PBS and stored at -80°C before use. A tag expressed by the empty vector was prepared simultaneously. The purified protein (5 mg) was sent to a company (Qingdao Kangda Biotechnology Company, Qingdao City, Shandong Province) for the preparation of polyclonal antibody in rabbit. The antiserum was collected 1 week after the second injection and stored at -80°C for use.



Application of the Recombinant Proteins In Vivo and Antibody Blocking Assay

To confirm the function of MjPrx4 in the activation of the JAK/STAT pathway, purified and endotoxin-free rMjPrx4 or mutant rMjPrx4 (3 µg/g shrimp) was injected into the shrimp. His-tag was used as the control. The hemocytes were extracted at 2 h after protein injection for immunocytochemistry detection, and the gills were collected at 2 or 6 h post-injection for Western blot detection. For antibody blocking experiments, antibody (IgG) was first purified from rabbit anti-MjPrx4 serum or control serum. The serum was diluted into 20 mM Na2HPO4 (pH 8) and 0.15 M NaCl buffer, filtered through a 0.45-μm filter, and then loaded onto a Protein A column. The Protein A column was washed extensively with dilution buffer, and antibody (IgG) was eluted with 0.1 M glycine (pH 2.5), which were immediately neutralized by dialysis in 1/10 volume of 1 M Tris-HCl (pH 8.5) for 12 h and then in PBS at 4°C overnight. Purified antibody (IgG) was used to inject into the shrimp (3 µg/g shrimp).



Protein Pull-Down and Co-immunoprecipitation Assays

GST pull-down assay was used to explore the possible interaction between MjPrx4 and Dome in vitro. The recombinant vector pGEX-4T-1-MjPrx4 and empty vector pGEX-4T-1 were transformed into E. coli Rosetta strain, respectively, for the expression of recombinant GST-Prx4 and GST proteins, and recombinant GST-Prx4 and GST were purified using affinity chromatography with GST-resin (GenScript, Nanjing, China). GST-Prx4 and GST proteins (20 μg each) were incubated with 20 μg His-tagged MjDome (His-MjDome), respectively, and the mixture was subjected to gentle agitation for 3 h at 4°C. GST resins (20 μl) were added to the mixture, and the agitation continued for another 1 h at 4°C. The resins were collected after centrifugation and washed three times with PBS. The bound proteins were eluted and analyzed by western blot using anti-GST or anti-His antibody.

The co-immunoprecipitation assay was performed to detect the secreted Prx4 in hemolymph and the interaction between Dome and Prx4 in vivo. The shrimp gills were homogenized in IP lysis buffer containing 50 mM EDTA, 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonident-P40, and a protease inhibitor cocktail (Merck, Darmstadt, Germany; P8340). The homogenate was centrifuged at 12,000 × g for 10 min, and the resultant supernatant was precleared with Protein A Beads (GenScript; L00273) for 20 min and used as the protein pool of IP. Dome or Prx4 antiserum (30 μl) was incubated with 1 ml of the supernatant with gentle agitation for 3 h at 4°C. The Protein A beads were added to capture the interacting complex for 1 h with agitation at 4°C. After washing with PBS buffer, the immunoprecipitates were eluted by boiling the beads in SDS-PAGE sample buffer and detected by Western blotting.



Western Blot

Western blot was performed to analyze the expression patterns of MjPrx4, MjDorsal, MjRelish, and MjSTAT, after the bacteria challenge. Shrimp tissues were thoroughly homogenized in RIPA lysis buffer (Beyotime, P0013), and the supernatant was collected for western blot. The separation of nuclear and cytoplasmic proteins was performed using a Nuclear Protein Extraction Kit (Sangon Biotech, Shanghai, China) according to the manufacturer’s instructions. The protein samples (20 µg) were separated by 10% or 12.5% SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was blocked with 3% skimmed milk in Tris-buffered saline for 1 h (TBS: 150 mM NaCl, 10 mM Tris-HCl, pH 7.5) and incubated with a specific primary antibody (1:300 dilution) at 4°C overnight. After washing three times by TBST (TBS containing 0.02% Tween-20), the membrane was incubated with Alkaline Phosphatase Goat anti-Rabbit IgG (H+L) (1:10000 dilution in blocking buffer, ZSGB Bio, Beijing, China) for 4 h. Finally, the membrane was washed by TBST, and protein band color was developed in a color-developing buffer (10 ml TBS containing 45 μl NBT and 35 μl BCIP). Western blot results were analyzed by software Quantity One and GraphPad Prism.



Immunocytochemistry Assay

The hemolymph of shrimp was collected using a syringe containing 4% paraformaldehyde and anticoagulation mixture (1:1), and the hemocytes were then collected by centrifugation at 800 × g for 5 min at 4°C. After re-suspending in PBS, the hemocytes were dropped onto poly-lysine-coated glass slides and incubated for 1 h in a wet chamber. Then, washed with PBS and incubated in 0.2% Triton X-100 at 37°C for 5 min. After that, washed  six times with PBS and blocked with 3% bovine serum albumin (dissolved in PBS) for 30 min at 37°C. The anti-MjPrx4 or anti-MjSTAT antibody (1:400 dilution in 3% bovine serum albumin) was used as the primary antibody, and the goat anti-rabbit antibody conjugated with Alexa 488 (1:1,000 diluted in PBS) was used as the secondary antibody. The hemocytes were then stained with 4′,6-diamidino-2-phenylindole (DAPI) (1 µg/ml) for 10 min in the dark at room temperature. The excess DAPI was removed by washing six times with PBS, and the slides were examined under a fluorescent microscope (Olympus BX51, Japan). The colocalization percentage of Prx4 and DAPI-stained nuclei were analyzed using the Wright Cell Imaging Facility Image J software and compared with total cells (150 cells).



Survival Rate Assay

A survival assay was performed to confirm the function of MjPrx4 in vivo. The shrimps were randomly divided into three groups with 30 individuals in each group. Double-stranded RNA (dsRNA) of MjPrx4 or GFP (control) was injected into the shrimp (3 μg dsRNA/g), and V. anguillarum infection (3 × 105 CFU) was performed 24 h later by injecting the bacterium into the shrimp hemocoel. The number of surviving animals was monitored every 12 h for 4 days. The results were analyzed using the log-rank (Mantel–Cox) test in GraphPad Prism software.




Results


MjPrx4 Promotes the Antibacterial Immune Response of Shrimp

In our previous work, MjPrx4 gene, a Prx4 subfamily member, was identified in the shrimp Marsupenaeus japonicus, and its function in the anti-virus immunity of shrimp was studied (24). To confirm whether MjPrx4 was also involved in bacterial infection, the expression profiles of Prx4 after S. aureus and V. anguillarum infection were studied with Q-PCR. The results showed that, compared with the control group, a significant induction of the MjPrx4 transcription level from 2 to 12 h post-infection with V. anguillarum was observed in both gills and hemocytes (Figures 1A, C). The transcription level of MjPrx4 gene was also up-regulated by V. anguillarum infection in gills at 12 h and in hemocytes at 2 and 12 h post-infection (Figures 1B, D). These results indicated that MjPrx4 mainly responds to gram-negative bacterial infection in the shrimp M. japonicus.




Figure 1 | Expression pattern and function of MjPrx4 in shrimp. (A–D) The expression patterns of MjPrx4 in shrimp gills and hemocytes upon V. anguillarum or S. aureus infection were detected by Q-PCR. The significant differences between the bacteria-challenged samples and the phosphate-buffered-saline-injected samples were analyzed by paired Student’s t-test analysis and were marked by asterisks (*p < 0.05, **p < 0.01). (E, F) The protein expression patterns of MjPrx4 in gills and hemolymph at different times after V. anguillarum infection. (e, f) The statistics of the experimental results in (E, F). β-Actin and IgG were used as the internal control, and the results were analyzed by Student’s t-test for a significant difference. (G) Q-PCR detection of the knockdown specificity and efficiency of MjPrx4 in shrimp. (H) Survival rate assay. V. anguillarum was injected into the shrimp after MjPrx4 knockdown. The survival number was recorded every 12 h. The result was analyzed and shown by GraphPad Prism software. (I, J) The bacterial numbers in the hemolymph of shrimp were calculated in MjPrx4 or GFP knockdown shrimp. The experimental data were analyzed using GraphPad Prism software. The significant differences between the two groups were accepted by Student’s t-test and indicated with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).



Furthermore, the expression patterns of MjPrx4 protein in shrimp gills and hemolymph after V. anguillarum infection were examined. The results showed that the protein level of MjPrx4 in gill tissue was significantly increased from 2 to 6 h after V. anguillarum infection and returned to normal levels at 12 h post-infection (Figures 1E,e). It is worth noting that the protein level of MjPrx4 in hemolymph was also significantly increased 2 h after V. anguillarum infection, reaching the highest level at 6 h post-infection (Figures 1F,f). These results indicated that V. anguillarum infection induced the rapid translation of MjPrx4 protein in shrimp tissues which were subsequently secreted into the extracellular environment. To analyze in vivo the potential immune function of MjPrx4, we knocked down the MjPrx4 expression by RNAi. As shown in Figure 1G, the MjPrx4 transcriptional expression was successfully inhibited by dsRNA injection. The knockdown expression of MjPrx4 led to an increase in the bacterial number in shrimp compared with the control group (Figures 1I, J) and a significant decrease in the survival rate (Figure 1H). Taken together, these results suggested that MjPrx4 plays an important role in restricting bacterial infection.



MjPrx4 Functions in Anti-Vibrio Infection Through the JAK/STAT–AMP Pathway

In shrimp, three signaling pathways, Toll, IMD, and JAK/STAT, were proved to be functional in anti-V. anguillarum immune response via promoting the expression of specific antimicrobial peptides (16, 25–27), and obvious nuclear translocation of the transcription factors (Dorsal, Relish, and STAT) were seen at the early time of V. anguillarum infection. To explore the possible immune signaling pathways that MjPrx4 may be involved in, RNAi was performed, and the nuclear translocation of the three transcription factors—Dorsal, Relish, and STAT—was detected at 6 h after V. anguillarum challenge. The specific polyclonal antibodies for the transcription factors Dorsal, Relish, and STAT were used for detection, and their specificity to the antigen in shrimp tissues was detected and is shown in Supplementary Figure 1. The Western blot analysis of nuclear and cytoplasmic separation showed that the nuclear translocation of the transcription factors (Dorsal, Relish, and STAT) was increased upon Vibrio challenge (dsGFP + Vibrio group vs. normal group). In contrast, the nuclear translocation of STAT, neither Dorsal nor Relish, was decreased in MjPrx4-silenced shrimp (dsPrx4 + Vibrio group vs. dsGFP + Vibrio group) (Figures 2A–C). Furthermore, the phosphorylation of STAT was detected and showed a depression in MjPrx4-silenced shrimp compared with the control group (dsGFP + Vibrio group) (Figure 2D). The immunocytochemical analysis of hemocytes from MjPrx4-silenced shrimp and control shrimp yielded similar results (Figures 2E–G), indicating that MjPrx4 is an epistatic gene to the JAK/STAT pathway upon V. anguillarum infection.




Figure 2 | MjPrx4 participated in anti-Vibrio immune response by promoting the JAK/STAT–AMP pathway in shrimp. (A–C) The nuclear translocation of Dorsal, Relish, and STAT in shrimp gills after MjPrx4 RNAi and V. anguillarum infection was detected by Western blot, dsGFP injection was used as the control, β-Actin and Histone were used as internal controls for the cytoplasm and nuclear proteins. (D) Western blot analysis of the phosphorylation level of STAT in MjPrx4-silenced shrimp and the control group. (E–G) Immunocytochemistry detects the nuclear translocation of the transcription factors Dorsal, Relish, and STAT in shrimp hemocytes. The dsGFP-treated group was used as the control. Scale = 10 µm. (e–g) Statistical analysis of the co-localization of Dorsal, Relish, and STAT with the nucleus in (E–G) using WCIF Image J software. (H) The knockdown specificity and the efficiency of MjPrx4 in shrimp were analyzed by Q-PCR. β-Actin was used as the internal control. (I) The expression of antimicrobial peptides downstream of STAT in MjPrx4-silenced shrimp was detected by Q-PCR. The experimental data were analyzed using GraphPad Prism software. The significant differences between the two groups were accepted by Student’s t-test and indicated with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).



To further confirm the results, the expression pattern of several antimicrobial peptide (AMP) genes (GenBank accession numbers ALFA1 KU213607, ALF-C1 KU213608, ALF-C2 KU160498, ALF-D1 KU160499, CruI-1 KU160502, and CruI-5 KU213606) was studied, and these AMP genes were reported as the effector genes downstream of the JAK/STAT pathway during V. anguillarum in M. japonicus in a previous research (16). As shown in Figures 2H, I, the induced expression of five JAK/STAT-responsive AMP genes (ALFA1, ALF-C1, ALFC2, Cru I-1, and Cru I-5 in the dsGFP + Vibrio group) were inhibited in the dsPrx4 + Vibrio shrimp, and this inhibition was specific to the effector genes downstream of the JAK/STAT pathway since the expression of the control AMP gene (ALFD1) was not changed. Taken together, the above-mentioned results showed that MjPrx4 promoted the anti-Vibrio immunity of shrimp through the JAK/STAT pathway.



Activation of the JAK/STAT–AMP Pathway Depends on Extracellular MjPrx4

Since MjPrx4 was secreted extracellularly during V. anguillarum infection in shrimp (Figure 1F), to reveal whether the activation of the JAK/STAT–AMP pathway upon Vibrio infection was due to the extracellular MjPrx4 or by the intracellular form, the antibody-blocking assay was performed. The specific antibodies of MjPrx4 or control IgG were injected into the shrimp to block the extracellular MjPrx4, and then the Vibrio infection was performed. The nuclear translocation of STAT and the expression of AMPs in the shrimp tissues were detected subsequently. It is notable that the nuclear translocation of STAT in hemocytes was significantly reduced in the experimental group (anti-Prx4 + Vibrio) compared with the control group (IgG + Vibrio) (Figures 3A,a). Similarly, the nuclear translocation of STAT in gills was also significantly inhibited (Figure 3B). At the same time, the Q-PCR detection showed that the upregulated expression of JAK/STAT-responsive AMPs was also depressed by the MjPrx4 antibody blocking (Figure 3C). These results indicated that the extracellular MjPrx4 played an essential role in activating the JAK/STAT–AMP pathway in shrimp. It may function as a cytokine-like factor in the anti-Vibrio immune response of shrimp.




Figure 3 | Antibody blocking of the extracellular MjPrx4 inhibited the nuclear translocation of STAT. (A) V. anguillarum challenge was performed 0.5 h after the antibody of MjPrx4 was injected into the shrimp. Preimmune IgG was used as the control, and the cellular distribution of STAT was detected by immunocytochemistry. The scale is 10 μm. (a) The statistical analysis of (A) by using WCIF Image J software. (B) The subcellular distribution of STAT in gills was detected by Western blot. β-Actin and histone H3 were used as loading controls for the cytoplasmic and nuclear proteins, respectively. (C) The expression of antimicrobial peptide genes was detected by Q-PCR. β-Actin was used as the control. The experimental data were analyzed using GraphPad Prism software. The data were analyzed by Student’s t-test, and significant differences between the two groups were accepted and indicated with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).





Extracellular MjPrx4 Acts as a Cytokine to Activate the STAT-AMP Pathway

To further confirm whether extracellular MjPrx4 possesses cytokine-like function to activate the JAK/STAT–AMP pathway, the inactive mutant MjPrx4 protein (rdmPrx4, double mutant on cysteine 97 and cysteine 218) was prepared, and the antioxidant activity of purified wild-type rPrx4 or inactive mutant rdmPrx4 protein was detected and is shown in Supplementary Figure 2. Then, rPrx4 or rdmPrx4 protein was injected into the shrimp, and the nuclear translocation of STAT in gills and hemocytes was detected. The results showed that the injection of exogenous rPrx4 protein alone significantly promoted the nuclear translocation of STAT in gills and hemocytes, while the exogenous His-tag or dmPrx4 protein injection did not have an effect on STAT nuclear translocation compared with the normal control, indicating that only wild-type MjPrx4 protein was efficient in activating the nuclear translocation of STAT (Figures 4A,a, B). Moreover, the phosphorylation of STAT in shrimp gills and the expression patterns of AMPs were also detected. The results showed that the rdmPrx4 or His-tag protein injection did not affect the phosphorylation of STAT and the expression of the STAT-responsive AMPs compared with the normal group. Unlike those two groups, the phosphorylation of STAT and the expression of five STAT-responsive AMPs (ALFA1, ALF-C1, ALFC2, Cru I-1, and Cru I-5) were both upregulated by rMjPrx4 injection (Figures 4C, D). These results indicated that the exogenous wild-type MjPrx4 can act as a cytokine to activate the STAT-AMP pathway in vivo.




Figure 4 | Wild-type MjPrx4 induced STAT translocation into the nucleus. (A) Purified and endotoxin-free rMjPrx4 or mutants rMjPrx4 (3 µg/g shrimp) were injected into the shrimp, and STAT distribution in hemocytes was detected at 1 h post-injection. His-tag protein was used as the control; the scale is 10 μm. (a) The localization of STAT within the nucleus was analyzed using WCIF Image J software. Significant differences between the indicated two groups were accepted after Student’s t-test analysis and indicated with asterisks (***p < 0.001). (B) The subcellular distribution of STAT in gills was detected by Western blotting after recombinant protein injection. (C) Western blot analysis of the phosphorylation level of STAT in normal and recombinant protein injection shrimp. His-tag protein was used as the control. (D) The expression of antimicrobial peptide genes in the normal and recombinant protein injection shrimp was detected by Q-PCR. The experimental data were analyzed using GraphPad Prism software. The significant differences between the indicated two groups were accepted after Student’s t-test analysis and indicated with asterisks (*p < 0.05, **p < 0.01).





MjPrx4 Regulates the JAK/STAT Pathway Through the Domeless Receptor

Domeless (Dome) was proved to be the upstream membrane receptor of the JAK/STAT pathway in the shrimp M. japonicus (16). To reveal the possible mechanism of MjPrx4 in activating the JAK/STAT–AMP pathway, Dome expression was knocked down, and then rPrx4 was injected into the shrimp; the nuclear translocation of STAT in hemocytes and gills was detected. As shown in Figure 5C, the expression level of Dome was decreased significantly in the Dome-silenced shrimp. Compared with the dsGFP group, the nuclear import of STAT in the hemocytes caused by rMjPrx4 injection was significantly reduced in the Dome-silenced group (Figures 5A,a). Similarly, the nuclear translocation of STAT in gills was also inhibited (Figure 5B). In addition, the expression of five STAT-responsive AMPs (ALFA1, ALFC1, ALFC2, CruI-1, and CruI-5) was significantly impaired, while the expression of ALFD1 was not affected (Figure 5D). These results indicated that the expression of Dome was needed for the regulation function of extracellular MjPrx4 to the JAK/STAT–AMP pathway.




Figure 5 | Extracellular MjPrx4 promoted the activation of the JAK/STAT pathway through the Domeless receptor. (A) The subcellular location of STAT in hemocytes of Dome-silenced shrimp or the dsGFP control group was detected by immunocytochemistry. rMjPrx4 (3 µg/g) was injected into the shrimp 24h after the injection of dsDome or dsGFP. (a) The localization of STAT in the nucleus was calculated by WCIF Image J software. Significant differences between the indicated two groups were shown as **p < 0.01. (B) Western blot detection of the subcellular distribution of STAT in gills. (C) The RNAi efficiency of Dome gene was detected by Q-PCR. Significant differences between the indicated two groups were analyzed by Student’s t-test and shown as **p < 0.01. (D) Expression patterns of antimicrobial peptide genes in shrimp gills after treatment as described in (A). Three independent repeated experiments were performed, and Student’s t-test was used for significant difference analysis (*p < 0.05, **p < 0.01).





MjPrx4 Interacts With the CBM Domain of Domeless

To confirm whether MjPrx4 interacts with MjDome, in vivo immunoprecipitation and in vitro protein pull-down assay were performed. Gills from V. anguillarum-infected shrimp were collected for the endogenous immunoprecipitation of Prx4 with Dome. IgG from preimmune rabbit was used as the control, and then western blot analysis was performed by using anti-Prx4 and anti-Dome antibodies. Figure 6A shows that MjPrx4 can interact with MjDome in vivo. Shrimp Dome (GenBank accession no. KX358405) comprises a signal peptide, a cytokine-binding homology module region (CBM) with an interleukin 6 receptor (ILR) alpha domain inside, five fibronectin type-III (FN3) domains, and a transmembrane (TM) region (Supplementary Figure 3). Then, two His-Tag-truncated fragments of Dome protein, Dome1 (including the CBM region plus two FN3 domains) and Dome2 (from the fourth FN3 domain to the TM region), as shown in Figure 6B, were recombinantly expressed in E. coli system, and the interaction of truncated Dome proteins with GST-MjPrx4 was studied by protein pull-down assay. The results showed that MjPrx4 could interact with truncated Dome1, but not with Dome 2 (Figures 6C, D), and the mutant rdmPrx4 protein did not interact with Dome1 or Dome2 (Figures 6E, F). These results suggest that MjPrx4 may interact with the CBM region in the Dome receptor.




Figure 6 | MjPrx4 interacted with Dome. (A) Co-immunoprecipitation was performed to detect the interaction between MjPrx4 and MjDome in the gills of shrimp. (B) Sketch map for the MjDome and MjPrx4 mutant proteins used in this study. Mutant Dome1 (19–457 amino acids) and Dome2 (424–846 amino acids) in the extracellular segment of wild-type Dome were expressed as His-tagged recombinant proteins. The two crucial cysteine residues (Cys97 and Cys218) of MjPrx4 were mutated into serine to generate mutant MjPrx4 (dmPrx4). (C, D) GST pull-down assay was performed to detect the interaction of rPrx4-GST with rDome1-His or rDome2-His. (E, F) GST pull-down assay was performed to detect the interaction of rdmPrx4-GST with rDome1-His or rDome2-His. (G) Sketch map for Dome1 (19–457 amino acids) mutant protein used in this study. Three fragments of Dome1 (19–457 amino acids) were generated and named Dome1-1 (19–139 amino acids), Dome1-2 (125–221 amino acids), and Dome1-3 (222–456 amino acids). (H) The purified GST-tag, rPrx4-GST, Dome1-1-His, Dome1-2-His, and Dome1-3-His protein for pull-down assay were detected by SDS-PAGE. (I) GST pull-down assay was performed to detect the interaction of MjPrx4 with MjDome1-1, MjDome1-2, or MjDome1-3. The bound proteins were eluted and analyzed by Western blot using the GST or His antibody.



To further disclose the interaction of Dome with MjPrx4, three truncated Dome1 fragments were further prepared as shown in Figure 6G. Dome1-1 included 19 to 139 amino acids of the CBM region, Dome1-2 contained the remainder CBM region with the IRL domain inside (125 to 221 amino acids), and the rest of the part of Dome1 was expressed as Dome1-3 (222 to 456 amino acids). As the molecular weights of Dome1-1 and Dome1-2 were similar and can not be distinguished by size (Figure 6H), the results of the pull-down assay were detected by Western blot. Figure 6I shows that the input GST-Prx4 protein or GST protein was at an almost equal amount; only the binding of Dome1-1 and Dome1-2 with GST-Prx4 was detected, and Dome1-3 did not interact with GST-Prx4. Taken together, these results suggest that MjPrx4 interacts with the CBM region of MjDome, and the two cysteines of MjPrx4 are necessary for the interaction.




Discussion

In this report, the secretion of active Prx4 protein into the hemolymph of shrimp was identified upon Vibrio challenge. Prx4, in turn, bound to the CBM region of the extracellular Domeless receptor, which resulted in activating the JAK/STAT signaling and induced the expression of the STAT-responsive AMPs, which overall contributed to the antibacterial immunity of the shrimp. The schematic diagram of this process is shown in Figure 7.




Figure 7 | Model of the MjPrx4-mediated anti-Vibrio mechanism. The intracellular MjPrx4 is induced to secrete into hemolymph during Vibrio infection, which then binds to the cytokine-binding homology module region of the extracellular Domeless receptor, leading to the phosphorylation and nuclear translocation of STAT transcription factor that transcriptionally regulates the expression of AMPs and contributes to inhibit the Vibrio infection.



Among the Prx antioxidant enzyme superfamily in mammals, Prx1 and Prx4 are two known secretory forms. The cytosolic Prx1 can be released into the extracellular space under certain situations and then stimulate the TLR4-dependent secretion of TNFα and IL-6 from immune cells, indicating that Prx1 functions as the damage-associated molecular pattern (28). Differently from Prx1, a unique leader peptide for secretion is present in the N-terminus of Prx4 which confers its secretion. The activator activity of mammalian Prx4 (also known as TRANK) in immune signaling pathways has been reported (29). When Prx4 was overexpressed in insect cells, the secreted form of Prx4 was detected. The binding of Prx4 with heparin sulfate in the cell surface of endothelial cells was reported (29). In addition, exogenous Prx4 added to the human myeloid U-937 cells activated NF-κB in a dose- and time-dependent manner, which induced the degradation of the inhibitory subunit of NF-κB and also led to an increase in JNK activity in a time-dependent fashion (30). Although the mechanism for that phenomenon was not illustrated yet, a cytokine-like definition of mammalian Prx4 was accepted. The sequence of the Prx4 subfamily was highly conserved in various species. The shrimp MjPrx4 showed more than 80% sequence identity to human Prx4, suggesting that they may have conserved functions. In Drosophila, the secretion of Prx4 protein into the hemolymph is induced by septic injury, cold, or paraquat treatment (31). In our research, the activator activity of extracellular MjPrx4 protein to the JAK/STAT pathway was proved by exogenous protein injection. Obvious nuclear translocation of STAT was detected in both hemocytes and gills (Figure 2). Moreover, the expression of STAT-responsive AMPs was upregulated by rPrx4 injection, but not by rdmPrx4 injection (Figure 4). This phenomenon was abolished by Prx4 antibody blocking (Figure 3), indicating that the shrimp Prx4 possesses a cytokine-like activity in the anti-Vibrio immune response. It is worth noting that the cytokine-like activity of shrimp Prx4 is dependent on the enzyme activity conferred by the two conserved cysteines as shown in Supplementary Figure 2.

The quick activation and the induction of the expression of effector genes are the characteristics of innate immunity. This process is initiated by the recognition of pathogen-associated molecular patterns in the pathogen surface via membrane-located pattern recognition receptors. Both the Toll and JAK/STAT pathways work in recognizing pathogens, inducing the nuclear translocation of NF-κB or STAT transcription factors and the expression of the effector genes in humans and shrimp. However, the JAK/STAT pathway mainly responds to the stress process in Drosophila and induces the expression of stress-responsive genes, such as TatA. Interestingly, the expression of TatA is induced in fly strains which overexpressed a high level of Prx4, and this response is not depending on the stress pressure because the expression of pukered gene (effector gene of JNK) in another stress response signaling is not changed (31). Moreover, the knockdown of the expression of Prx4 in flies inhibited the induced expression of TatA by stress pressure (septic injury, cold, or paraquat treatment), indicating a tight connection between Prx4 and the JAK/STAT pathway in Drosophila. In our research, this connection was proved by identifying the direct interaction of intact MjPrx4 with the Domeless receptor of the JAK/STAT pathway in vivo and in vitro (Figures 5, 6). The activation activity of exogenous MjPrx4 to the STAT transcription factor and its downstream AMPs established a new mechanism for activation of the JAK/STAT pathway in animals.

To date, Domeless is the solely identified receptor for the JAK/STAT pathway in fruit fly (DmDome) and shrimp (MjDome). The domain prediction of two Domeless proteins in SMART software (http://smart.embl-heidelberg.de/) showed that they both contained an intracellular domain, a transmembrane domain, and an extracellular N-terminal region that contained five FN3 domains (Supplementary Figure 3). The sequence characteristic of the vertebrate cytokine receptor class I family is a CBM motif, which contains a set of four conserved cysteine residues in the N-terminal domain and a WSXWS motif in the C-terminus. Although DmDome and MjDome share low sequence similarity to the cytokine receptor class I family in amino acids, they both contained a set of cysteine residues. For DmDome, the cysteine residues in CBM exist in the two FN3 domains near the N-terminus (10). However, in MjDome, the cysteine residues in CBM existed in the sequence between the signal peptide and the first FN3 domain. Besides that, an additional interleukin 6 receptor (ILR) alpha domain is located in the MjDome and proved to be the interaction region for the CCD domain of a C-type lectin in shrimp. The CTLD domain of lectin binds to the bacterial surface and the hemocyte surface, thus contributing to the activation of the JAK/STAT pathway (16). In our research, the ILR domain was in the mutant Dome1-2 fragment. This fragment and the Dome1-1 fragment both contribute to the interaction of MjPrx4 to MjDome (Figure 6). Both Dome1-1 and Dome1-2 fragments have four cysteine residues, but only Dome1-1 has the WSX motif. Since rdmPrx4 did not bind to the CBM (including Dome1-1 and Dome1-2) of MjDome (Figure 6) and did not have enzyme activity (Supplementary Figure 2), indicating that MjPrx4 interacts with MjDome through disulfide linkage. Further research should be done to disclose the possibility.

In conclusion, this research reveals a novel mechanism for the activation of the JAK/STAT pathway during Vibrio infection in shrimp. A new ligand to the Domeless receptor was identified, and the results also expand the knowledge about the function of the Prx4 family in animals.
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Supplementary Figure 1 | Detection of the recombinant protein and antibody of MjDorsal, MjRelish, or MjSTAT. (A, C, E) Lane M, protein marker; lane 1, E. coli cells containing MjDorsal-pET32a, MjRelish-pET30, and MjSTAT-pET30 without IPTG induction, total proteins; lane 2, E. coli cells containing MjDorsal-pET32a, MjRelish-pET30, and MjSTAT-pET30 with IPTG induction, total proteins; lane 3, the recombinant MjDorsal, MjRelish, and MjSTAT protein purified by His-Bind resin affinity chromatography. (B, D, F) Western blot detection of the Dorsal, Relish, and STAT protein in shrimp gills by using their polyclonal antibodies.

Supplementary Figure 2 | Enzymatic activity detection of rPrx4 and rdmPrx4 proteins. (A) The purified recombinant His-tag, rPrx4-His, and rdmPrx4 proteins are expressed in E. coli Rosetta cells. (B) Peroxidase activity detection of rPrx4 and rdmPrx4 by using the method described previously (24).

Supplementary Figure 3 | Sketch map of the domain architecture of Domeless proteins from Marsupenaeus japonicus and Drosophila melanogaster. The domain architecture was predicted by using SMART (http://smart.embl-heidelberg.de/).
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Aphis gossypii, commonly known as the cotton aphid, is a widely distributed pest of agricultural crops and acts as a vector for many serious plant viruses. Cotton aphid shows high resistance to chemical insecticides due to rapid rates of genetic diversity as a result of its short life cycle, seasonal migration, and host alteration. As an alternative, entomopathogenic fungi can be used to control cotton aphids in an environmentally sound manner. However, little is known about how cotton aphids respond to fungal infection. In this work, a new Beauveria bassiana strain JEF-544 (Bb JEF-544) was selected and isolated through bioassays with high virulence against cotton aphid. Early response of cotton aphid to Bb JEF-544 infection was analyzed at the transcriptome level. Infected aphids were collected two days after treatment at 25% lethal time (LT25), and total RNA of non-infected and Bb JEF-544-infected aphids was independently subjected to sequencing. Infected aphids showed significant up-regulation of the insect hormone biosynthesis pathway. Bursicon (Burs) and crustacean cardioactive peptide (CCAP) receptors involved in molting along with ecdysone synthesis were also strongly up-regulated in the aphid response to the fungal infection. In the immune response, melanization in the hemocoel was significantly up-regulated, while phagocytosis was less actively transcribed. In conclusion, cotton aphids protect themselves from Bb JEF-544 infection by activating the immune response including melanization and insect molting hormones to shed infected cuticles. In addition to describing the initial stages of Bb JEF-544 infection at the transcriptome level, this work provides potential treatment targets and insight into how fungal isolates can effectively be used to control this serious aphid species.
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Introduction

Aphis gossypii, commonly known as the cotton aphid, is distributed worldwide and is a serious pest that causes damage to agricultural crop production. Cotton aphid sucks sap from the leaves, inflorescences, and stems, resulting in stunted plant growth, depletion of plant nutrient resources, and visible feeding damage (1). The cotton aphid is a vector for more than 50 plant viruses including potato virus, citrus tristeza virus, cucumber mosaic virus, and turnip mosaic virus (2–4). The host range for the cotton aphid includes more than 50 plant families including Asteraceae, Cucurbitaceae, Rosaceae, and Solanaceae (5–7). Cotton aphids reproduce via a viviparous pattern and overwinter as eggs at low temperatures (8, 9). Aphids can reproduce at high density through parthenogenesis in spring and summer and produce alate progeny (10), which can migrate to a second host and develop genetic diversity through sexual reproduction, which is a big challenge for pest management (11).

Chemical pesticides such as bifenthrin, deltamethrin, imidacloprid, and malathion have been used to control cotton aphids; however, prolonged exposure to chemicals increases insensitivity and chemical resistance through genetic modification at the target site (12–16). Acephate, which targets the aphid nervous system, lowers acetylcholinesterase (AChE) activity and increases cytochrome P450 monooxygenase detoxification. Resistance to acephate has been identified in aphid AChE (17). It was also reported that aphids exposed to imidacloprid developed cross-resistance to fenvalerate (14). Therefore, there is a limit to controlling cotton aphids with only chemical agents.

Entomopathogenic fungi are pathogenic to various pests and can be used as biological control agents by alternatively replacing chemical pesticides for cotton aphid management (18–20). The conidia of entomopathogenic fungi invade the aphid by attaching to the epidermis (21, 22). Entomopathogenic fungi kill insects by secreting secondary metabolites that act as toxins. Beauveria bassiana species are known to secrete beauvericin, bassianin, bassianolide, and oosporein after invading insects (23). Of the fungal species, B. bassiana and Metharizium anisopliae exhibit significantly high virulence against Aphis gossypii (24). B. bassiana is also pathogenic to other aphids including Aphis craccivora, Sitobion avenae, Schizaphis graminum, Rhopalosiphum padi, Brevicoryne brassicae, and Lipaphis erysimi (25–27). RNA sequencing showed that Conidiobolus obscurus, an aphid pathogenic fungus, overexpresses the cytolytic-like δ-endotoxin gene and serine proteases while invading and killing aphids (28). In addition, Lecanicillium lecanii is known to increase pathogenicity against aphids by producing an enzyme that hydrolyzes aphid chitin through Vlchit1 expression (29). However, few studies have investigated the aphid response to fungal infections to understand the molecular basis of fungal pathogenesis and to identify highly virulent entomopathogenic fungi for use in controlling aphids.

In this study, we isolated a highly virulent B. bassiana strain JEF-544 (Bb JEF-544) that has potential to control cotton aphids and to investigate the defense response of cotton aphids against this fungal pathogen. The Illumina sequencing platform was used to analyze the aphid transcriptome at the early stages of Bb JEF-544 infection. Differentially expressed genes (DEGs), gene ontology (GO), and enrichment analysis were performed on infected cotton aphids, and the results were analyzed to identify the initial defense mechanisms. This study will help determine the response of cotton aphids to fungal pathogen infection.



Materials and Methods


Insects

An Aphis gossypii cotton aphid colony was provided by the National Institute of Agricultural Science in Korea (https://www.rda.go.kr/). Cotton aphids were reared on third leaf stage cucumber plants (Ilmi Samcheok, Green Heart Bio, Yeoju, Korea) under laboratory conditions in acrylic cages at 26 ± 1°C, 50 ± 5% relative humidity (RH), and 16 h-light (L):8 h-dark (D) photoperiod. All experiments were conducted with wingless aphids.



Fungal Isolates

Beauveria bassiana isolates were obtained from soil in Korea using a Tenebrio molitor baiting method (30). Genus and species were identified by sequencing with primers targeting the internal transcribed spacer sequences of fungal genomic DNA. The fungal isolates were stocked in 20% glycerin at -80°C at the Jeonbuk National University Entomopathogenic Fungal Platform (JEF-library) until used in experiments. A total of 99 B. bassiana isolates was used for selection of highly virulent fungi as potential cotton aphid control agents.



Bioassay

Each B. bassiana isolate was cultured on 1/4 Sabouraud dextrose agar (SDA, BD Difco, USA) medium for 10 days in darkness at 25°C. The fungal conidia of each B. bassiana isolate was suspended in 0.03% siloxane solution (Silwet, FarmHanong Inc., Nonsan, Korea) at 1 ×107 conidia/ml. A 1.0 ml aliquot of fungal conidial suspension was sprayed on cucumber leaf discs (110 mm diameter) and dried at room temperature for 1 h. Filter paper (No.2 Ø110, ADVANTEC, Tokyo, Japan) moistened with 500 μl distilled water was laid on a 90 mm Petri-dish (SPL Life Sciences, Pocheon, Korea) onto which the sprayed cucumber leaf disc was placed and infested with cotton aphid nymphs (about 52 aphids/leaf disc). All Petri-dishes were sealed and maintained under 26 ± 1°C and 16L:8D conditions, and the numbers of live and dead aphids were observed daily. A 0.03% siloxane solution was used as a negative control. In the first screening step, each treatment had only one replicate; in the following bioassays, three replicates were conducted for each treatment.



RNA Extraction and cDNA Library Construction

Total RNA was extracted from Bb JEF-544-infected and non-infected aphids for transcriptome analysis. The treatment of cotton aphids with Bb JEF-544 followed the bioassay method described above. Samples for RNA extraction contained live nymphs on the second day (LT25) after treatment. Non-infected aphids were also collected as a control. The collected aphids (50 mg) were placed in a 1.5 ml microfuge tube with 1 ml of TRIzol reagent (Molecular Research Center Inc., Cincinnati, OH, USA). Total RNA was extracted with one repetition according to manufacturer instructions. Briefly, aphids in TRIzol reagent were homogenized using a plastic pestle for 2 min, followed by addition of 200 μl chloroform (Sigma-Aldrich, MO, US) and incubation for 5 min at room temperature for complete dissociation. Homogenates were centrifuged at 12,000 g for 15 min at 4°C, and 400 μl of the upper aqueous phase was transferred to a fresh tube with 400 μl 2-propanol (EMPARTA®, EMD Millipore, Darmstadt, Germany). Samples were incubated for 5 min at room temperature and centrifuged at 12,000 g for 10 min at 4°C. The supernatant was removed, and the RNA pellet was washed by vertexing with 75% absolute ethanol (Daejung, Siheung, Korea) and centrifuged at 7,500 g for 5 min at 4°C. The washed pellet was air-dried for 5 min and dissolved in RNAse-free water (UltraPure distilled water, Invitrogen, MA, US). Extracted RNA quality was verified by electrophoresis with 0.8% agarose gels, and quantity was measured using spectrophotometry (ASP-2680, ACTGene, NJ, USA). Sequencing libraries of Bb JEF-544-infected and non-infected aphids were constructed at Macrogen using the TruSeq Stranded Total RNA LT Sample Prep kit (Illumina, San Diego, CA, USA) according to manufacturer protocols. The prepared library was sequenced with a read length of 101 bp using the Illumina platform (NovaSeq 6000, Illumina, San Diego, CA, USA).



Mapping and Differentially Expressed Gene Analysis

Obtained short reads were quality checked using FastQC (31) and trimmed using fastp preprocessing (32). To obtain the transcript per million (TPM) value, the short reads of non-infected and Bb JEF-544-infected aphids were mapped using the cotton aphid reference genome (GCF_004010815.1_ASM401081v1_rna, Aphidbase) using the kallisto program (33). The fold change (FC) value was obtained by dividing the TPM of Bb JEF-544-infected aphids by the TPM of non-infected aphids. Genes with TPM values less than 1 for both non-infected and infected aphids were removed, and those with a log2FC greater than 1 were used for DEG analysis.



Validation for RNA-seq Analysis

For validation of RNA-sequencing, 10 DEGs were randomly selected (Table S1), and primers were designed using Primer3Plus (https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Elongation factor 1 alpha (EF1α) was used as the internal control with the following primer sets: EF1α -F: GAAGCCTGGTATGGTTGTCGT and EF1α -R: GGGTGGGTTGTTCTTTGTG (34). cDNAs were synthesized with infected and non-infected aphid RNAs using AccuPower RT PreMix (Bioneer, Daejeon, Korea) with oligo (dT) 15 primer (Promega, MI, USA) according to manufacturer protocols. qRT-PCR was performed using Thunderbird SYBR qPCR mix (QPS-201, TOYOBO, Japan) and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). PCR was conducted under the following conditions: 95°C for 1 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. At the end of each PCR run, a melting curve from 65°C to 95°C increased by 0.5°C per 5 s was applied to ensure the specificity of the amplicon. All experiments were performed in triplicate, and the FC value was obtained using the 2-ΔΔCt method.



Analysis of Functional Changes in Cotton Aphid Transcriptomes

For gene ontology (GO) analysis, the DEGs of Bb JEF-544-infected and non-infected cotton aphids were entered into the EMBL-EBI database (https://www.ebi.ac.uk/) and analyzed using the Blast2Go program with InterProScan and annotated with GO identifiers (IDs) and GO terms. The Ensembl genomes database was used for functional profiling of up- and down-regulated genes in Bb JEF-544-infected aphids annotated to the pea aphid reference (aphidbase_2.1b_transcripts.fasta) using BLASTN. The annotated up- and down-regulated genes were further analyzed using the enrichment program g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) with reference to the Acyrthosiphon pisum (pea aphid) genome. A Benjamini-Hochberg false discovery rate (FDR) <0.05 was used as the threshold.



Change in Expression of Insect Hormone and Immune-Related Genes

To analyze the expression levels of immune defense genes in Bb JEF-544-infected aphids, the sequences of insect hormone and immune genes were downloaded from Swiss-Prot and the TrEMBL database from UniProt (https://www.uniprot.org/), which includes the genes for the insect hormones ecdysone, bursicon, crustacean cardioactive peptide, phagocytosis, encapsulation, and melanization (Table S5). Insect hormone- and immune-related genes were converted into a BLAST database. Defense-related DEGs of the cotton aphid were identified with an E-value 1.0e-100 using Blast2Go from the local BLAST database.



Statistical Analysis

Bioassay data were analyzed using one-way analysis of variance (ANOVA) using Tukey’s HSD for multiple comparison, and p<0.05 was considered statistically significant. The mortality data of Bb JEF-544-infected and non-infected cotton aphids were subjected to Probit analysis to calculate 25% lethal time. ANOVA and Probit analyses were conducted using SPSS Statistics 19 software (SPSS Inc., Chicago, IL, USA).




Results


Virulence of Beauveria bassiana JEF-544 Against Cotton Aphid

Of 99 B. bassiana isolates against cotton aphid, bioassays revealed 12 that showed high virulence of 80% or greater mortality within 5 days after treatment (Figure S1). In a second bioassay, the Bb JEF-544 isolate demonstrated greater than 90% mortality against cotton aphids within 5 days after treatment (F1,11 = 7.173, p=0.12; Figure 1). The LT25 of Bb JEF-544-infected aphids was confirmed as 2.27 days (range: 1.08-2.96 days) by Probit analysis (χ2 = 489.094, df=16, p<0.001). Infected cotton aphids turned dark 6 days after treatment. In the aphid cadavers, the entire body was covered with white mycelium due to mycosis, and conidia formed on top of the mycelial mass.




Figure 1 | Virulence of B bassiana JEF-544 against cotton aphid in laboratory conditions. (A) Mortality of cotton aphids against B bassiana JEF-544 (F1,11 = 7.173, p = 0.12) and (B) Non-infected and JEF-544-infected aphid nymphs 6 days after treatment.





Differentially Expressed Cotton Aphid Genes due to Beauveria bassiana JEF-544 Infection

The RNA sequence produced 71,589,088 raw reads in the non-infected and 68,792,464 raw reads in the Bb JEF-544-infected cotton aphids. The data were submitted to NCBI under the accession number PRJNA815895 (Table S2). Short reads were mapped to the reference genome after filtering. In both Bb JEF-544-infected and non-infected cotton aphids, the distribution of DEGs was confirmed based on log2FC (FC>1) except for genes having a TPM value less than 1 (Figure 2A). Of the DEGs, 1,542 were up-regulated and 1,022 were down-regulated in the Bb JEF-544-infected aphid samples (Figure 2B), and a relatively large number of genes was up-regulated (log2FC>1). Validation was performed through qRT-PCR using EF1α as an internal control for randomly selected genes. The results of the RNA-seq analysis of 10 genes and the gene expression patterns of qRT-PCR were similar (Figure 2C).




Figure 2 | Differentially expressed genes (DEGs) of infected coon aphids. (A) Scatter plot comparing log2 ratios of TPM expression values of non-infected and JEF-544-infected aphids, (B) Number of DEGs in JEF-544-infected aphids (|FC|>2), (C) Validation of RNA-seq analysis using qRT-PCR. CYP306a1, cytochrome P450 306a1; Clen5, H(+)/Cl (–) exchange transporter 5; Picot, putative inorganic phosphate cotransporter; Xpo1, exportin-1; Gclm, glutamate-cysteine ligase regulatory subunit; Wat, fatty acyl-CoA reductase wat; Cud2, endocuticle structural glycoprotein SgAbd-2; Bcorl1, BCL-6 corepressor-like protein 1; Ttpal, alpha-tocopherol transfer protein; Scyl1, N-terminal kinase.





Functions of DEGs of Infected Cotton Aphids

Of the total 2,564 DEGs, 1,787 were annotated, and each was classified into GO of biological process, cellular components, and molecular function (Figure 3). Three GO terms were classified down to GO level 3. Up- and down-regulated genes were found together in most GO terms, but there were more down-regulated genes than up-regulated genes. The only up-regulated GO term identified in Bb JEF-544-infected aphids was oxidoreductase activity (GO:0016491). The only down-regulated GO terms, which were found only in the Bb JEF-544-infected aphids, were signaling (GO:0023052) and cellular component organization or biogenesis (GO:0071840). From the enrichment analysis of up- and down-regulated genes using g:Profiler, the up-regulated genes were enriched in 115 GO terms and in one KEGG pathway (Table S3). In addition, down-regulated genes were enriched in 34 GO terms (Table S4). A total of 2,155 genes was enriched to molecular function (76.71%), biological process (19.95%), cellular component (3.01%), or KEGG (0.32%). Transporter activity (GO:0005215), anion binding (GO:0043168), small-molecule binding (GO:0036094), and insect hormone biosynthesis (KEGG:00981) were up-regulated and showed negative log p-values of 6.83, 2.03, 1.74 and 1.43, respectively. A total of 615 genes was enriched to molecular function (92.52%) or cellular component (7.48%). Catalytic activity (GO:0005215), hydrolase activity (GO:0016787), and cytoskeleton (GO:0005856) were down-regulated and showed negative log p-values of 2.76, 1.58, and 1.63, respectively (Figure 4).




Figure 3 | Gene ontology (GO) analysis of JEF-544-infected aphid. DEGs of JEF-544-infected aphids were classified into three main categories (biological process, cellular component, and molecular function).






Figure 4 | GO enrichment analysis of JEF-544-infected aphid genes. Enrichment analysis was performed to confirm significant functions among DEGs of infected aphids. FDR <0.05 was used as the significance threshold, and Acyrthosiphon pisum was used as the reference.





Molting Hormone-Mediated Response Against Beauveria bassiana JEF-544 Infection

The insect hormone biosynthesis pathway was highly expressed in Bb JEF-544-infected cotton aphids at LT25 of treatment, and genes for cytochrome P450 were significantly up-regulated (Figure 5A). Cytochrome P450 (CYP) 306A1, 315A1, and 314A1 are involved in the molting hormone synthesis pathway. CYP306A1 and CYP314A1 (ecdysone 20-monooxyganase) are genes that synthesize ecdysone and 20-hydroxyecdysone (20HE), respectively, which are essential for molting. As a result of the expression level of insect hormone-related genes, ecdysone receptor (EcR), bursicon (Burs), crustacean cardioactive peptide (CCAP) receptor, and zinc finger protein (ZNF) were significantly up-regulated in Bb JEF-544-infected cotton aphids (Figure 5B). Based on the enrichment analysis and heatmap, the ecdysis response of Bb JEF-544-infected cotton aphids is presented in Figure 5C.




Figure 5 | Expression of insect hormone-related genes. (A) Enriched insect hormone biosynthesis pathway (analyzed by g:Profiler), (B) Heatmap of insect hormone-related genes with expression level, and (C) Molting response in JEF-544-infected aphid as a defense behavior.





Cotton Aphid Immune Response Against Beauveria bassiana JEF-544 Infection

From the analyses of cotton aphid DEGs in terms of immunity, several genes were identified relative to melanization and phagocytosis via BLAST analysis. During melanization, melanization protease 1 (MP1), phenoloxidase-activating factor 2 (PPAF2), and venom serine protease (VSP), which activate phenol oxidase, were up-regulated (Figure 6A). Of the genes involved in phagocytosis, protein kinase C (PKC98E) and kinase C delta type homolog (PKCdelta) were up-regulated, whereas thioester-containing protein I (TEP-I), PKCdelta, and most isoforms of down syndrome cell adhesion molecule 1 (Dscam1) were down-regulated (Figure 6B). According to the heatmap data, cotton aphid melanization and phagocytosis response against Bb JEF-544 are presented in Figure 6C.




Figure 6 | Expression of immune-related genes in infected aphid. (A) Heatmap of melanization-related genes with expression level, (B) Heatmap of phagocytosis-related genes with expression level and (C) Summary of immune response in JEF-544-infected aphid.






Discussion

Cotton aphid is a serious pest, and control using entomopathogenic fungi has recently attracted attention. However, the defense mechanism of cotton aphids against invasion of entomopathogenic fungi is not well understood. This study analyzed the transcriptional response of cotton aphid when infected with Beauveria bassiana JEF-544, a newly-isolated and highly virulent fungal strain. The immune system of insects evolved to remove pathogens during the early stages of infection. Therefore, we confirmed the active defense response of the cotton aphid at LT25, which is an early stage of infection (35). The cotton aphid rapidly uncovered fungus-treated cuticles, and melanization occurred at LT25, the initial stage of infection.

For selection of candidate entomopathogenic control agents for cotton aphids, 99 B. bassiana strains were isolated using an insect baiting method and evaluated for insecticidal activity against aphids. In the bioassay, Bb JEF-544 showed the fastest and highest insecticidal activity among the 99 candidate isolates. Bb JEF-544 provided strong control over growing aphid populations, limiting growth to an average of 2.8 offspring per adult (36). It is expected that Bb JEF-544 is a good candidate for biological control against cotton aphids. Mass production, formulation, and field experiments will be necessary to establish this strain as an entomopathogenic control agent.

Cotton aphid transcripts were generated two days after infection (LT25) to analyze the early response of cotton aphids against Bb JEF-544 infection. To kill the host, entomopathogenic fungi including B. bassiana go through the stages of attachment, penetration, fungal growth in hemolymph, conidia production, and transmission (22). The live aphids 2 days after treatment, which was LT25 of Bb JEF-544, were considered to be in the early stage of infection, and mostly fungal conidia were presumed to be working on penetrating aphid cuticles. Insects defend themselves by modifying the cuticle as a physical barrier and innate immune response when pathogens invade (37). Pathogens are recognized inside the insect body and activate signaling pathways such as Toll, immune deficiency (IMD), Jun N-terminal kinase (JNK), and prophenoloxidase (PPO), and the consequent immune response occurs through production of antimicrobial peptide (AMP) and the cellular immune response. In a previous study, genes of the immune-related Toll and IMD pathways were up-regulated during infection by the Japanese pine sawyer beetle, Monochamus alternatus, which was infected with the fungal pathogen M. anisopliae (38). Longhorned ticks in the early stages of M. anisopliae infection expend a large amount of energy in catabolic processes against the fungal attack (39). The citrus whitefly Dialeurodes citri, when infected with Lecanicillium attenuatum, up-regulated genes for vitellogenin, PPO, and lysozyme (40). However, contrary to other known insects, aphids do not encode genes for PGRP, IMD, AMP, and other immune-related molecules (41, 42). Aphids, which have an incomplete immune system, recognize bacterial pathogens via the JNK pathway, and the immune response occurs through hemocyte-mediated responses and phenoloxidase (PO) (43). Likewise, Toll- and IMD-related genes were not identified, and in this study, insect hormone biosynthetic pathways and melanogenesis activators were up-regulated in the early stages of infection.

Ecdysone is one of the molting hormones in insects, along with various factors such as prothoracicotropic hormone (PTTH), ecdysis-triggering hormone (ETH), eclosion hormone (EH), crustacean cardioactive peptide (CCAP) and bursicon (44–46). PTTH secreted from the brain stimulates prothoracic gland (PG), and CYP306A1 and 315A1 synthesize ecdysone (47). When ecdysone is oxidized by CYP314A1, it becomes 20-hydroxyecdysone (20HE), an activated form. 20HE acts as a transcription factor by binding to the ecdysone receptor (EcR) in the nucleus and secretes ETH (48–50). ETH increases the release of EH as a positive feedback, and EH stimulates the secretion of CCAP (51). CCAP inhibits the pre-ecdysis response and stimulates the molting process (52). CCAP binds to CCAPR in the central nervous system (CNS) and stimulates bursicon secretion. Bursicon then functions to tan the cuticle and induces post-ecdysis behavior. In this study, ecdysone, 20HE, CCAP receptor, and Burs were up-regulated in cotton aphids at early stages of Bb JEF-544 infection. This might be the aphid response to shed the infected cuticle and remove the initial infecting fungal mass invading through the cuticle. The expression levels of Burs and CCAP receptor were significantly increased relative to that of CYP. It is inferred that the molting process in cotton aphids entered the latter stage at LT25 after fungal pathogen invasion.

PPO can activate PO to decrease the number of invading B. bassiana spores in aphids (53). PPO is activated by VSP, PPAF, and MP1 and induces melanogenesis (54–56). In this study, the MP1, PPAF2, and VSP genes that activate the PO cascade were overexpressed. From this, it is inferred that the melanization reaction can occur in cotton aphids when infected by Bb JEF-544. Phagocytosis is a very rapid reaction against invading pathogens (52, 53). In Bb JEF-544-infected aphids, some genes including thioester-containing protein I (TEP-I), PKCdelta, and Dscam1, which are involved in phagocytosis, were identified (57). However, most genes tended to be down-regulated, and it is inferred that the phagocytosis response did not occur through these down-regulated genes. Melanization is a reaction that occurs in the endocuticle of insects (58). However, phagocytosis occurs in the hemocoel by hemocytes and is a very rapid response that occurs within 5 minutes of pathogen invasion (59, 60). This study was analyzed on LT25 of aphids, and it was expected to see the response in the early stages of infection. According to the down-regulation of phagocytosis-related genes, it is inferred that the fungus has not yet reached the hemocoel of aphids.

However, B. bassiana BCC2660 could form hyphal bodies in green peach aphid, Myzus persicae 3 days after treatment (61). This means that B. bassiana can invade the aphid body rapidly after treatment. The entomopathogenic fungi B. bassiana and M. anisopliae could evade and survive against the phagocytic hemocyte cells of the insect hemolymph (62). The down-regulation of phagocytosis-related genes speculates that B. bassiana JEF-544 evades the immune response that occurs in the hemocoel of aphids and proliferates. A further study of phagocytes in the infected aphids is required.

Cotton aphids responded to the Bb JEF-544 infection by molting to uncover the infected cuticles at the initial stage of fungal infection. In the hemocoel, the immune response to invading fungal pathogen was achieved through melanization, which was initiated by the PO cascade, but phagocytosis involving the hemocyte did not actively occur. This study is limited to LT25 after infection, and it is inferred that gene expression at different times after infection could confirm and/or identify the involvement of different reactions. Overall, this work is a strong platform to understand the cotton aphid response to early fungal infection and provides ideas for fungal isolates that could be effectively used to control this serious aphid species at the molecular level.
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Long noncoding RNAs (lncRNAs) are an emerging class of regulators that play crucial roles in regulating the strength and duration of innate immunity. However, little is known about the regulation of Drosophila innate immunity-related lncRNAs. In this study, we first revealed that overexpression of lncRNA-CR33942 could strengthen the expression of the Imd pathway antimicrobial peptide (AMP) genes Diptericin (Dpt) and Attacin-A (AttA) after infection, and vice versa. Secondly, RNA-seq analysis of lncRNA-CR33942-overexpressing flies post Gram-negative bacteria infection confirmed that lncRNA-CR33942 positively regulated the Drosophila immune deficiency (Imd) pathway. Mechanistically, we found that lncRNA-CR33942 interacts and enhances the binding of NF-κB transcription factor Relish to Dpt and AttA promoters, thereby facilitating Dpt and AttA expression. Relish could also directly promote lncRNA-CR33942 transcription by binding to its promoter. Finally, rescue experiments and dynamic expression profiling post-infection demonstrated the vital role of the Relish/lncRNA-CR33942/AMP regulatory axis in enhancing Imd pathway and maintaining immune homeostasis. Our study elucidates novel mechanistic insights into the role of lncRNA-CR33942 in activating Drosophila Imd pathway and the complex regulatory interaction during the innate immune response of animals.
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Introduction

Innate immunity plays the first and foremost role in the defense against pathogenic microorganisms (1). Drosophila melanogaster is a vital model for studying innate immunity because of the lack of highly specific adaptive immunity (2, 3). The Drosophila innate immune system comprises cellular immunity and humoral immunity which includes the production of many antimicrobial peptides (AMPs) (3, 4). The immune deficiency (Imd) signaling pathway is essential for Gram-negative bacterial invasion (5, 6). Once attacked by Gram-negative bacteria, the Imd pathway is activated and the downstream transcription factor Relish enters the nucleus to initiate the expression of AMPs (7). Although the major molecules of the Imd pathway have been identified, the complexity of immune regulation requires to explore more regulators to understand the immune homeostasis mechanism.

Dysregulation of immune homeostasis remarkably affects Drosophila survival and can lead to death (8, 9). Therefore, the intensity and duration of the immune response must be precisely regulated by many positive and negative regulators. For example, Akirin, Charon, sick, and STING can promote the Imd pathway by regulating the transcription factor Relish (10–13). In addition, some ubiquitin-related enzymes and peptidoglycan recognition proteins can positively regulate the Imd pathway (14–17). In contrast, some immune suppressors can restore immune homeostasis via preventing excessive activation of the Imd pathway (18–22). Our previous studies demonstrated that miR-9a, miR-981, and miR-277 could negatively regulate the Imd pathway by directly inhibiting the expression of Diptericin (Dpt), imd, and Tab2 (23, 24). However, the regulatory mechanisms involved in maintaining immune homeostasis by emerging noncoding RNAs require further study.

Long noncoding RNAs (lncRNAs) are a class of RNAs of over 200 nucleotides that lack an open reading frames coding protein longer than 100 aa (25, 26).. lncRNAs exist widely in organisms, and their abundance is much higher than that of protein-coding RNAs (27). For example, the number of Drosophila lncRNA transcripts reached 42,848, and the number of lncRNA genes was 15,543 (28). To date, several studies have demonstrated that numerous lncRNAs participate in regulating a wide range of Drosophila biological processes, such as bristle formation (29, 30), embryo development (31–36), gonadal cell production (37, 38) and neuromuscular junctions (39, 40). A previous study has shown that lncRNA-VINR can defend against viruses by inducing AMPs (41). In addition, our previous studies demonstrated that lncRNA-CR46018, lncRNA-CR11538 and lncRNA-CR33942 could regulate Drosophila Toll innate immunity by interacting with the transcription factor Dif/Dorsal (42–44). Although some lncRNAs regulating Drosophila antiviral and Toll innate immunity have been discovered, it is largely unknown whether and how lncRNAs regulate the Imd signaling pathway against Gram-negative bacteria.

In this study, we first found that Drosophila lncRNA-CR33942 can promote the Imd signaling pathway using RNA sequencing, and then, we quantified the expression levels of AMPs Dpt and AttA in lncRNA-CR33942-overexpressing flies, lncRNA-CR33942 knockdown flies, and lncRNA-CR33942 + lncRNA-CR33942-RNAi co-overexpressing flies after Escherichia coli infection. Second, using RIP-qPCR, ChIP-qPCR, and dual-luciferase reporter assays, we confirmed that lncRNA-CR33942 interacts with the transcription factor Relish and strengthens the binding between Relish and the promoters of Dpt and AttA, thereby enhancing Dpt and AttA transcription. Third, we verified that the transcription factor Relish could also directly activate the transcription of lncRNA-CR33942 via ChIP and dual-luciferase reporter assays. Finally, the dynamic expression of Dpt, AttA, Relish, and lncRNA-CR33942 in wild-type flies at different time points post-infection indicated the physiological function of this regulatory axis in the Imd immune pathway. In conclusion, our study discovered a novel Relish/lncRNA-CR33942/AMP regulatory axis, which plays a vital role in enhancing the immune response and maintaining immune homeostasis.



Materials and Methods


Fly Husbandry and Strains

The flies were raised in a standard corn flour/agar/yeast medium in a 25 ± 1°C incubator with a 12 h light/dark cycle. The fly stocks w1118 (#3605), Tub-Gal80ts; TM2/TM6B (#7019), Tub-Gal4/TM3, Sb1, Ser1 (#5138), lncRNA-CR33942-RNAi (#30509), UAS-FLAG-Rel68 (#55777), and Relish-RNAi (#28943) were purchased from the Bloomington Drosophila Stock Center (Bloomington, IN, USA). The UAS-lncRNA-CR33942 fly stock was constructed in our laboratory previously (44). To eliminate false positives caused by overexpression, we also constructed lncRNA-CR33942 + lncRNA-CR33942-RNAi co-overexpressing flies to reduce the overexpression of lncRNA-CR33942. To explore whether Relish regulates the Imd pathway through lncRNA-CR33942, Rel68 + lncRNA-CR33942-RNAi co-overexpressing flies were constructed. To overexpress or knockdown the corresponding gene in flies at a specific time, they were crossed with flies carrying Tub-Gal80ts and incubated at 18°C. The adults were transferred to a 29°C incubator and cultured for over 24 h to overexpress or knockdown the genes.



Sepsis and Survival Assays

Sepsis experiments were conducted on adult males aged 3–5 d. The lncRNA-CR33942-overexpressing, lncRNA-CR33942-RNAi, lncRNA-CR33942 + lncRNA-CR33942-RNAi co-overexpressing, and control flies were infected with the Gram-negative bacterium E. coli. The infection experiment was performed via Nanoject instrument (Nanoliter, 2010; WPI, Sarasota, FL, USA). The glass capillary with full of E. coli suspension was inserted into the thorax and collecting the flies at the needed times for subsequent experiments. The survival assays post-infection indicate insufficient immune responses (45). The survival rate of ≥ 100 flies/group was monitored for 96-h after infection with Enterobacter cloacae concentrate.



RNA Extraction and RT-qPCR

The total RNA of flies with different genotypes and treatments was extracted using RNA isolator total RNA extraction reagent (Vazyme Biotech Co. Ltd., Nanjing, China). And then, cDNA was obtained using a first-strand cDNA synthesis kit (Vazyme Biotech Co., Ltd., Nanjing, China). qPCR was performed using a BIO-RAD CFX Connect real-time PCR system (BIO-RAD, Hercules, California, USA) via AceQ SYBR Green Master Mix (Vazyme Biotech Co. Ltd., Nanjing, China). Our RT-qPCR cycling conditions were: step 1: 95°C for 5 minutes; step 2: 95°C for 10 seconds; step 3: 60°C for 30 seconds, then steps 2 and 3 were cycled for 40 times. The rp49 expression levels were used as the control to normalize other mRNAs. All the primers used for RT-qPCR are listed in Supplementary Table 1. All experiments were carried out in triplicate, and each biological sample was measured in triplicate by qPCR. The 2-△△Ct method was used for data analysis (14). All qPCR data was showed as the mean ± SEM.



Transcriptome Sequencing and Enrichment Analyses

RNA integrity was assessed with the RNA Nano 6000 Assay Kit for the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Briefly, mRNA was purified using poly T oligo-attached magnetic beads and fragmentated to about 370–420 bp. Library fragments were purified, and PCR was performed with index (X) primers and universal PCR primers. The PCR products were purified, and the library quality was assessed using the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). According to the manufacturer’s instructions, index-coded samples were clustered on a cBot cluster generation system using the TruSeq PE cluster kit v3-cBot-HS (Illumina, San Diego, CA, USA). The reference genome index was built and paired-end clean reads were aligned to the reference genome using Hisat2 v2.0.5. FeatureCounts v.1.5.0-p3 enumerated the reads that mapped to each gene. Differential expression analysis was performed using the DESeq2 package of R v. 1.20.0 (R Core Team, Vienna, Austria). Genes with adjusted P < 0.05 were deemed differentially expressed genes (DEGs). And using the clusterProfiler package in R 4.0.3 (R Core Team, Vienna, Austria) for Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses on the DEGs. The local version of the GSEA tool (http://www.broadinstitute.org/gsea/index.jsp) was used for GSEA analysis.



Prediction of Interaction Potential

The interaction potential between lncRNA-CR33942 and Relish was predicted using RPISeq (RNA/protein interaction prediction tool, http://pridb.gdcb.iastate.edu/RPISeq/) (46), with known the interaction pair roX2 and msl-2 as the positive control.



Construction of Recombinant Plasmid

To explore the effect of Relish on the lncRNA-CR33942 promoter, we obtained the upstream 2-kb promoter sequence of lncRNA-CR33942 from FlyBase (http://flybase.org) and cloned it into the pGL3-Basic plasmid. All the primers used for plasmid construction are listed in Supplementary Table 1. The pIEx4-Flag-Rel68, pGL3-Dpt-promoter, and pGL3-AttA-promoter plasmids were shared by Professor Xiaoqiang Yu (47). The pAc-lncRNA-CR33942 plasmid was constructed as described previously (44).



S2 Cell Culture and Transfection

Drosophila S2 cells were grown in a 28°C constant temperature incubator using SFX insect medium (HyClone Laboratories, Logan, UT, USA) with 10% (v/v) fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen, Carlsbad, CA, USA). Transfection was performed using the X-treme gene HP transfection reagent (Roche Diagnostics, Basel, Switzerland) according to the manufacturer’s instructions. Briefly, S2 cells were transiently transfected with 200 μL of transfection complex containing 2000 ng plasmids in 6-mm plates (Corning, Corning, NY, USA) or 50 μL of transfection complex containing 500 ng plasmids in 24-well plates (Corning, Corning, NY, USA).



RNA-Immunoprecipitation (RIP)

The detailed process of the RIP experiment followed this protocol (48). Briefly, approximately 3 × 107 S2 cells transfected with Flag-Rel-N were lysed in radioimmunoprecipitation (RIPA) buffer (Beyotime Biotechnology, Shanghai, China) containing a protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) and an RNase inhibitor (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min on ice. The supernatants were pre-cleared for 1 h at 4°C using protein A agarose (Invitrogen, Carlsbad, CA, USA). After pre-clearing, anti-Flag-labelled or control anti-IgG antibodies (ABclonal Biotechnology Co. Ltd., Hubei, China) were separately added to the supernatants and the complexes were incubated at 4°C for 8-12 h. The next day, protein A agarose was joined and binding for 2 h. The beads were washed for five times using RIPA buffer. The remaining complexes were eluted using TE buffer with 1% (w/v) SDS. The eluted complexes of Flag-Rel-N and RNA were treated with protease K to separate the protein-bound RNA, and RNA was extracted and quantified using RT-qPCR.



Chromatin Immunoprecipitation Sequencing (ChIP)-Seq and Transcription Factor Binding Site Analysis

ChIP-seq of Relish was obtained from the ENCODE project (https://www.encodeproject.org/). ChIP-seq peak analysis was performed using the ChIPseeker package in R (49). IGV 2.9.4 was used for peak visualization of ChIP-seq. The promoter sequences of Dpt, AttA, and lncRNA-CR33942 were obtained from FlyBase (http://flybase.org/). In addition, the Relish motif was obtained in this study (50). The promoter sequences of Dpt, AttA, lncRNA-CR33942 and Relish motifs were submitted to MEME (https://meme-suite.org/meme/tools/meme) and PROMO (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3/). The RT-qPCR primers were designed based on the predicted binding sites.



ChIP

ChIP experiments were performed following this paper (23). Briefly, S2 cells transfected with Flag-Rel-N were cross-linked using 1% (v/v) formaldehyde, lysed with RIPA and nuclear lysis buffers, and sonicated to shear to 200–800-bp fragments. ChIP incubation was performed using Dynabeads protein G (Thermo Fisher Scientific, Waltham, MA, USA) which was coated with anti-Flag or anti-IgG antibodies (ABclonal Biotechnology Co. Ltd., Hubei, China). After five times washings using different buffers, Flag-Rel-N-bound DNA was eluted and the cross-links between Rel-N and DNA were reversed at 65°C overnight. The eluted DNA fragments were purified for subsequent qPCR analysis. the primers of ChIP-qPCR were listed in Supplementary Table 1. All experiments were carried out in triplicate, and each biological sample was measured in triplicate by qPCR using the AMP promoters.



Dual-Luciferase Reporter Experiment

To investigate the effects on the transcriptional regulation of lncRNA-CR33942, Dpt, and AttA promoters by Relish or lncRNA-CR33942, S2 cells were transfected using 50 μL of transfection complex containing pIEx4-Flag-Rel68, pGL3-Dpt-promoter, pGL3-AttA-promoter or pGL3-lncRNA-CR33942-promoter, pAc-empty or pAc-lncRNA-CR33942, and Renilla luciferase plasmid (pRL). pRL plasmids (Promega, Madison, WI, USA) were used for normalization and normalization. According to the manufacturer’s instructions, luciferase activity was measured using a Dual Luciferase Reporter Assay Kit (Vazyme Biotech Co. Ltd., Nanjing, China).



Quantitation and Statistical Analysis

Experimental data were collected from three independent biological replicates and are presented as the mean ± SEM. Significant differences between values under different experimental conditions were analyzed using a two-tailed Student’s t-test. Fly survival analysis was performed using log-rank (Mantel-Cox) tests. Graphs were plotted using GraphPad Prism v. 8.3 (GraphPad Software, La Jolla, CA, USA) and RStudio (R Core Team, Vienna, Austria). Statistical significance was set at P < 0.05. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significantly different from the control.




Results


LncRNA-CR33942 Is a Positive Regulator of the Drosophila Imd Signaling Pathway

We demonstrated that lncRNA-CR33942 could interact with Dif/Dorsal and facilitate AMP transcription, enhancing Drosophila Toll immune responses (44). Interestingly, lncRNA-CR33942 may also regulate the Imd pathway through our previous RNA-seq in lncRNA-CR33942-overexpressing flies infected with Micrococcus luteus. To explore the effect of lncRNA-CR33942 on the Imd pathway, we examined the expression levels of Dpt and AttA, two marker AMPs of the Imd pathway, in lncRNA-CR33942-overexpressing, lncRNA-CR33942-RNAi, and lncRNA-CR33942 + lncRNA-CR33942-RNAi co-overexpressing flies at different time points (0, 6, and 12 h) after E. coli infection. Our results showed that the expression of lncRNA-CR33942 in lncRNA-CR33942-overexpressing flies was approximately 60 fold than the control flies (Figure 1). Furthermore, the expression of AttA in lncRNA-CR33942-overexpressing flies was significantly upregulated compared to that in control flies at 6 and 12 h after E. coli infection, while the expression of Dpt was also significantly increased at 6 h post-infection (Figure 1C). In lncRNA-CR33942-RNAi flies with a 60% decrease in lncRNA-CR33942 expression, AttA expression was dramatically inhibited post-infection, and Dpt expression was also markedly downregulated at 12 h post-infection (Figures 1E, F). Remarkably, the knockdown of lncRNA-CR33942 seemed to block the induction of AttA from infection, and the expression level of AttA declined several hundred times compared to that in the control flies. To exclude the false-positive result of overexpression of lncRNA-CR33942, we constructed lncRNA-CR33942 rescued flies (lncRNA-CR33942 + lncRNA-CR33942-RNAi co-overexpressing flies) with an approximately 20 fold upregulation of lncRNA-CR33942 expression (Figure 1). The expression of AttA at 12 h post-infection and the expression of Dpt at 6 h post-infection were also significantly enhanced (Figures 1I). However, lncRNA-CR33942 did not influence AMP expression under physiological conditions (0 h). Overall, these results indicate that lncRNA-CR33942 can fine-tune AMP production in response to E. coli invasion, suggesting that it may regulate the Drosophila Imd pathway.




Figure 1 | lncRNA-CR33942 regulates Imd pathway AMPs after Escherichia coli infection. The expression levels of lncRNA-CR33942 (A, D, G), AttA (B, E, H) and Dpt (C, F, I) in lncRNA-CR33942-overexpressing flies, lncRNA-CR33942-RNAi flies, and lncRNA-CR33942 + lncRNA-CR33942-RNAi co-overexpressing flies at different time points (0, 6, and 12 h) after E. coli infection. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significantly different from the control.



To further confirm the regulatory function of lncRNA-CR33942 in the Drosophila Imd pathway, we performed transcriptome sequencing of lncRNA-CR33942-overexpressing and control flies 12 h after E. coli infection. DEGs were identified with an adjusted P < 0.05. The sequencing results revealed 368 upregulated and 635 downregulated DEGs, while the remaining 14,653 genes were not differentially expressed (Figure 2). The enrichment and annotation of biological processes (BP) for the 368 upregulated DEGs mainly focused on defense, immunity, and response to stimuli (Figure 2). Remarkably, the upregulated DEGs were only significantly enriched in the Toll and Imd signaling pathways (Figure 2), and 13/16 DEGs were AMPs and peptidoglycan recognition proteins (PGRPs) (Figure 2). Considering that enrichment analysis with DEGs is biased, the overall pathway situation cannot be considered. We also used the GSEA algorithm to detect the expression of all the genes in the pathway (51). The results showed that the Toll and Imd signaling pathways were significantly enhanced in lncRNA-CR33942-overexpressing flies after infection with NES=1.34 and normal P value=0.000 (Figure 2). These results are consistent with the detection of AMPs, confirming that lncRNA-CR33942 positively regulates the Drosophila Imd pathway.




Figure 2 | Enrichment analysis of DEGs in the lncRNA-CR33942-overexpressing flies after infection with Escherichia coli. (A) Volcano map shows DEGs between lncRNA-CR33942-overexpressing and control flies after E. coli infection. Red: upregulated DEGs (adjusted P < 0.05); blue: downregulated DEGs (adjusted P < 0.05). (B) Bubble chart shows biological process (BP) enrichment analysis of upregulated DEGs. (C) Bubble chart shows the KEGG pathway enrichment analysis of upregulated DEGs. (D) Network chart displays the KEGG pathway enrichment analysis and corresponding upregulated DEGs. (E) GSEA of the RNA-seq data between the lncRNA-CR33942-overexpressing and control flies.





LncRNA-CR33942 Promotes Relish Binding to the AMPs Promoter via Interaction

To explore how lncRNA-CR33942 positively regulates the Drosophila Imd signaling pathway, we analyzed the results of GSEA and DEGs in the RNA-seq data. GSEA showed that 39.39% of AMPs and 33.33% of PGRPs were core enriched in the Toll and Imd signaling pathways (Figure 3). Similarly, DEGs of the Toll and Imd signaling pathways contained 31.25% AMPs and 50% PGRPs (Figure 3). AMPs and PGRPs were mainly transcribed by NF-κB proteins (52–55). Considering that lncRNA-CR33942 functions in the nucleus and interacts with Dif/Dorsal to promote transcription, we speculated that lncRNA-CR33942 interacts with Relish to regulate AMP transcription (44). To test this hypothesis, the RPISeq website was used to predict the interaction between Relish and lncRNA-CR33942, with the known interaction pair of roX2 and msl-2 as a positive control (56, 57). The predicted interaction probability score of Relish and lncRNA-CR33942 was nearly consistent with those of the interaction pairs of roX2 and msl-2 (Figure 3). In addition, the results of RIP-qPCR experiments showed that the enrichment fold of Flag-Rel68 for lncRNA-CR33942 was approximately 60 times that of the control group, which further confirmed their interaction (Figure 3). Since the NF-κB transcription factor Relish mainly activates the transcription of AMPs, ChIP-qPCR and dual-luciferase reporter assays were performed to investigate how lncRNA-CR33942 influences the transcriptional regulatory function of Relish. The results of ChIP-qPCR revealed that the enrichment fold on the promoter of AttA and Dpt using anti-Flag was nearly 40 times that of anti-IgG, whereas the enrichment fold was further significantly enhanced after lncRNA-CR33942 overexpression (Figure 3). Similarly, the dual-luciferase reporter assay showed that Rel68 could promote AttA and Dpt promoter activity, which were further significantly enhanced after lncRNA-CR33942 overexpression (Figure 3). In summary, these results suggest that lncRNA-CR33942 interacts with Relish to promote its binding to the AMP promoter, thereby enhancing AMP expression.




Figure 3 | lncRNA-CR33942 promotes Relish binding to the AMPs promoter via interaction. Classification analysis was performed on 33 core enriched genes from GSEA results (A) and 16 DEGs (B). (C) Predicted scores for interaction potential of lncRNA-CR33942 with Relish via RPISeq databases. (D) lncRNA-CR33942 enrichment fold was measured by RIP-qPCR using anti-Flag antibody to immunoprecipitate overexpressed Flag-Rel68 in S2 cells. (E) ChIP-qPCR was performed on lncRNA-CR33942-overexpressing S2 cells with Flag-Rel68 overexpression normalized to control expression levels. (F) The dual-luciferase reporter assays were performed to detect the transcriptional activity of Rel68 on Dpt and AttA promoters with or without lncRNA-CR33942 overexpression or only overexpressing lncRNA-CR33942. *P < 0.05; **P < 0.01; ***P < 0.001.





Relish Directly Activates the Transcription of lncRNA-CR33942

To analyze the critical role of lncRNA-CR33942 in the Imd pathway, we focused on the regulation of lncRNA-CR33942 in the Drosophila Imd immune response. We found the motif of Relish at -60 to -50 bp upstream of the TSS site of lncRNA-CR33942 using FIMO (https://meme-suite.org/meme/tools/fimo) and PROMO (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3/) website with default parameters (Figure 4). In addition, we downloaded the ChIP-seq data of Rel-N-GFP from the ENCODE database (https://www.encodeproject.org/) and visualized the peak using IGV 2.9.4. An evident peak from the ChIP-seq of Rel-N-GFP was enriched in the promoter region of lncRNA-CR33942 (Figure 4). To further confirm the authenticity of Relish binding to the lncRNA-CR33942 promoter, ChIP-qPCR was performed using S2 cells overexpressing Flag-Rel68. The results showed that the enrichment fold of the lncRNA-CR33942 promoter was approximately 30-fold higher than that of anti-IgG, which was close to the 40-fold enrichment fold of the positive control Dpt promoter (Figure 4). To investigate the function of Relish binding directly to the lncRNA-CR33942 promoter, we examined the expression levels of lncRNA-CR33942 in Rel68 overexpressing and Relish-RNAi flies using RT-qPCR. As expected, lncRNA-CR33942 expression was significantly upregulated in Rel68-overexpressing flies and significantly downregulated in Relish-RNAi flies compared to the controls (Figure E). Furthermore, similar results were confirmed using dual-luciferase reporter assays. First, we cloned the lncRNA-CR33942 promoter region into the pGL3-basic plasmid and detected its promoter activity (Figure 4). After Rel68 overexpression, the activity of the lncRNA-CR33942 promoter significantly increased (Figure 4). These results indicated that Relish could directly bind to the lncRNA-CR33942 promoter and promote its expression.




Figure 4 | Relish directly activates the transcription of lncRNA-CR33942. (A) Schematic diagram of Relish motif in the lncRNA-CR33942 promoter region. (B) ChIP-seq visualization of Rel-N-GFP using IGV. (C) ChIP-qPCR was performed in Flag-Rel68 overexpressing S2 cells normalized to control expression levels. The expression levels of Relish (D) and lncRNA-CR33942 (E) in Rel68 overexpressing and Rel68-RNAi flies. (F, G) The dual-luciferase reporter assays were performed to detect the activity of the lncRNA-CR33942 promoter with or without Rel68 overexpression. *P < 0.05; **P < 0.01; ***P < 0.001.





Relish Promotes lncRNA-CR33942 Transcription to Enhance Imd Immune Response

To determine whether Relish could promote the transcription of lncRNA-CR33942 to regulate the Imd pathway in vivo, we constructed Rel68 overexpressing and Rel68 + lncRNA-CR33942-RNAi co-overexpressing flies and detected the expression of Relish and lncRNA-CR33942 in these flies to ensure a successful construction (Figure 5B). The expression levels of Dpt and AttA were examined in Rel68 overexpressing, Rel68 + lncRNA-CR33942-RNAi co-overexpressing, and control flies at 12 h post-infection and no infection. In the absence of infection, AttA and Dpt expression levels were significantly upregulated approximately 40-fold and 400-fold, respectively, in Rel68-overexpressing flies compared with the controls, and significantly decreased in Rel68 + lncRNA-CR33942-RNAi co-overexpressing flies (Figure 5D). At 12 h after E. coli infection, the expression levels of both AttA and Dpt in Rel68 overexpressing flies were approximately 4-fold higher than those in controls, while the expression levels of AttA and Dpt in Rel68 + lncRNA-CR33942-RNAi co-overexpressing flies were significantly downregulated compared to those in Rel68 overexpressing flies (Figure 5F). Remarkably, we investigated the survival of these flies following septic injury by the lethal Gram-negative bacterium E. cloacae. Similar to the RT-qPCR results, the results showed that the survival rate of Rel68-overexpressing flies with the highest AMP levels was significantly prolonged. In contrast, the survival rate and AMP levels of Rel68 + lncRNA-CR33942-RNAi co-overexpressing flies were notably decreased compared with Rel68-overexpressing flies (Figure 5). Overall, these results suggested that Relish can activate lncRNA-CR33942 transcription to enhance deficient immune responses and help extend the Drosophila survival rate.




Figure 5 | Relish promotes lncRNA-CR33942 transcription to enhance Imd immune response. The expression levels of Relish (A) and lncRNA-CR33942 (B) in Rel68 overexpressing and Rel68 + lncRNA-CR33942-RNAi co-overexpressing flies. AttA and Dpt expression levels in Rel68 overexpressing and Rel68 + lncRNA-CR33942-RNAi co-overexpressing flies with no infection (C, D) and 12 h post-infection (E, F). (G) Changes in the survival rate of the Rel68 overexpressing, Rel68 + lncRNA-CR33942-RNAi co-overexpressing, and control flies were measured at 96 h after being treated with PBS or Enterobacter cloacae. Gal80ts; Tub-Gal4/+ - PBS (n = 109), Gal80ts; Tub> Rel68 - PBS (n = 107), Gal80ts; Tub> Rel68 + lncRNA-CR33942-RNAi - PBS (n = 104), Gal80ts; Tub-Gal4/+ - E. cloacae (n = 107), Gal80ts; Tub> Rel68 - E. cloacae (n = 109), Gal80ts; Tub> Rel68 + lncRNA-CR33942-RNAi - E. cloacae (n = 105). *P < 0.05; **P < 0.01; ***P < 0.001.





Relish/lncRNA-CR33942/AMPs Regulatory Axis Contributes to Drosophila Imd Immune Response

To further explore the physiological function of the Relish/lncRNA-CR33942/AMPs regulatory axis, we monitored the dynamic expression of Relish, lncRNA-CR33942, Dpt, and AttA in wild-type flies (w1118) at different time points (0, 3, 6, 12, 24, and 48 h) after E. coli infection. The results showed that Dpt expression was significantly upregulated at 6 h after E. coli infection compared with the PBS-injected flies and reached a peak at 12 h, reaching approximately 1000-fold that of uninfected flies, and then decreased to close to the original level at 48 h (Figure 6). Similar to Dpt, the dynamic expression level of AttA was significantly increased at each time point after infection compared to the control, but the peak reached approximately 400 times that of uninfected cells at 6 h after infection (Figure 6). In contrast, the expression level of the transcription factor Relish had reached a peak at 3 h post infection and then decreased (Figure 6). The dynamic expression level of lncRNA-CR33942 was similar to that of AttA, except that the peak at 6 h was four times that of the control (Figure 6).




Figure 6 | The Relish/lncRNA-CR33942/AMPs regulatory axis contributes to the Drosophila Imd immune response. The expression levels of Dpt (A), AttA (B), Relish (C), and lncRNA-CR33942 (D) in wild-type flies (w1118) at different time points (0, 3, 6, 12, 24, and 48 h) after Escherichia coli infection. *P < 0.05; **P < 0.01; ***P < 0.001.



Based on the above results, we proposed a regulatory paradigm for the Relish/lncRNA-CR33942/AMP axis in response to the Imd pathway. First, upon attack by Gram-negative bacteria, the Imd pathway is activated, and Relish enters the nucleus to activate the transcription of AMPs and simultaneously promote the expression of lncRNA-CR33942. Next, lncRNA-CR33942 would guide further binding of Relish to the AMP promoters, thereby enhancing the insufficient Imd immune response and maintaining immune homeostasis (Figure 7).




Figure 7 | Schematic diagram of Relish-mediated lncRNA-CR33942 enhancing Drosophila Imd immune response and maintaining immune homeostasis. Gram-negative bacteria activated the Imd signaling pathway, and transcription factor Relish entered the nucleus to promote the expression of AMPs and lncRNA-CR33942. The latter interacted with Relish and enhanced its binding to the AMP promoters, which in turn strengthen the insufficient immune response and maintaining immune homeostasis.






Discussion

The duration and strength of innate immunity need to be tightly regulated because it can be detrimental to the host and can lead to death (58, 59). lncRNAs are a class of heavily transcribed RNAs but lack translatable ORFs and play important regulatory functions in innate immunity. For example, in the differentiation and development of immune cells, lncRNA-H19 (60), lncRNA-Xist (61), lncRNA-HSC1, and lncRNA-HSC2 (62) can regulate quiescence and self-renewal of hematopoietic stem cells. In addition, lncRNA-DC (63) and lncRNA-Morrbid (64) help differentiate into specific myeloid cells. However, the functions and mechanisms of lncRNAs in Drosophila innate immunity and their dynamic expression patterns are still poorly understood. In this study, we investigated how lncRNA-CR33942 positively regulates the Drosophila Imd pathway and the dynamic regulatory mechanism of the relish/lncRNA-CR33942/AMP regulatory axis in Imd immune homeostasis. Together with previous study revealing the effect of lncRNA-CR33942 on the Toll pathway, the regulator mechanism of lncRNA-CR33942 in Drosophila innate immunity was further clarified (44). This further enriched our understanding of lncRNA regulation in Drosophila immune homeostasis.

LncRNA-CR33942, as an intergenic lncRNA, is located beside the protein-coding gene Vps51 (genomic loci 2R:18,711,391.18,711,951 [+]) and has not been well studied to date. We found the data in FlyAtlas showed that the most abundant distribution site of lncRNA-CR33942 was the fat body of larvae and adults, which is a crucial immune organ in Drosophila (65). In addition, upregulated DEGs in lncRNA-CR33942-overexpressing flies after infection were only significantly enriched in the Toll and Imd signaling pathways, and lncRNA-CR33942 was positively correlated with AMP expression (Figures 1, 2C). These results confirmed that lncRNA-CR33942 positively regulates the Drosophila Imd immune response. Notably, only lncRNA-VINR has been reported to regulate the Drosophila Imd pathway AMPs (41). IBIN, which is upregulated several hundred-fold upon M. luteus infection and is thought to regulate innate immunity and metabolism but was later identified as an encoding gene (66, 67). In contrast, the expression levels of lncRNA-CR33942 increased several-fold after infection with E. coli, unlike the hundred-fold increase in AMPs (Figure 6). This suggests that lncRNA-CR33942 is more likely to function as a regulator than as an effector.

The Drosophila Toll and Imd signaling pathways are crucial humoral immune pathways against Gram-positive bacterial/fungal and Gram-negative bacterial invasion, respectively, and are highly conserved with the mammalian TLR and TNFR signaling pathways (2, 68, 69). Our results implied that lncRNA-CR33942 could regulate both pathways and influence various AMPs in response to different pathogens. Notably, the regulation of different AMPs by lncRNA-CR33942 was different. For example, the expression level of AttA was decreased by hundreds of times in infected lncRNA-CR33942-RNAi flies and was increased two-fold in lncRNA-CR33942-overexpressing flies, whereas Dpt was fine-tuned (Figure 1). We speculated that the different regulatory functions of lncRNA-CR33942 on different AMPs may be because lncRNA-CR33942 affects the binding ability of Relish to the AMP promoter. Although the Toll and Imd pathways respond to different pathogens, some of their components, such as the NF-κB transcription factors Dif/Dorsal and Relish, are highly homologous. Therefore, mechanistically, lncRNA-CR33942 can interact with the NF-κB transcription factors of both pathways to promote AMP transcription, thereby enhancing the Drosophila Toll and Imd pathways in response to the invasion of various pathogens.

NF-κB is one of the most important transcription factors in the immune response and understanding how NF-κB regulates lncRNAs can reveal the dynamic regulatory mechanism of lncRNAs in immune processes and their important role in promoting immune homeostasis. However, regulation of lncRNA transcription by NF-κB has mainly been studied in mammals. For example, NF-κB promotes the expression of lncRNA-FIRRE to regulate expression of inflammatory genes (70). In addition, NF-κB-induced lincRNA-Cox2 acts as a co-activator of NF-κB to regulate late-stage inflammatory genes in macrophages (71). However, most of these studies were from immune cell lines, and systematic studies in vivo were lacking. Therefore, we systematically explored the immune regulatory axis of Relish/lncRNA-CR33942/AMPs in Drosophila, which broadens our understanding of innate immune regulation and maintenance of homeostasis.

In conclusion, we revealed the mechanism by which the NF-κB transcription factor Relish-induced lncRNA-CR33942 regulates Imd immune responses and maintains immune homeostasis. Briefly, once invaded by Gram-negative bacteria, the Imd pathway is activated, and Relish is cleaved into the nucleus to facilitate lncRNA-CR33942 transcription. lncRNA-CR33942 further interacted with Relish to enhance the binding of Relish to AMP promoters, thereby enhancing the Drosophila Imd immune response and maintaining immune homeostasis (Figure 7). Our study not only discovered a novel Relish/lncRNA-CR33942/AMP regulatory axis, but also has important guiding significance for elucidating the complex regulatory mechanism of the innate immune response in animals.
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Densoviruses (DVs) are single-stranded DNA viruses and exclusively happen in invertebrates. Most of DVs reported in insects are pathogenic to their native hosts, however, no pathogenic effect of them has been examined in vertebrates. Hence, DVs are the potential agents used in pest managements. Aphids are the primary vectors of plant viruses. In this study, we identified a novel DV in Chinese Sitobion miscanthi population, provisionally named “Sitobion miscanthi densovirus” (SmDV). Taxonomically, SmDV belongs to genus Hemiambidensovirus. In S. miscanthi, SmDV is hosted in diverse cells and can be horizontally transmitted via wheat feeding. Subject to SmDV, aphids activate their intrinsic antiviral autophagy pathway. Grouped with ascorbate and aldarate metabolism, chlorophyll metabolism, p450 related drug metabolism, and retinoid metabolism, aphids form a complex immune network response to the infection of SmDV. Obviously, it works as elder aphids still alive even they contain the highest examined concentration of SmDV. This study provides a foundation for the identifications of novel DVs, and further improves the understanding of the molecular interactions between insects and DVs.




Keywords: densoviruses, immune, Sitobion miscanthi, aphid, antiviral process, infection



Introduction

In nature, virus is a major cause of insect mortality (1). During the longtime arms-race, insect innate immune system has been evolved diverse mechanisms resistant to the infection of virus. In Drosophila, the intact IMD pathway play key role in response to the infections of Cricket Paralysis Virus (CrPV) and Sindbis virus (SINV) (2). In vivo, cellular RNA interference process (RNAi) can effectively inhibit the proliferation of Drosophila C virus (DCV) and Cricket Paralysis Virus (DCV) (3). Cyclic GMP-AMP (cGAMP) synthase (cGAS) is known involved into the antiviral immune response in mammals. Recently, two cGAS-like receptors (cGLRs) are revealed to be broad-spectrum antiviral agents in Drosophila (4). To date, using second-generation sequencing technology, plenty of novel insect viruses have been identified (5–7), however, the underlying immune mechanisms subject to their infections in insects are less known.

Aphids (Hemiptera: Aphididae) are tiny and soft-bodied insects that significantly affect crop production. It is well known that aphids are the primary carriers of plant viruses (8). In addition to plant viruses, several pathogenic viruses in aphids have been isolated, such as Rhopalosiphum padi virus (RhPV) (9), Acyrthosiphon pisum virus (APV) (10), Brevicoryne brassicae virus (BrBV) (11), and Aphid lethal paralysis virus (ALPV) (12). However, the traditional method in the virus classification would underestimates the virus diversity in aphids. Next generation sequencing technologies (NGS) have facilitated the discovery of invertebrate viruses (5, 13). Sitobion miscanthi (Takahashi) is widely distributed in Chinese wheat planting regions (14). The close relationship between S. miscanthi and bacterial symbionts have been comprehensively studied (15–17). However, the viral landscape of Chinese S. miscanthi is less known. In this study, employed the RNA-seq, we identified a densovirus in S. miscanthi, and provisionally named as “Sitobion miscanthi densovirus” (SmDV).

Densoviruses (DVs) are ssDNA viruses and widely distributed in invertebrates (18). Taxonomically, DVs are classified into the subfamily Densovirinae of Parvoviridae. Previously, five genera have been proposed in Densovirinae: Ambidensovirus, Brevidensovirus, Iteradensovirus, Hepandensovirus, and Penstyldensovirus (19, 20). However, in the latest taxonomic proposal of Densovirinae provide by ICTV (International Committee on Taxonomy of Viruses, Code assigned: 2019.010D), major taxonomy revisions have been made. Hepan-, Penstyl- and Brevidensovirus are grouped into the new subfamily Hamaparvovirinae, and Ambidensovirus is divided into several new genera. To date, Densovirinae is comprised of 11 genera and 21 officially identified species, including two aphid DVs: Myzus persicae densovirus (MpDV1) (21), and Dysaphis plantaginea densovirus (DplDV1) (22). Both MpDV1 and DplDV1 are pathogens in their native hosts, but DplDV1 can also induce wing development in Dysaphis plantaginea.

In this study, the complete SmDV genome was determined. The phylogenetic position, gene expression patterns and population dynamic of it were uncovered. Using in situ hybridization method, the cellular infection pattern of SmDV was investigated. Furthermore, in S. miscanthi, the gene expression profiles subject to the SmDV infection were uncovered. Combined with gene-concept network analysis, the potential anti-SmDV core genes and their enriched KEGG pathways were filtered. It was mysterious that some metabolism pathways involve in the human antiviral process, would also probably play their roles in insects.



Materials and Methods


Aphid Rearing

In our laboratory, about twenty S. miscanthi populations collected from different geographical wheat planting regions were reared on wheat seedlings at 20°C with a light:dark cycle of 16:8 hr.



Aphid RNA-Seq and Densovirus-Like Fragments Extraction

In this study, bulk RNA-seq method was performed in aphids. Five adult aphids from each S. miscanthi geographical population were collected and total RNA was extracted with the TRIzol reagent (Invitrogen, Carlsbad, CA, United States). The mRNA was enriched by removing rRNA using the Ribo-ZeroTM Magnetic Kit (Epicentre, Madison, WI, United States). The sequencing library was prepared by Gene Denovo Biotechnology Co. (Guangzhou, China) and sequenced on an Illumina novaseq 6000 platform with paired-end method. Clean reads were filtered by fastp (version 0.18.0) (23) and transcriptome denovo assembly was carried out by Trinity (24), with default parameters. The possible densovirus-like unigenes were filtered with our previous reported methods (6), but employed the protein sequences of Parvoviridae (txid10780) as subject in the local blastx searches. The obtained putative densovirus sequences were further comfirmed with online blastx analyses to Non-redundant protein sequences (nr) database. An e-value threshold of 1 × 10−5 was used in these searches.



SmDV Genome Organization, Phylogenetic Analysis and Detection

Full-length cDNA sequences of the SmDV NS and VP genes were obtained using the 3’ and 5’ rapid amplification of cDNA ends (RACE) system (Life Technologies, Carlsbad, CA, United States). The inverted terminal repeat (ITR) of SmDV were further determined by PacBio SMRT sequencing by BGI (Shenzhen, China). The assembled SmDV genome obtained by high throughput techniques were further verified through amplification and sequencing using specific primers (Table S1). The DNAs used in PCR were extracted from a single aphid using an Ezup Column Animal Genomic DNA Purification Kit (Sangon Biotech, Shanghai). The open reading frames of SmDV genome were predicted in NCBI online ORF finder program with standard genetic code. Furthermore, conserved domains within the ORFs were predicted in NCBI conserved domain database with threshold of 1 × 10−2. The structure of SmDV genome was visualizated by IBS program (25).

The NS1 and VP protein sequences from Densovirinae taxa were retrieved to uncover the phylogenetic position of SmDV (Table S2). The sequences were aligned using the MUSCLE program in MEGA 7.0 (26) and then trimmed using trimAl to remove the poorly aligned regions (27). Phylogenetic analysis was performed in IQ-TREE 1.6.6 (28), followed by resampling 1,000 ultrafast bootstraps to assess the support for each node. The substitution models were selected based on the Bayesian information criterion in ModelFinder (29). A tanglegram of the two phylogenetic trees was constructed with Dendroscope (30).

The infection of SmDV in room reared S. miscanthi geographical populations was detected with specific primers (listed in Table S1). And then the SmDV natural positive and negative S. miscanthi isofemale strains were built with a founder aphid collected from the Yuanyang (YY-strain) and Luoyang (LY-stain) wheat fields in China, respectively. The five known bacterial symbionts in S. miscanthi (i.e., Serratia symbiotica, Hamiltonella defensa, Regiella insecticola, Wolbachia pipientis and SMLS) were not detected in the both S. miscanthi isofemale strains (15, 16, 31).



Fluorescence In Situ Hybridization

The cellular tropism of SmDV in aphid embryos was identified using in situ hybridization. The process of in situ hybridization was generally followed the methods reported previously (32). Under a stereoscopic microscope, more than 50 intact aphid embryos aphid embryos were dissected from adults of the YY stain in cold 70% ethanol using an insect pin, and then fixed in Carnoy’s solution (chloroform-ethanolacetic acid [6:3:1]) for 10 hours. The fixed embryos were decolorized overnight in alcoholic 6% H2O2 solution, then pre-hybridized three times in hybridization buffer (20 mM Tris-HCl [pH 8.0], 0.9 M NaCl, 0.01% sodium dodecyl sulfate, 30% formamide) for six hours each time. Embryos were then incubated overnight in hybridization buffer containing 100 pmol/ml of each fluorescent probe and 0.5 mg/ml 49,69-diamino-2-phenylindole (DAPI). Finally, the embryos were washed in a buffer (0.3 M NaCl, 0.03 M sodium citrate, 0.01% sodium dodecyl sulfate) and observed under a laser confocal microscope (LSM 510 META, Carl Zeiss). In the hybridization, a reported fluorescent probe was used to target the primary symbiont Buchnera aphidicola16S rRNA (33), and new designed fluorescent probe targeted SmDV NS1 mRNA, SmDV-Alexa Fluor 488 (5’-Alexa Fluor 488-TCGTCGTCGACATAATTGGA-3’) were employed. DAPI was used to counterstain the nuclei of aphid cells. No-probe and RNase digestion control experiments were employed to confirm the specificity of the detection. All manipulations were performed at room temperature.



Quantification of SmDV Within the Development of Aphid

DNA was extracted from a series of aphids of the YY strain according to days after birth. Titers of SmDV were quantified in terms of the NS1 gene copies. Quantitative PCR was performed in StepOnePlus Real-Time PCR System (ABI, USA) using the SYBR Green I method. Forward primer SmDV-NSqF3 (5’-CCTATCTACCGAAGTATG-3’) and reverse primer SmDV-NSqR3 (5’- GAACCGAATATCATCAAC-3’) amplified a 103 bp fragment. Aphid cell concentration was quantified in terms of ef1a gene copies with previous reported primers (17). Quantitative PCR reactions were carried out in a 25 μl volume containing 12.5 μl 2×TransStart Green qPCR SuperMix UDG (TransGen, Beijing), 0.5 μl 50×Passive Reference Dye, 10.5 μl sterile water, 0.5 μl of each primer (10 μmol) and 1 μl DNA. Cycling conditions were 50°C for 2 min (UDG enzyme digestion), 94°C for 10 min, followed by 35 cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 30 s. Finally, a melting curve was constructed. Standard curves were constructed with serial dilution plasmids, which contained 108, 107, 106, 105 and 104 copies/μl of ns1 and 108, 107, 106, 105 and 104 copies/μl of ef1a. Sterile water was used as the template in the NTC (no template control).



SmDV Horizontal Transmission

In this study, the SmDV was horizontally transmitted into the natural negative S. miscanthi via feeding on the wheat leaves after fed by YY-strain aphids. Briefly, five adult aphids of YY-strain were fed on one wheat seedling for 72 hours, and then ten of the newborn nymphs from S. miscanthi LY strain were fed on the SmDV infected wheat seedling for 48 hours. Thereafter, the nymphs were independently reared on the normal wheat seedling until adult. SmDV was detected in them to evaluate horizontal transmission rate of SmDV via wheat feeding. The artificial SmDV positive S. miscanthi population was built with the offspring of the SmDV infected ones, which called as LY-SmDV.



The Effects of SmDV on Aphid Gene Expressions

The aphids collected from LY and LY-SmDV strains were employed into the RNA-seq to uncover the effects of SmDV on the aphid gene expression profiles. The RNA-seq was performed as above mentioned. The unigene expressions were calculated and normalized to RPKM (Reads Per kb per Million reads). The DESeq2 (34) was employed to filter the differentially expressed genes (DEGs) at a threshold absolute fold change (FC)≥4 and false discovery rate (FDR) < 0.05. The annotations of DEGs were searched in Nr, KEGG (Kyoto Encyclopedia of Genes and Genomes) with BLASTx at an e-value threshold of 1 × 10-5. The GO (Gene Ontology) annotations were mapped to the GO terms in the Gene Ontology database (http://www.geneontology.org/) with Blast2GO software (35). Principal component analysis (PCA) of the samples was determined with the gene expression matrix in R software. The GO and KEGG enrichment of the DEGs were performed using the OmicShare tools, a free online platform for data analysis (https://www.omicshare.com/tools). The gene-concept network highlighted the interactions between genes and KEGG pathways was further constructed using the clusterProfiler R package (36). The gene expression patterns of the DEGs clustered into the significantly enriched pathways were further verified by qRT-PCR and visualized in the heat maps constructed by TBtools (37). For qRT-PCR, the cDNA was synthesized with first strand cDNA Synthesis Kit (Toyobo, Shanghai), and then performed with SYBR Green Real-time PCR Master Mix Kit (Toyobo) on a Mastercycler® ep realplex (Eppendorf). The relative abundance of DEGs was normalized to the S. miscanthi β-actin gene (38), according to the methods described previously (39, 40). All qRT-PCR assays were carried out in three biological replicates, and further analyzed with one-way analysis of variance (ANOVA) method.




Results


SmDV Identification and Detection in Wild Aphid Populations

There were 47,217 unigenes assembled in the S. miscanthi bulk transcriptome. Two virus-originated fragments were detected, named as unigene-1 (1788 nucleotides) and unigene-2 (3086 nucleotides), which shared 64.89% and 58.70% similarity to the NS and VP protein sequences of a Myzus persicae densovirus (M. persicae nicotianae densovirus strain SDMPN, Accession number: KT239104.1). It indicated these fragments probably originated from a densovirus, which tentatively named SmDV. Furthermore, the SmDV particles were enriched and purified with previously reported methods (7), and then observed them under the transmission electron microscope (Figure 1A). The result showed that the size of SmDV particle was approximate 20 nm in diameter. The infection pattern of SmDV in wild S. miscanthi was evaluated in the geographical aphid populations with specific PCRs. The results indicated that the infection rates of SmDV vary widely among the aphid populations (0-100%) (Table S3). In all samples, the infection rate of SmDV was about 54.2% (103/190).




Figure 1 | The genome and virion features of SmDV. (A) Electron microscopy of purified SmDV particles. (B) The genome characteristic of SmDV. ITR, inverted terminal repeat; RF, read frame. Polylines indicate the intron splicing. Arrows point to virus particles.





SmDV Genomic Characterization and Phylogenetic Analysis

The ITR regions of SmDV were not directly amplified, but obtained from the PacBio SMRT sequencing results. The ITR of SmDV was 163 nts in length. The quickmold algorithm was used to predict the secondary structure of SmDV ITR, and hairpin structures were observed in them (Figure S1). Including ITR regions, the full length of SmDV was 5598 nucleotides.

SmDV has an ambisense genome, and three ORFs have been predicted in SmDV, containing two major gene cassettes. The ORF1/2 encode the SmDV NS proteins, and the Parvo_NS1 conversed domain (Accession number: cl24009) was predicted in ORF2. ORF3 encode the SmDV VP proteins, and Denso_VP4 (Accession number: cl03545) conserved domains was predicted. By RACE and RT-PCR, one and two introns have been confirmed in SmDV NS and VP mRNAs, respectively. The intronic regions also reported in other insect densoviruses, which probably improve the viral protein production by RNA alternative splicing (41). The genome structure of SmDV was shown in Figure 1B.

In this study, the phylogenetic trees constructed with NS1 and VP protein sequences were strictly mirrored (Figure 2). In both phylogenetic trees, the monophyly of Densovirinae was robustly supported. In them, SmDV was clustered with the other three known aphid DVs with high supports and grouped into the Hemiambidensovirus genus clade.




Figure 2 | The phylogenetic analysis of Densovirinae. (A) Phylogenetic tree constructed by NS1 protein sequences. (B) Phylogenetic tree constructed by VP protein sequences.





In Situ Hybridization of SmDV

The cellular infection pattern of SmDV was observed aphid embryos (Figure 3). The nuclei of aphid cells were shown in Figure 3A. B. aphidicola was observed in the primary bacteriocytes (Figure 3B). In aphid, the widely cell distributed pattern of SmDV was revealed in Figure 3C. In the Figure 3D, we found that SmDV could be harbored in the cells around the bacteriocytes. Control experiments (no-probe and RNase digestion) confirmed the specificity of the observed signals (data not shown).




Figure 3 | Whole-mount in situ hybridization of aphid embryos. Buchnera aphidicola (green), SmDV (yellow) and nuclei of aphid cell (blue). (A) Color stained aphid cells. (B) Distribution of primary bacteriocytes harbouring B. aphidicola. (C) Distribution of cells harbouring SmDV. (D) The combined images of (A–C).





Population Dynamics of SmDV With the Development of Aphid

The concentration changes of SmDV in aphid were uncovered in Figure 4. The results indicated that population of SmDV generally increased with the development of aphid, briefly declined and increased again. Aphid 23 day-stage, the last stage we examined here, harbored the highest concentration of SmDV. When normalized by titers of the aphid host gene (ef1a), the similar population dynamics of SmDV was observed.




Figure 4 | Population dynamics of SmDV along with the development of Sitobion miscanthi. Means and positive standard deviations shown; numbers near bars show the replicates.





SmDV Transmissions

In this study, by feeding on the contaminate wheat leaves, SmDV could be horizontally transmitted to the natural negative S. miscanthi with about 96% (24/25) transmission rate. Furthermore, the offspring of the above positive SmDV transmitted aphids were collected to evaluate the SmDV vertical transmission rate in the newly SmDV infected aphids. The results indicated that the vertical transmission rate was about 91.7% (22/24) in them. However, we found that the two negative samples were both collected from the same aphid colony. The samples collected from other five aphid colonies were all positive of SmDV. It indicated that the vertical transmission rate in the newly SmDV transmitted aphids were divergent, which probably due to the initial virus concentration they obtained during their feeding. However, the stable infection in the SmDV positive aphid colonies were uncovered in the following detections 100% (60/60).



The Effects of SmDV Infection on the Aphid Gene Expression

In RNA-seq, the SmDV positive and negative samples were well distinguished in PCA analysis (Figure 5A). It indicated that SmDV infection strongly changed the gene expression pattern in aphids. Based on the DEGs filtered threshold, 510 unigenes were selected, with 140 were significantly upregulated and 370 were significantly downregulated in SmDV positive aphids compared to the SmDV negative aphids (Figure 5B). Furthermore, the top 20 upregulated and downregulated DEGs were filtered by the fold change of expressions between SmDV positive and negative samples (Table S4). The enriched GO terms and KEGG pathways of DEGs were provided in Figure 6. The enriched GO terms of the DEGs were all grouped into biological process or molecular function. DNA conformation change, chromosome organization, transcription factor binding, protein binding and dynein complex binding were the top 5 significantly enriched GO terms (FDR < 0.05; Figure 6A). In KEGG analysis, Fatty acid biosynthesis, Lysosome, Various types of N-glycan biosynthesis, Glycosphingolipid biosynthesis-lacto and neolacto series, and Drug metabolism-other enzymes were the top 5 significantly enriched the pathways (FDR < 0.05; Figure 6B).




Figure 5 | The differentially expressed genes (DEGs) analysis. (A) Principal component analysis (PCA) of the samples using the gene expression matrix. (B) Volcano plot of differentially expressed genes (DEGs). SmDNV, SmDV negative samples; SmDVP, SmDV positive samples.






Figure 6 | The GO and KEGG enriched results. (A) The top 20 of GO enrichment of DEGs. (B) The The top 20 of KEGG enrichment of DEGs.



Furthermore, the interactions between DEGs and the significantly enriched pathways were visualized in the gene-concept network (Figure 7A). Five core DEGs were filtered as they shared in multiple significantly enriched pathways, including Metabolism of xenobiotics by cytochrome P450, porphyrin and chlorophyll metabolism, Drug metabolism-cytochrome P450, Retinol metabolism, Ascorbate and aldarate metabolism, Drug metabolism-other enzymes, and Pentose and glucuronate interconversions (Figure 7B). The expression patterns of DEGs in the significantly enriched pathways among the samples were visualized in heat maps (Figure 8). The results showed that the five core DEGs (grouped into the multiple function type) all significantly upregulated by SmDV infection. On the contrary, the DEGs enriched in the Lysine degradation pathway were significantly downregulated by SmDV infection. The expression patterns of the DEGs uncovered by RNA-seq were further verified by qRT-PCR (Figure S2).




Figure 7 | The results of gene-concept network. (A) Full map of gene-KEGG pathway network. (B) The gene-KEGG pathway mapped with core genes.






Figure 8 | The expression patterns of DEGs related to the significantly enriched pathways. Log2 RPKM values are shown by the color and area of the circles.






Discussions

Hemiambidensovirus is one the new genera proposed in Densovirinae. It consists of two densovirus species identified in aphid, DplDV1and MpDV1. In this study, the monophyly of Hemiambidensovirus is strongly supported. SmDV is clustered into the Hemiambidensovirus clade, sharing close relationships with DplDV1 and MpDV1. Genomic evidence indicates that SmDV shares the common features of Hemiambidensovirus, such as has an ambisense genome, contains two ITRs, and possess a conserved PLA2 domain in its VP protein sequence. Furthermore, the NS1 protein sequence of SmDV share less than 85% identity to the known densoviruses. Hence, SmDV is a new member of Hemiambidensovirus.

In situ hybridization reveals that, relative to the B. aphidicola, SmDV can infect diverse cells, even the ones around primary bacteriocytes. Moreover, the aphid secondary symbionts are also reported housed by the sheath cell and secondary bacteriocytes near the primary bacteriocytes (42). It indicates that the possible interactions would happen between SmDV and aphid bacterial symbionts. Contrary to B. aphidicola, the population dynamic of which generally increase in the early aphid development stages, declines in older stages. In aphid, the concentration changes of SmDV shares the similar dynamics with that of aphid secondary symbionts, and highest concentration of them occurs at the older aphid stage (17). As secondary symbionts are common in aphids, the possible antagonistic relationship between them and SmDV should be examined.

In aphids, densovirus can be both vertically and horizontally transmitted (21, 22). In this study, using RT-PCR, SmDV is detect in the RNA samples of the YY-strain aphids feeding wheat leaves (data not shown). It indicates that SmDV keeps its activity in the wheat leaves. Hence, the contaminate wheat leaves would improve the horizontal transmission of SmDV between aphids. Our results show that transmission of SmDV via plant feeding is efficient and the stable infected population can be established.

Previous studies indicated that most of the DVs were pathogenic to their natural hosts (43, 44). Hence, DVs are protein agents in the pathogen vectors and pest control (45–47). Recently, mutualistic DV has also been reported in Helicoverpa armigera (48), and rapid spread in the wild moth populations (49). In aphids, MpDV1 negatively affects the fitness of M. persicae (21), DplDV1 induces winged morphs in D. plantaginea (22). In insects, Toll, immunodeficiency (IMD), c-Jun N-terminal kinase (JNK), and Janus kinase/Signal transducers and activators of transcription (JAK/STAT) are the four main pathways in recognition of invasive microbes (50), including viruses. In aphids, due to the long-time evolutionary history with the bacterial symbionts, they lack a number of crucial genes related to immune responses (51). Hence, the underlying mechanisms resistant to microbes in aphids are fascinated. In this study, KEGG enriched results show that the intrinsic antiviral mechanism in insects, such as autophagy pathway is also activated subjected to SmDV (52–54). The results of gene-concept network show that five significantly upregulated DEGs are shared in seven KEGG pathways, which probably be the other potential antiviral pathways in aphids. In these pathways, ascorbate and aldarate metabolism has been reported responding to the plant virus infection in M. persicae (55). Moreover, the degradation products of chlorophyll metabolism would serve antiviral function when binding to their receptor proteins (56). A recent study shows that the p450 related drug metabolism pathways can regulate the replication of plant virus in insect (57). In vertebrates, retinoids play key roles in the process of embryonic development and tissue regeneration (58, 59). Retinoid system is also harbored by invertebrates (60). In insects, retinoids are also crucial for their developments (61–63). An early microarray study shows that genes related to retinol metabolism in Bombyx mori are stimulated by the infection of cytoplasmic polyhedrosis virus (BmCPV) (64). Recently, by RNA-seq, retinol metabolism pathway has been revealed responding to the infections of Zika virus in mosquito (65), and Nuclear Polyhedrosis Virus in moth (66). It implies that retinol metabolism probably plays a common antiviral role in insects. In human, retinoids would inhibit the replication of measles virus (MeV), by up-regulating elements of innate immune response, i.e., Type 1 interferons (IFN-I) (67). Herein, five core DEGs shared between retinol metabolism and other six KEGG pathways of S. miscanthi, are up-regulated by the SmDV infections. Hence, subject to SmDV, it is not clear whether retinol metabolism play a possible antiviral role itself or by an indirect way, as observed in human. In future, the effects of retinoids on the antiviral process in insects are necessary to be investigated.
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Integrins are a large group of cell-surface proteins that are classified as transmembrane proteins. Integrins are classified into different types based on sequence variations, leading to structural and functional diversity. They are broadly distributed in animals and have a wide range of biological functions such as cell-to-cell communication, intracellular cytoskeleton organization, cellular signaling, immune responses, etc. Integrins are among the most abundant cell surface proteins in insects, exhibiting their indispensability in insect physiology. Because of their critical biological involvement in physiological processes, they appear to be a novel target for designing effective pest control strategies. In the current literature review, we first discuss the discovery and expression responses of integrins against various types of pathogens. Secondly, we examine the specific biological roles of integrins in controlling microbial pathogens, such as phagocytosis, encapsulation, nodulation, immune signaling, and so on. Finally, we describe the possible uses of integrins to control agricultural insect pests.
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Introduction

Integrins are a family of cell surface adhesion receptors that were first discovered in 1986 and have been found in all metazoans. Since their discovery, a tremendous amount of work has been done that substantially improved our understanding. They are non-covalently coupled heterodimers made up of two subunits (α and β), each of which is a single-pass type I transmembrane protein (1–3). The extracellular domains of integrins interact with proteins of the extracellular matrix in a unique way, making them highly versatile. In some cases, these receptor proteins bind to adjacent cells, promoting cell adhesion, which is important for providing mechanical support to a membrane, tissue maintenance and repair, embryonic development, hemostasis, and host defense. These physiological processes rely on short cytoplasmic tails of integrin proteins interacting with the intracellular cytoskeleton, which facilitates bi-directional force transmission across the cell membrane (4, 5). Integrins also convey chemical signals into the cell (outside-in signaling), providing information on the cell’s location, adhesive state, local environment, and surrounding matrix (2, 6). In addition to controlling cellular responses such as survival, differentiation, migration, and motility, it also serves as a context for responding to other signals such as those transmitted by growth-factor or G protein-coupled receptors. Integrins have the ability to modulate their affinity for extracellular ligands in addition to signaling from outside-in. In order to do this, they undergo conformational changes in their extracellular domains in response to signals that impinge upon the integrin cytoplasmic tails. This process is named as inside-out signaling or activation (7).

Integrin signals thus regulate a wide range of physiological processes in living organisms. Despite the plethora of information on the immunological responses of insects against different types of pathogens (8–10), no systematic literature review on the biological involvement of integrins in insect immunity has been published. In this review article, we discuss an overview of the biological role of integrins in insects’ immunity. In particular, we focus on the brief discovery of integrins in insects and describe the molecular mechanism by which integrins control various immune responses such as nodule formation, encapsulation, phagocytosis, melanization, immune signaling pathways, and others. In addition, we examine the interaction of integrins with other proteins or molecules for the accomplishment of immune functions.



Discovery and Overall Structure of Integrins in Insects

Integrins are a large group of cell surface-adhesion receptors that are found in all metazoans. Integrins were discovered just over three decades ago and have since been extensively investigated in both invertebrates and vertebrates because they are indispensable for animal survival (11, 12). Integrins are transmembrane cell-surface glycoproteins of type I that are heterodimers made up of non-covalently linked α and β subunits (13). These subunits are constructed from different domains, with each subunit containing a large ectodomain that is important for ligand binding, a single transmembrane domain, and a cytoplasmic domain (cytoplasmic tail) that, in most cases, ranges in size from 20 to 70 amino acid residues (2, 14, 15).

Integrins have been reported in a variety of insect species, including Bombyx mori, Manduca sexta, and Drosophila melanogaster, etc. The number of integrins found in different species may vary. A recent study reported a total of eleven members, including α1-α3, αPS1- αPS3, and five β units (β1- β5) B. mori (16). While D. melanogaster possess Five α subunits (αPS1, αPS2, αPS3, αPS4, αPS5), and two β subunits (βPS and βν [beta-nu]) (17–20). Because Drosophila has tractable genetics, relatively much knowledge regarding how these integrin subunits are generated and how they play a biological role is available. The αPS1 subunit of Drosophila, which is encoded by the numerous edematous wings locus, is identical to the vertebrate subunits α3, α6, and α7, whereas αPS2, which is encoded by the inflated locus, is identical to α5, α8, αV, and αIIb (21, 22). In contrast, the remaining subunits (αPS3-αPS5) are not closely related to all of the vertebrate α subunits (18, 22). The αPS3 locus produces two transcripts and mutant alleles that induce phenotypic differences ranging from embryonic lethality with dorsal holes to adult viability (18). The putative ATG of αPS4 is only 259 bp downstream of the polyadenylation site of αPS3 transcripts, implying that it may depend on regulatory elements within the αPS3 gene and hence be part of the same complex gene. This could explain why apparent molecular null mutations in the αPS3 gen only cause a mild scab phenotype. It is unclear whether a strong scab affects both αPS3 and αPS4 subunits. In Drosophila, alternative splicing of the myospheroid transcripts encoding the βPS integrin subunit, a β integrin, leads to two distinct isoforms, each determined by the presence of one of two potential fourth exons (23, 24). The alternate exons, βps4A or βps4B, encode 29 amino acid residues in a region of the βPS subunit that has been involved in determining the ligand preferences of the human integrins. In the genome of C. capitata and other insect species, regions homologous to Drosophila βps4A and βps4B have also been reported (22). Furthermore, The expression of the second β subunit, βv, appears to be confined to gut endodermal cells (19). What α subunits form heterodimers with it is unknown. There are no known mutations in this gene, and embryo with a genetic defect in this region develops a morphologically normal gut (25).

Generally, animal genomes contain fewer β subunits compared to α subunits (26), suggesting that multiple α subunits can bind a single β subunit. For example, when one β subunit of Drosophila binds with three α subunits, three different functional integrin molecules are formed (20). The cytoplasmic domain of the β subunit is responsible for interacting with intracellular molecules that link integrins to the cytoskeleton and signaling molecules that transmit developmental signals (2). Thus, β subunits seem to play a crucial biological role in physiological processes, and their absence may result in functional abnormalities. The absence of β1 integrin subunits, for example, has been demonstrated to disrupt the organization of the mammalian embryo, mainly by inhibiting cell adhesion and spreading, resulting in cell death (27, 28).



Integrins are Components of Immune Cells

Integrins are proteins that have been shown to be essential components of immune cells. Immune cells in vertebrates are termed as leukocytes. They are divided into T cells and B cells, dendritic cells (DCs), neutrophils, and monocytes, which differentiate into tissue macrophages (29). Leukocytes have been shown to be activated in response to immune signals inducing cells to migrate rapidly to infected sites in order to effectively respond to damage or infection (29, 30). Integrins are essential components of these cells that assist them in carrying out immune reactions (31). In contrast, in insects, Integrins show tissular specificity and appear to be an essential component of hemocytes. For example, In P. includens and M. sexta, α1 and α3 are mainly produced in hemocytes, α2 is widely transcribed in fat bodies but lowly expressed in hemocytes, and β1 is specifically expressed only in hemocytes (32–34). β1, on the other hand, is strongly expressed in fat bodies (35). While β1 is predominantly expressed in hemocytes in O. furnacalis (36). In B. mori α1 is highly expressed in hemocytes, α3 is also greatly expressed in hemocytes, α2 has a modest degree of expression in hemocytes, and β2 is expressed explicitly in hemocytes (37). These pieces of evidence indicate that, like vertebrates, plasma membranes of immunes cells in insects also contain high concentrations of integrins, implying that integrins are essential components of immunes cells in both vertebrates and invertebrates.



The Biological Role of Integrins in Immunological Responses of Insects

Besides the development and growth, which is not the focus of the present review article, integrins have been known to be involved in insects’ immune defense. Since their discovery, integrins have been identified and characterized in a number of insect species. In addition, growing evidence indicates that they play an effective biological in the defense of insects. This section discusses the immunological importance of integrin (Figure 1).




Figure 1 | An overview is representing different physiological processes controlled by integrins in insects.




Integrins in Biotic Stress Responses

Growing evidence suggests that integrins production is increased in response to infection. In B. mori, β3 integrin has been shown to be extensively produced in response to bacterial and pathogen-associated molecular patterns (PAMPs), implying that these proteins are likely involved in hemocyte-mediated immunity (37). Another study recently observed comparable expression patterns of integrin proteins in hemocytes, confirming the hemocyte-associated biological roles of integrins (35).

Therefore, it was considered that integrins are only associated with hemocytes or blood cells in animals (29, 37). In contrast, a recent study on B. mori suggested that integrins are found in hemocytes and also expressed in other tissues, including fat bodies (35). The fat body is a multifunctional tissue that involves integrating signals, synthesizing immune system proteins, serving as a center of metabolism, regulating molting and metamorphosis, and synthesizing hormones that regulate body functions. Apart from their traditional roles in hemocytes-mediated immunity, integrin may also play a role in influencing the synthesis of immune proteins and hormones, hence regulating pathogen infection in insects. However, evidence is required to confirm their specific immune roles in the fat bodies (38). Zhang and his co-workers (2017) suggested that β3 integrin increases the expression of IMD, and Toll pathway-related genes in hemocytes, suggesting that likely these proteins may control the production of immune-associated factors. However, the authors failed to elaborate on the molecular mechanism by which integrin influences immune signaling pathways. In addition, Spodoptera exigua remarkably upregulates the expression of βSe1 during Gram-negative bacterial or fungal infection, and it shows a similar expression pattern after lipopolysaccharide or laminarin challenge; however, Gram-positive bacterial infection had no effect on expression levels (39). Another study used a different approach, challenged the Helicoverpa armigera with beads, and analyzed expression patterns of integrin α-PS1 at different time points. This study suggested that α-PS1 is highly induced after the bead challenge in hemocytes (40).

So far, only a few studies are available that directly discuss the responses of integrins against microbial pathogens. In vivo expression analysis indicates that integrins production is increased in the presence of various pathogens, such as Gram-positive bacteria, Gram-negative bacteria, or beads. The upregulation of these proteins is clear evidence that they have crucial biological roles in insect immune responses. Although the studies into the biological involvement of integrins in stress response are relatively restricted, these studies suggest that different integrins play a role in response to diverse stress conditions in insects.



Integrins in Phagocytosis

Phagocytosis is an evolutionarily conserved process in which hemocytes recognize, internalize and eventually eliminate apoptotic cells and invading microbial pathogens. In the hemolymph of insects, granulocytes or plasmatocytes are the only hemocytes responsible for phagocytosis (41–43). Various molecules and receptors residing on the surface of membranes, such as integrins, are involved in the binding and internalization of microbial pathogens.

Integrins are essential surface receptors that mediate signal transduction between the extracellular matrix and the cytoskeleton, influencing morphological changes in hemocytes, which are usually attributed to cytoskeletal rearrangements that occur during phagosome formation (Figure 2) (15, 44). Many members of the integrin family have been shown to have a role in the process of phagocytosis; however, their mechanisms of action may vary depending on the type of molecule. For example, in the Mediterranean fruit fly, Ceratitis copitata, integrin β3 serves as a receptor and stimulates cytoskeletal rearrangement for E. coli phagocytosis, and their binding activates integrin specific signal of pathogen internalization (45, 46). For the engulfment of E. coli, the β integrin subunit in the surface of medfly hemocytes transmits signals to focal adhesion kinase (FAK) and its downstream targets, including Src, Elk-1-like protein, and MAP kinases. The family of MAP kinase is an established intracellular evolutionary conserved phosphorylation cascade that regulates inflammatory responses, apoptosis, and phagocytosis (47, 48). In addition, these investigations suggested that integrins can only bind to gram-negative bacteria and cannot interact with gram-positive bacteria (45, 49).




Figure 2 | The involvement of integrins in the regulation of nodulation, melanization, encapsulation, and wound healing via focal adhesion kinase and its associated signaling.



Phagocytosis has also been demonstrated in Anopheles gambiae and Ceratitis capitata (medfly), where the β subunit has been found to regulate the bacterial phagocytosis (49, 50). In Anopheles gambiae immune-responsive cell line, RGD ligand recognition receptors play a critical biological role in the phagocytic response, showing the overlap between molecular components participating in adhesion and phagocytosis. BINT2, a newly discovered integrin family member, has been shown to play a vital function in the phagocytosis of E. coli by a hemocyte-like cell line. Furthermore, in vivo suppression of BINT2 in mosquitoes (A. gambiae) results in a remarkable reduction (more than 70%) of E. coli phagocytosis (50, 51). It has been hypothesized that BINT2 protein can either directly bind to bacteria or indirectly recognize bacteria: BINT2 protein binds to an RGD containing lectin, which recognizes E. coli (50). Another study demonstrated an approximately similar phenomenon, in which this study identified globule-EGF-factor 8 (MFG-E8), which is produced by thioglycollate-elicited macrophages that links apoptotic cells to phagocytes. MFG-E8 specifically interacts with apoptotic cells by recognizing aminophospholipids such as phosphatidylserine. MFG-E8, when engaged by phospholipids, binds to cells via its RGD (arginine-glycine-aspartate) motif—it binds particularly strongly to cells expressing αvβ3 integrin. The NIH3T3 cell transformants that expressed a high level of αvβ3 integrin have been found to engulf apoptotic cells when MFG-E8 is added (52). Therefore, further research into the binding mechanism of this newly identified protein (BINT2) is needed.

In contrast, many recent studies argue that integrin β can bind to pathogen-associated molecular patterns (PAMPs) derived from Gram-positive and Gram-negative bacteria, such as LPS and PGN, implying that they are responsive to a wider spectrum of bacterial pathogens (37, 53–55). reported the ability of B. mori β3 integrin to bind with LPS in vivo. The interaction of β3 integrin with PAMPs, suggests that after binding, these proteins induce signals that cause the infectious particles to internalize, which is then responsible for phagocytosis. In comparison to PAMPs, the authors did not detect any interaction between recombinant β3 integrin protein and E. coli or P. aeruginosa bacteria in vitro. The possible reason for this weak interaction between them could be attributed to the weak binding of the recombinant protein to E. coli or P. aeruginosa. In addition, the other possible reason is that the recombinant integrin protein used in this study is likely not folded precisely in vitro (37). However, this phenomenon is of great interest to determine what biochemical changes occur in the structure of integrin β3 when it is expressed in the prokaryotic expression system, as these changes could limit the ability of the recombinant protein to bind to bacterial pathogens in vitro. Furthermore, these contrasting results suggest that integrin protein binding ability may vary in different species or some unknown mechanism controls their binding.

However, a recent study in the same species B. mori suggested that integrin β1 can interact with Gram-positive bacteria, S. aureus in the presence of CaCl2 in addition to Gram-negative bacteria, including E. coli, or P. aeruginosa (35). In another insect species (49), knockdown of βps4A and βps4B in medfly hemocytes reduce hemocytes capability by about 40% to uptake bacteria. In addition, the authors incubated hemocytes with gram-negative (E. coli) or gram-positive (S. aureus) bacteria in the presence of anti β1 and β3 human antibodies; subsequently, they found an almost 20% reduction in the uptake of bacteria by hemocytes.

Integrins have wide-spectrum activity against Gram-negative and Gram-positive bacteria, as evidenced by the examples above. The binding and elimination of bacterial pathogens by different types of integrins may differ. This ability may differ between species, implying that integrins may serve species-specific functions. Future studies on different insect species may help to clarify these inferences.



Integrins in Encapsulation

Encapsulation is the primary response of lepidopteran hemocytes against microbial pathogens, and hemocytes bind to non-self-molecules (e.g., microbial invaders) during this process. Hemocytes create a multilayered cellular sheath after attaching to microbial invaders, which is followed by melanization (42, 56). There are multiple lines of evidence that integrins are involved in insects’ cellular immune response by encapsulation (Figure 2) (32). The ability of lamellocytes to encapsulate has been shown to be disrupted in a βPS integrin loss of function mutant in D. melanogaster (57). Another study found that when integrins are suppressed by specific RNA interference, hemocyte-mediated encapsulation against microbial invaders in M. sexta is impaired (33, 34, 58). Integrin β1 from Ostrinia furnacalis has also been shown to influence the encapsulation process of plasmatocytes (36, 44). Additionally, although encapsulation and melanization are two distinct processes, melanization usually occurs together with encapsulation to remove foreign invaders (59). In Drosophila hemocytes, PS integrin is required for encapsulation reaction. Following encapsulation, Drosophila hemocytes induce the prophenoloxidase gene, which generates the enzymatic proteins essential for melanization of the capsule formed during encapsulation (57).

In Manduca sexta, α1, α2, and α3 integrins have also been reported to facilitate encapsulation, in particular α1 and α2. The α1 hemocyte-specific integrin contains a β subunit that has the capability to interact with the LEL domain of tetraspanin D76, suggesting that tetraspanin (Integral membrane proteins family with four transmembrane domains) on one cell surface interacts with hemocyte-specific integrin on another cell surface. This integrin-tetraspanin association is unique in insects and has not been reported in mammals (33, 60). In contrast, the α2 subunit is related to integrins with RGD-binding motifs and thus binds to substrates. However, all three α-integrin subunits are expressed on hemocytes during the immune response, and exposure of hemocytes in situ to dsRNAs that disrupt the expression of each of these α subunits also abolishes encapsulation (34). Overall, the individual α integrin subunits of M. sexta, like their mammalian immune system counterparts, have crucial, individual biological roles in cell-cell and cell-substrate interactions throughout cellular immune responses. Furthermore, activation of ligand-binding by the hemocyte-specific β1 integrin plays a critical biological role in inducing plasmatocyte adhesion leading to encapsulation. In vitro studies revealed that recombinant protein containing the I-like domain can bind to MS13 and MS34 (mAbs specific for M. sexta hemocytes), blocking their ligand-binding site and subsequently impairing the adhesion of plasmatocytes. In contrast, inhibiting integrin β1 in plasmatocytes resulted in a remarkable reduction in encapsulation (33).

Integrin has been proposed to serve as a C-type lectin receptor (CTL3) during the encapsulation reaction of hemocytes. This physical interaction between pattern recognition receptors and integrins promotes encapsulation reaction in insects, as it modulates the physiological modifications in cells throughout the encapsulation process (61). A recent study using in vitro and in vivo analysis demonstrated that CTL3 promotes encapsulation and melanization reactions in Helicoverpa armigera, while β integrin contributes to the encapsulation reaction. Co-immunoprecipitation analysis of CTL3 interacts with β-integrin, suggesting their strong interaction that simultaneously improves the encapsulation reaction. Further, this study observed that suppression of β integrin could reduce encapsulation reaction in CTL3-coated beads. Interestingly, the authors observed that 20-hydroxyecdysone (20E) administration could enhance CTL3 transcription and inferred that the interaction of pattern recognition receptors and integrin is governed by steroid hormone ecdysone and thereby it regulates the encapsulation process (62).



Integrins in Nodule Formation

Nodulation is a biphasic cellular immune response in insects that begins with hemocytes secreting adhesion molecules, followed by granulocytes entrapping microorganisms in clusters and forming aggregates with other granulocytes. Plasmatocytes eventually wall off these microaggregates, forming a nodule (63, 64). The attachment of hemocytes is mediated through cell surface adhesion molecules during nodulation and encapsulation. Hemocytes of lepidopteran insects contain cell surface integrin proteins that are involved in the adhesion of cells (34, 37, 65). Integrin proteins on plasmatocytes in M. sexta are derived in part via interactions with neuroglia and a tetraspanin on neighboring hemocytes (58).

Several studies have suggested that integrins play a biological role in immune responses by forming nodules in insects (Figure 2) (39, 66, 67). Surakasi et al., found that βSe1 stimulates the formation of nodules in S. exigua, which aids in the removal of pathogens (39). The authors also demonstrated that βSe1 suppression significantly decreases hemocyte-spreading behavior and nodule formation against bacterial challenges (39). Similar evidence has also been shown in P. xylostella and Helicoverpa assulta, where a deficiency of β1 reduced nodule formation following bacterial challenge (66, 67). Contacts with extracellular matrix or hemocyte-hemocyte interactions can cause hemocyte behavior to be aggregated. M. sexta secretes neuroglian, a cell adhesion molecule, on the cell surfaces of granular cells and a subset of large plasmatocytes (58). Hemocytes that are positive for neuroglian act as aggregation foci against foreign surfaces (68). Because some mammalian integrins can bind to at least three different members of the immunoglobulin superfamily: ICAM-1, ICXAM-2, and ICAM-3, the Immunoglobulin domain of neuroglian has been suggested to be a ligand of integrin system (69). Thus, it seems that β1 subunit is required to carry out the processes of hemocyte cellular immune responses. In insects, Cell-mediated responses of the immune system involve hemocytes quick transformation from their resting non-adherent states to their active adherent states (70). Hemocytes then form attachments with one another, allowing cell-cell interactions to form nodules (32). Foreign substrate recognition following immune challenge can induce β1 conformational change to transform hemocyte integrins into an active adhesive state to be involved in various cellular immune responses of S. exigua, based on a coupling role of integrins between the cell membrane and prediction of putative phosphorylation sites in βSe1 (39). Overall, the pieces of evidence indicate that integrins are an important component of plasma membranes that indirectly trigger adhesiveness in plasma membranes and ultimately cause nodule formation.



Integrins Modulate the Melanization Process

The Toll and IMD pathways drive the expression of antimicrobial peptides (AMPs) and other immune responsive genes in insects and hence play a crucial biological role in the innate immune system (8, 9, 71). However, these immune pathways take a few hours to a few days to induce their immune effectors. On the other hand, melanization is a more immediate immune response that occurs just a few minutes after infection. Melanization involves the oxidation of phenols to quinones, which then polymerize to produce melanin. Melanin is deposited around them to help sequester infiltrate microbial pathogens at wound sites. Microbial pathogens are thought to be directly harmful to the quinone substances and other reactive oxygen intermediates generated during melanization (8, 72). In addition, other processes in immune responses such as blood coagulation, wound healing, phagocytosis, and AMPs expression have been found to work together with the melanization reaction (8).

Integrins have been implicated in melanization processes in some invertebrate species. For example, A recent study on Litopenaeus vannamei has suggested that integrin β plays an important role in proPO activation (73). However, in insects, only one study reported a relationship between integrin and melanization (Figure 2) (37). The authors suppressed integrin β3 in the larval stage of a lepidopteran model species, the silkworm, B. mori, and then challenged with bacterial pathogen (37). After reducing integrin β3, the authors reported that hemolymph melanization increased. They also reported an increase in the transcription of melanization-related genes (PPO1, PPO2, BAEE, SPH78, SPH125, and SPH127). Interestingly, these findings are in contrast with the previous study of Lin et al. on crustaceans, who reported a decrease in the PO activity after β integrin knockdown (73). So far, the molecular mechanism by which integrins participate to control negatively or positively has not been discovered in crustaceans and insects. In addition, it appears that proPO activation occurs in the presence of PAMPs, which are recognized and bound by PRPs like LGBP, and the PAMP–PRP complex reacts with integrin (74, 75), suggesting indispensability of integrins for the PO activation. However, this mechanism may vary in different groups of animals or may species specific. Future studies may highlight how integrin-govern melanization process.



Integrins Regulate Immune Pathways

Toll-like receptors (TLRs) and a growing number of non-TLR receptors are responsible for the detection of pathogens. For example, integrins have also been shown to act as pattern recognition receptors and modulate downstream signaling (e.g., Toll and IMD) in order to stimulate immune factors (Figure 3) (76). The first evidence in insects came from the study of Zhang and his colleagues, who discovered that RNAi knockdown integrin influence the innate immune responses of B. mori by affecting immune signaling. The authors noted that silencing of β3 in the presence of bacterial challenge induced Toll and IMD signaling. They found that loss of β3 integrin increased the expression of Toll (Relish and FADD), and IMD (TRAF2, Pelle, and Tube) pathway-associated genes, implying that integrin β3 could negatively modulate Toll and IMD signaling pathways in insect. However, the authors did not study the mechanism behind the upregulation of Toll and IMD pathway-associated genes in the absence of β3 integrin (37).




Figure 3 | The biological role of integrins in the modulation of Toll and IMD signaling.



In contrast, in vertebrates, Gianni and his co-workers suggested that αvβ3 integrin is an important sensor and activator of specific components of the innate responses to herpes simplex virus-1. By loss- and gain-of-function assays, αvβ3 integrin has been shown to be crucial for the production of type 1-IFNs and of a specific set of cytokines, which is a major determinant in NF-κB activation and reduces viral growth in a single replication cycle. Mechanistically, the αvβ3 integrin relocates the herpes simplex virus-1 receptor nectin1, thus herpes simplex virus-1, to cholesterol-rich membrane microdomains, where the virus is endocytosed while also triggering the innate immune response (77, 78). For herpes simplex virus-1 and possibly for a number of other viral and bacterial pathogens, αvβ3 integrin seems to be a non-TLR pattern recognition receptor (76). In the case of HSV infection in vertebrates, αvβ3 detects and binds to virion glycoprotein, which in turn binds to TLR2 (79).

Collectively, only one study in insects identified the integrin as a pattern recognition receptor that can negatively regulate the expression of Toll and IMD pathway-associated genes, which seems to be in contrast with vertebrates. Future studies need to evaluate how integrins work differently in different taxons. If they do so, then how do insect integrins negatively modulate immune signaling pathways. More research on diverse insect species may further highlight how integrins govern Toll and IMD signaling pathway pathways. In addition, these may also analyze the molecular mechanisms by which integrins modulate these immune signaling pathways.



Integrins Involvement in Wound Healing

A skin wound exposes underlying tissues and the entire organism to further damage and infection, so it must be healed quickly. “Reep-ithelialization” (RE) is a vital step of wound healing in which sheets of skin cells migrate toward and reseal the wound. Our knowledge of reep-ithelialization mechanisms is informed by studies of single migratory cells that must polarize, generate functionally different front and rear sides, as well as engage contractile mechanisms to exert force. Finally, controlled adhesion and deadhesion enable movement across a substratum, typically the extracellular matrix. Small GTPases of the Rho family mediate front/rear polarization (80–82), and actomyosin supplies propulsive forces, with actin polymerization driving lamellipodia extension (82, 83). Integrins are the major receptors for the extracellular matrix and are essential for cell crawling (84, 85). Extensive but poorly understood mutual regulation among the Rho-GTPases, actomyosin, and integrins directs the forward migration of cells (80, 82, 86).

Integrins, heterodimers of α and β transmembrane glycoproteins that bind the extracellular matrix, are especially important in reep-ithelialization. Integrins nucleate large cytoplasmic complexes that not only tune adhesion in response to both intracellular and extracellular cues (87, 88) but also engage in bidirectional signaling, affecting cytoskeletal activities and gene expression inside the cell (89) and shaping extracellular matrix composition on the outside (90, 91). Integrin abundance and function are also regulated by transcriptional modulation (92), switching of different integrins (93, 94), protein clustering and localization (95), vesicle trafficking (96), and protein turnover (97, 98).

A recent study using in vivo analysis reported the involvement of αPS2-βPS and αPS3-βPS as the crucial integrin dimers and talin as the only integrin adhesion in the reepithelialization (99). The authors noted severe reepithelialization defects in βPS, PS, and talin (integrin adhesion component) deficient Drosophila larvae, notably in αPS2-αPS3 pair depletion, indicating that PS2 and PS3 integrins play a crucial role in larval epidermal wound closure. The expression of these proteins is enormously increased in the wound surrounding cells in a JNK-dependent manner (99, 100). After that, the integrins rapidly accumulate in a few rows of cells surrounding a wound. Intriguingly, the integrins localize to the distal margin in these cells instead of the frontal or lamellipodial distribution expected for proteins providing traction and recruiting non-muscle myosin II to the same location (99).

Another study analyzed the process of polyploidization, which is essential for wound healing. Polyploid cells appear in adult tissues, at least in part, to promote tissue repair and restore tissue mass. However, the signaling required for polyploid cells in response to injury in insects has recently been discovered by Besen-McNally et al. (101). The authors demonstrated that wound-induced polyploid cells are generated by cell fusion and endoreplication, resulting in a giant polyploid syncytium in the adult Drosophila epithelium. They further showed that the integrin focal adhesion complex is an activator of wound-induced polyploidization. Both integrin and focal adhesion kinase are upregulated in the wound-induced polyploid cells and are required for Yorkie-induced endoreplication and cell fusion, as evidenced by wound healing is perturbed when focal adhesion genes (Mys and Fak) are knocked down (101). However, the focal adhesion complex that regulates cell fusion and formation of syncytium other signaling mechanisms may also derive wound closure in insects that may also be connected with integrin proteins that are still unidentified.




Integrins as a Specific Target for Pest Control

Various insect groups, such as coleopterans, lepidopterans, and aphids, have a number of well-known pest species, the majority of which are voracious feeders of plant materials (102–104). So far, a variety of chemical and biological control strategies have been applied to keep their population well below a threshold level. On the other hand, insect pests have developed sophisticated defense tactics to adapt to various insecticidal materials (105). This scenario demands the development of a new targets arena and their effective regulators.

Integrins have been demonstrated to have a role in a variety of physiological processes in insects, making them suitable pest control targets. Integrin receptors mainly modulate immune responses, development, growth, molecular signaling, and others (35); for example, Mohamed et al. suggested that integrin may be used as a specific target to control the lepidopteran pest, P. xylostella (66). The authors noted that the suppression of βPx1 by double-stranded RNA has an impact on the developmental and immune activities of this species. They showed that larvae treated with dsβPx1 had a slower developing rate and that those that survived metamorphosed into relatively small pupae. This could be due to a lack of βPx1, which could cause multiple disruptions in different physiological processes in which integrins are involved in cell-cell interactions. In addition, silencing of integrin β1 increases the mortality of Plutella xylostella. This further showed that dsRNA has oral toxicity in young immature stages, with toxicity based on RNA interference (RNAi) being more specific to P. xylostella in a dose-dependent manner. When a transgenic plant producing dsRNA is used to manage insect pests in the field, this specificity is extremely important because transgenic plants can be exposed to a variety of plant herbivores. The oral toxicity of dsβPx1 implies a novel transgenic-plant-based strategy for controlling P. xylostella (66).

Spodoptera exigua is a polyphagous lepidopteran pest with a broad distribution that causes severe economic damage to agricultural crops (18). βSe1 has been shown as an important target for controlling S. exigua (39). Surakasi et al., synthesized double-stranded RNA against βSe1 (dsRNAβSe1) and administered it to larvae orally. The pupal weight was substantially reduced as a result of oral feeding. The dsβSe1 treatment also impaired innate immune responses of S. exigua in response to bacterial challenge. Furthermore, oral ingestion of dsβSe1 triggered reduction of βSe1 expression in the midgut and resulted in considerable mortality of S. exigua during immature development, implying that βSe1 could be an effective target for controlling this pest species (39). Another study further highlighted the use of βSe1 as a pest management target site (106). This study provides an efficient approach for using dsRNA specific to an integrin gene by mixing it with a biopesticide, Bacillus thuringiensis (Bt). Similar to Surakasi et al., this study noted that transformed E. coli expressing dsβSe1give has a strong oral insecticidal effpicacy against young larval instars and delays the larval development. Some of the larvae have a miniature body form, which was most likely due to malnutrition induced by dsβSe1 damage to the midgut (39, 106). Kim et al., further suggested that the transformed bacteria expressed the dsRNA, and the amount of dsRNA produced was proportional to the number of bacterial cells. It indicates that one recombinant E. coli can produce 2.8 ± 0.1 pg of dsRNA as the authors demonstrated based on the total dsRNA amount and the bacterial cell counts. In addition, the authors demonstrated that 350 ng of dsRNA to be effective to give a maximal insecticidal activity by feeding the transformed E. coli because they found the maximal mortality from the bacterial treatment at 107 cells per larva. This insecticidal activity of dsβSe1could be triggered by a transformed bacterial treatment producing dsβSe1 that induces a serious impairment of the midgut epithelium. Finally, the efficacy of Bt toxin in combination with bacteria expressing dsβSe1. For this purpose, Kim et al., suggested that for the effective combinational activity of the bacteria expressing dsβSe1 to Bt toxin, βSe1 should be suppressed before the Bt treatment because the Bt toxicity increased with the elapse time after feeding the dsINT-expressing bacteria (106). A similar bacterial treatment study in S. exigua showed that it took more than seven days after the feeding (107). However, Kim et al. found that the effective RNAi effect appeared at 3 days after the bacterial feeding treatment to S. exigua larvae, at which the Bt efficacy was significantly enhanced (106). Thus, this increased effeicacy combinational treatment is an important technique to enhance the insecticidal efficacy of current Bt crops by supplementation with expression of dsRNA specific to integrin (Figure 4).




Figure 4 | Integrins as a target for insect pest control, e.g., integrin βSe1 is vital for the development, cellular immune responses, and the survival of insects. A novel class of insecticidal compounds can be generated by using one more of the potential strategies.



The evidence provided above was sufficient to use βSe1 as a target sit for controlling S. exigua in the laboratory conditions. Later, Kim and Kim, developed a formulation technique of the dsRNA-expressing bacteria for applying the bacterial insecticide field populations (108). The authors formulated the recombinant bacteria by freeze-drying method and then tested its control efficacy against target insects. They found that the formulation had substantial insecticidal activity against the last instar larvae of S. exigua. In contrast, commercial Bt insecticide exhibits only about 60% insecticidal activity against S. exigua last instar. However, the authors did confirm that combining this formulation remarkably increased Bt insecticidal activity. They also suggested that integrin-expressing bacterial formulation exhibits relative selectivity to target insects depending on sequence similarity (108). These results suggest that βSe1 could be a key target to control pest species; however, insecticide products of this integrin seem to be species-specific or may be useful in species with integrin that have high similarity to βSe1.

Helicoverpa assulta, is an oligophagous insect that feeds on a wide range of commercially important plants (109). In H. assulta, the integrin β1 subunit is strongly produced in the gut and hemocytes, suggesting that it could be a promising target for insecticide development. Park et al. suggested that dsβ1 treatment increase H. assulta larval more susceptible to pathogenic Bt Cry toxins and X. nematophila (67). Thus, it seems that RNAi treatment of β1 integrin subunit in H. assulta may weaken the interaction of the resistant factor with Bt receptors and may enhance toxicity. These suggest that using dsRNA specific to the β1 subunit of integrin is a novel control strategy for H. assulta. Furthermore, the effects of RNAi on larval susceptibility to pathogens indicate that the combination of dsRNA and pathogenic bacteria to synergize the microbial pesticide control efficacy (67).

Overall, the researchers suggests that integrins could be a key target for developing effective insecticides against insect pests in the future. Although many integrins from different species have been shown to be target candidates for insecticides development, only the βSe1 integrin has been reported to be used as a formulation and its effectiveness (108). Therefore, future studies should focus on identifying more promising integrins candidates for insecticide synthesis in various insect species. The identified candidate then needs to use specific formulations under field conditions as well as evaluate their efficacy to cross-species.



Conclusion and Future Aspects

Integrins have been a topic of interest for several years due to their importance as a component of the cell membranes and their involvement in the development and the immune system. Insects and other invertebrates integrins seem to be structurally and functionally similar to vertebrate integrins, as indicated by significant progress in a functional study on insect integrins. Although, significant progress has been made on the biological roles of insect integrins over the last decades, but there is no comprehensive review so far on integrins regarding the immune system of insects. Integrins have been described in a variety of insect species, but their biological roles and molecular mechanisms are still unknown for most of the integrins. Additional studies on identification and functional characterization in insects are likely to be resolved remaining questions about the structural features and molecular mechanisms of integrin. With the complete sequencing of genomes, we will have access to the full complement of integrin subunits in organisms. Also, the further advancement of molecular genetic methods employed in the context of cell biology questions will permit a wider range of functional studies. Because integrin structure and function in invertebrates are similar to that of vertebrates, these studies will remain relevant and potentially may contribute substantially to our understanding of this remarkable group of receptors. Integrin negatively regulates the production of antimicrobial peptides; however, the mechanisms by which it mediates signaling are undiscovered. For example, beta integrin 3 of B. mori has been shown to control antimicrobial peptides, but how it controls this process is still unknown. In addition, to further ensure the regulatory role of the immune signaling cascade, a comparative study is needed. Our understanding of the molecular basis of these processes continues to advance, bringing with it the potential for strategies that modulate integrins and their associated signaling for the management of commercial insects and control of agricultural pests.
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Phenoloxidase (PO)–catalyzed melanization is a vital immune response in insects for defense against pathogen infection. This process is mediated by clip domain serine proteases and regulated by members of the serpin superfamily. We here revealed that the infection of Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) significantly inhibited the PO activity in Ostrinia furnacalis hemolymph and induced the expression of O. furnacalis serpin–4. Addition of recombinant serpin-4 protein to O. furnacalis hemolymph resulted in a great increase of AcMNPV copies. Serpin-4 significantly suppressed the PO activity and the amidase activity in cleaving colorimetric substrate IEARpNA (IEARase activity) of hemolymph. Further experiments indicated it formed covalent complexes with three serine proteases (SP1, SP13 and SP105) and prevented them from cleaving their cognate downstream proteases in vitro. Altogether, O. furnacalis melanization restricted AcMNPV replication and serpin-4 facilitated AcMNPV infection by inhibiting serine proteases, SP1, SP13, and SP105 which were all involved in the melanization response.
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Introduction

Insects inevitably encounter various pathogens including viruses during their lifetime, but they still survive in a microbe–rich natural environment (1). This is mainly attributed to the powerful innate immune system in insects, especially in the case most insects lack a typical adaptive immune system (2, 3). Among insect innate immune responses, melanization is a prominent humoral reaction and leads to the synthesis of melanin (4). A number of studies have shown that melanization, combined with other immune mechanisms such as antimicrobial peptide (AMP) production, provides defense against bacteria (5), fungi (6, 7), and parasites (8). Some research revealed that melanization was also effective in resistance against viruses. For example, the melanized tracheal epidermis limited the spread of Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) to hemocytes and other tissues in resistant Helicoverpa zea larvae (9). The melanized plasma in Heliothis virescens accounted for the inactivation of H. zea single capsid nucleopolyhedrovirus (HzSNPV) in vitro (10). Hemolymph melanization in Lepidoptera was correlated with antiviral activity against Microplitis demolitor bracovirus (MdBV), Lymantria dispar MNPV and Helicoverpa armigera nucleopolyhedrovirus (HearNPV) (11, 12).

The melanization reaction is mediated by multiple activating and regulating factors. During insect melanization, a series of serine proteases (SPs) are sequentially activated upon infection and culminate in the activation of prophenoloxidase activating proteinase (PAP). Activated PAP further converts inactive prophenoloxidase (PPO) to phenoloxidase (PO) (13). The resulting active phenoloxidase catalyzes the oxidation of phenols to quinones which spontaneously polymerize to form melanin (14, 15). This process is strictly regulated by members of the serine protease inhibitor (serpin) superfamily through targeting at specific serine protease(s) (16). Serpins adopt a canonical fold of three β–sheets and up to nine α–helices with a reactive center loop (RCL) exposed at the surface (17, 18). When a serpin interacts with its target serine protease, it is cleaved at the scissile bond in the RCL by the target serine protease and subsequently forms a covalent complex with the target serine protease, which is therefore irreversibly inhibited (18, 19). Many serpins have been reported to regulate insect melanization, such as SRPN1 and SRPN2 in Aedes agypti (20), SRPN2 in Anopheles gambiae (21), serpin–5, –6, –15 and –32 in Bombyx mori (22–25), serpin–5 and serpin–9 in Helicoverpa armigera (26), serpin–1, serpin–3, serpin–4, serpin–5, serpin–6, serpin–7, serpin–9, serpin–12 and serpin–13 in Manduca sexta (27–30) and SPN40, SPN55 and SPN48 in Tenebrio molitor (31).

The inhibition of melanization by serpins has been reported to affect the antibacterial and antiparasitic responses (23, 32, 33). Recent studies revealed that serpins also participated in the antiviral processes in insects. For example, in H. armigera, suppression of melanization by serpin–5 and serpin–9 promoted the baculovirus infection (26). In B. mori, depletion of serpin-2 resulted in the decrease of the number of BmNPV genomic DNA copies (34). Expression of a viral serpin Hesp018 increased the virulence of baculovirus in infected Trichoplusia ni larvae, possibly due to its ability to inhibit the activity of host protease involved in PPO activation (35). Comparing with the understanding of the role of serpin in antibacterial response, knowledge about its function in insect antiviral reaction is relatively lacking.

The Asian corn borer, Ostrinia furnacalis (Guenée), is an important agricultural pest in many regions of Asia and causes great economic losses (36). The strategy suppressing O. furnacalis larvae by the natural enemy such as entomopathogenic virus or fungi has been proposed. Our previous work illuminated partly the molecular and biochemical mechanisms involved in interaction between O. furnacalis and entomopathogenic fungi Beauveria bassiana (37). Four serine proteases, SP1, SP7, SP13 and SP105 mediated the melanization in O. furnacalis upon the infection of B. bassiana (38–40). However, knowledge about the crosstalk between O. furnacalis and entomopathogenic virus is very incomplete. In this study, we investigated the relationship between AcMNPV infection and O. furnacalis melanization, and discovered that O. furnacalis serpin-4 facilitated AcMNPV infection by inhibiting its target serine proteases, SP1, SP13, and SP105 which were all involved in the melanization response.



Materials and Methods


Insect Rearing and AcMNPV Preparation

Asian corn borers, O. furnacalis (Guenée) larvae were reared on an artificial diet at 28°C under a relative humidity of 70–90% and a photoperiod of 16 h of light and 8 h dark. AcMNPV was purchased from Henan Jiyuan Baiyun Industry Co., Ltd. and dissolved in phosphate–buffered saline (PBS).



Examination of gDNA Copies of AcMNPV in Infected O. furnacalis Larvae

To explore the replication process of AcMNPV in its host O. furnacalis larvae, each fifth–instar day 0 larvae were injected with 1 μL of AcMNPV (2.5 × 104 polyhedral inclusion body (PIB)/μL) or PBS as a control (2 larvae/treatment). Each treatment was performed 3 times individually. After 1, 6, 12 and 18 h, the total genomic DNA (gDNA) was individually extracted with the Genomic DNA Extraction Kit Ver.5.0 (TaKaRa, Japan) following the manufacturer’s instructions. Specific primers (Table S1) were designed to amplify AcMNPV ODV–e56 which encoded an occlusion–derived virus–specific envelope protein (41). O. furnacalis rpL8 was used to normalize the expression of ODV–e56. qRT–PCR was performed on an Applied Biosystems 7500 Real Time System (Life Technologies™) using SuperReal PreMix Plus (SYBRGreen) (TIANGEN, Beijing, China) with gDNA as a template, according to the manufacturer’s instructions. The thermal cycling conditions for qRT–PCR were 95°C for 15 min followed by 40 cycles of 95°C for 10 s, 60°C for 30 s and 72°C for 32 s to generate a melting curve. Each qRT–PCR experiment was performed in 3 biological replicates. The relative viral gDNA expression was calculated using the 2–ΔΔCt method.



Analysis of PO Activity and Expression of Serpin in AcMNPV–Infected O. furncalis Larvae

To check whether the replication of AcMNPV in O. furnacalis was affected by the melanization response of O. furnacalis, we injected 1 μL of AcMNPV at different concentrations (2.5 × 103, 2.5 × 104 and 6 × 104 PIB/μL) into the hemocoel of O. furnacalis fifth instar day 0 larvae. Injection of 1 μL of sterile PBS was used as a control. At 1, 3, 6, 9, 12 and 18 h post infection (hpi), 1 µL of hemolymph was collected from individual larva and incubated with 9 µL of saline buffer (20 mM Tris, 150 mM NaCl, pH 8.0) at room temperature for 10 min. Then, PO activity of the reaction mixture was measured using dopamine as the substrate. One unit of PO activity was defined as the amount of enzyme producing an increase in absorbance (ΔA490) of 0.001 per min.

To check whether the replication of AcMNPV in O. furnacalis was related to the expression of serpins which are known inhibitors of insect melanization response, we injected 1 µL of AcMNPV suspension (2.5 × 104 PIB/μL, sterile PBS as a control) into fifth instar day 0 larvae. Three hours later, total RNA was isolated from the whole body of each larva (3 larvae/each group) with TRIzol reagent (TIANGEN, Beijing, China) following the manufacturer’s instructions. One microgram of total RNA from each larva was converted into first–strand cDNA using a FastQuant RT Kit (TIANGEN, Beijing, China) following the manufacturer’s protocol. The cDNA products were diluted 10–fold for use as templates in qRT-PCR. Specific primers were designed based on the cDNA sequences from assembled O. furnacalis transcriptome (37) and listed in Table S1. qRT–PCR was performed as described above.



Cloning and Expression Profile Analysis of O. furnacalis Serpin–4

Based on the data from “Material and methods 2.3”, O. furnacalis serpin-4 (37) was selected for further cloning and characterization. Specific primers (Table S1) were designed for the amplification of full–length cDNA encompassing the entire reading frame with cDNA from O. furnacalis larvae as a template. The products were cloned into the pMD19–T vector, and the nucleotide sequences were confirmed by DNA sequencing. To investigate the transcriptional changes of serpin–4 during the various developmental stages, total RNA was individually prepared from three different stages including egg, larva, and pupa. To determine the expression patterns of serpin–4 in different tissues, total RNA samples were isolated separately from the heads, guts, fat bodies, and hemocytes of day 1 fifth–instar larvae. The synthesis of first–strand cDNA and qRT–PCR analyses were performed as described above.



Production of Recombinant Serpin–4 and GFP Proteins and Preparation of Antiserum Against Serpin–4

To produce recombinant serpin–4 (rserpin-4), a cDNA fragment encoding mature serpin–4 was amplified by PCR using the specific primers listed in Table S1. The forward primer included an Nco I site, which provided the start codon, followed by one codon for a glycine residue and six codons for histidine residues. The reverse primer contained a stop codon and a Not I site. The PCR products were ligated into the pMD19–T vector and then digested with Nco I and Not I (TaKaRa, Japan). The digested product was subcloned into the same restriction sites of the expression vector pET28a (Novagen). After sequence confirmation, the resulting serpin–4/pET28a plasmids and gifted GFP/pET28a plasmids were used to transform E. coli BL21 (DE3) cells, respectively. For recombinant protein expression, a single clone was incubated at 37°C in LB medium containing 50 μg/mL kanamycin. When the OD600 of the culture reached 0.8, isopropyl β–D–thiogalactoside was added to a final concentration of 0.1 mM, and recombinant protein was expressed for 13 h at 22°C and 220 rpm. The bacteria were harvested by centrifugation at 3,000 × g for 30 min and resuspended in lysis buffer (50 mM sodium phosphate, 300 mM NaCl and 5 mM imidazole, pH 8.0). The bacteria cells were lysed by sonication, and a cleared clear lysate was obtained by centrifugation. The soluble rserpin–4 or rGFP in the supernatant was purified as described previously (29). Two milligram of the purified serpin–4 was used as an antigen to produce a rabbit polyclonal antiserum (Beijing CoWin Bioscience Co., Ltd). The remaining recombinant protein was stored at –80°C for further use.

The other recombinant proteins, including O. furnacalis PPO2, mutated proSP1 (proSP1Xa), wild type proSP13, mutated proSP13 (proSP13Xa), and mutated proSP105 (proSP105Xa) were successfully obtained in our previous work (38, 39, 42). In proSP1Xa and proSP13Xa, the cleavage activation site was changed to IEGR to permit its activation by bovine Factor Xa which was commercially available (43).



Effect of Serpin–4 on AcMNPV Replication and Hemolymph Melanization

To investigate the effect of serpin–4 on AcMNPV replication in O. furnacalis plasma (cell–free hemolymph), AcMNPV (1.25×104 PIB) was mixed with 5 μL of plasma from day 0 fifth instar larvae plus 5 μL of rSerpin–4 (1.2 μg/μL) or 5 μL of rGFP (1.2 μg/μL), or 5 μL of 20 mM phenylthiourea (PTU, specific inhibitor of PO), respectively. Phosphate buffer (50 mM sodium phosphate, pH 6.5) was supplied to adjust the final volume of the reaction mixtures to 110 μL. After incubation for 1, 3 and 6 h at room temperature, the total viral gDNA in each sample was extracted as described above. The numbers of viral DNA copies in each mixture were quantified with a standard curve that was generated from a series of diluted plasmids containing the fragment encoding AcMNPV ODV–e56 (Figure S1) (41).

To investigate the effect of serpin–4 on melanization, nickel–nitrilotriacetic acid (Ni–NTA) agarose beads (Qiagen, Hilden, Germany) were incubated with recombinant serpin–4 overnight at 4°C (recombinant GFP was used as control). The coated Ni–NTA beads were washed three times with PBS and resuspended in PBS to approximately 100 beads/μL. Then, one microliters of resuspended Ni–NTA beads was added to a 24-well plate containing 10 μL of fresh hemolymph and 450 μL of Sf9 medium. After incubation for 2 h at room temperature, the melanization of Ni-NTA beads were observed under an inverted fluorescence microscope.



Analysis of Inhibition of Serpin–4 on PO Activity and Amidase Activity in O. furnacalis Hemolymph

To measure the inhibitory potential of serpin–4 on PO activity of O. furnacalis hemolymph, hemolymph was collected into a 1.5 mL microcentrifuge tube from the cut abdominal prolegs of fifth instar day 1 O. furnacalis larvae. Aliquots (1 μL) of hemolymph was incubated for 10 min at room temperature with 9 μL of purified recombinant serpin–4 at varying concentrations. The residual PO activity in the mixtures was measured as described above. Additionally, the amidase activity of the mixtures was measured using acetyl–Ile–Glu–Ala–Arg–p–nitroanilide (IEARpNA) as colorimetric substrate. Changes in absorbance at 405 nm were monitored in a microplate reader (Bio-Tek Instrument, Inc.). One unit of amidase activity was defined as the amount of enzyme producing an increase in absorbance (ΔA405) of 0.001 per min (39).



Analysis of Inhibition of Serpin–4 on SP1, SP13 and SP105

To investigate whether the inhibition of PO activity by serpin-4 was due to it inhibiting SP1, SP13, and SP105 which were all involved in PPO activation (38, 39), we firstly checked whether serpin-4 could form an SDS-stable complex with one of these three serine proteases. Recombinant proSP1Xa, proSP13Xa or proSP105Xa (200 ng) were activated by Factor Xa as described previously (38, 39), and then mixed with purified recombinant serpin–4 at molar ratio of 1:1 or 1:10 (proSPs:rserpin–4). In control samples, proSPs or Factor Xa was omitted. After incubation at 37°C for 15 min, the reaction mixtures were treated with 5 × SDS sample buffer containing dithiothreitol (DTT) at 95°C for 5 min and subjected to 10% SDS–polyacrylamide gel electrophoresis (SDS–PAGE) and immunoblot analysis with mouse anti–His (1:2,000) or rabbit anti–serpin–4 (1:2,000) as the primary antibodies. Antibody binding was visualized using alkaline phosphate–conjugated horse anti–mouse (1:3,000) or goat anti–rabbit (1:3,000) and 5–bromo–4–chloro–3–indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) staining buffer containing 165 mg/mL BCIP and 330 mg/mL NBT in 100 mM Tris (pH 9.5), 150 mM NaCl, and 5 mM MgCl2.

Furthermore, we analyzed the inhibitory potential of serpin-4 on the activities of SP1, SP13, and SP105 cleaving the respective substrate. Factor Xa-activated SP1, SP13 or SP105 (200 ng) was mixed with serpin–4 at a molar ratio of 1:1 or 1:10 (proSPs:serpin–4). After incubation at 37°C for 15 min, 200 ng of proSP13 (for SP1’s cleavage) or OfPPO2 (for SP13 and SP105) was added to the reaction mixtures and incubated at 37°C for another 15 min. The mixtures were separated with 10% or 8% SDS–PAGE and subjected to immunoblot analysis using antiserum against the mouse anti–His (1:2,000) or rabbit anti–PPO2 (1:2,000).




Results


AcMNPV Infection Suppressed PO Activity in O. furnacalis Hemolymph and Induced Serpin–4 Expression

As a first step to investigate the interaction between entomopathogenic virus AcMNPV and the host O. furnacalis, we infected O. furnacalis larvae with AcMNPV and measured the viral gDNA copies 1, 6, 12, and 18 hours post infection (hpi). As shown in Figure 1A, the gDNA amounts of AcMNPV remained unchanged within 12 hours after infection, but increased significantly at 18 hpi. Meanwhile, we checked PO activities of O. furnacalis hemolymph after AcMNPV infection. PO activity kept unchanged within 3 hours after infection, and began to decrease significantly at 6 hpi. Until 18 hpi, PO activity was still suppressed significantly (Figure 1B, S2A). It suggested that AcMNPV infection reduced PO activity in O. furnacalis hemolymph, and this suppression might facilitate the viral replication in the host.




Figure 1 | Relationship between AcMNPV infection and the innate immune response in O. furnacalis. (A) Analysis of viral replication after AcMNPV infection. Viral gDNA was extracted from larvae at 1/6/12/18 h after infection, and the relative viral amounts were determined by qRT–PCR. O. furnacalis ribosomal protein L8 (rpL8) was used as the internal control. The bars represented the mean ± S.D. (n = 3). Different marked letters indicated means that were significantly different (one–way ANOVA followed by Tukey’s multiple comparisons test, P < 0.05). (B) Analysis of PO activity after AcMNPV infection. Hemolymph (1 μL) collected from virus-infected or control larvae was incubated for 10 min at room temperature. PO activity was monitored using dopamine as substrate. The bars represented the mean ± S.D. (n = 3). Statistical significance was determined using Sidak’s multiple comparisons test (*P < 0.05, **P < 0.01). (C) Analysis of expression of serpin–4 after AcMNPV infection. Fifth–instar larvae were injected with AcMNPV. The transcript level of serpin–4 was assayed by qRT–PCR three hours later, and rpL8 was used as an internal standard. The bars represented the mean ± S.D. (n = 3). Asterisks indicated means that were significantly different (unpaired t test, two–tailed, **P < 0.01).



On the other hand, PPO activation was regulated by the serpin(s) in insects (44). We speculated that the decrease of PO activity upon AcMNPV infection was related to the serpin(s) in O. furnacalis, and then checked mRNA expression of several transcripts encoding potential serpins, including CL7904.Contig2 (serpin-3), CL9195.Contig5, and CL5354.Contig1 (serpin-6) (37). As shown in Figure 1C and S2B, the abundance of 3 transcripts all increased significantly in the larvae challenged with AcMNPV. The transcript level of CL9195.Contig5 had the largest increase, up to around 25 folds 3 h after AcMNPV infection. Therefore, we only focused on CL9195.Contig5 in the studies that followed. This transcript was named as serpin-4.



Molecular Cloning and Sequence Analysis of Serpin–4

The cDNA fragments encoding the entire coding region of serpin-4 were amplified by PCR using specific primers designed based on the cDNA sequence of CL9195.Contig5 from our previous O. furnacalis transciptome (37). The obtained cDNA sequence of serpin–4 (GenBankTM accession number ON323051) contained a 1,242–bp open reading frame. The conceptual protein deduced from nucleotide sequence consisted of 413 amino acid residues, including a predicted 18–residue secretion signal peptide. The calculated molecular weight and the theoretical isoelectric point of the mature protein was 44.7 kDa and 6.63, respectively (Figure S3). Phylogenetic analysis showed that O. furnacalis serpin–4 clustered together with B. mori serpin–4, M. sexta serpin–4, Operophtera brumata serpin–4 and Plutella xylostella serpin–4, with the bootstrap value of 100 (Figure S4). Among them, M. sexta serpin–4 has been verified experimentally to inhibit PPO activation by inhibiting at least 4 target serine proteases (27, 45). Therefore, we predicted that O. furnacalis serpin–4 could also function as an inhibitor of melanization response.



Expression Profiles of O. furnacalis Serpin–4

We analyzed the mRNA levels of O. furnacalis serpin–4 in various developmental stages or different tissues using qRT–PCR methods. As shown in Figure 2A, serpin–4 transcripts in eggs were significantly more than that in other developmental stages. The mRNA level of serpin–4 remained consistent in the third, fourth and fifth instar larvae, but was significantly higher than that in the first and second instar larvae and pupae. In different tissues, serpin–4 was expressed at significantly higher levels in fat bodies than in the head, gut and hemocytes (Figure 2B).




Figure 2 | Expression profile analysis of O. furnacalis serpin–4. (A) qRT–PCR analysis of O. furnacalis serpin–4 transcripts at different stages of development. RNA was extracted from eggs, first–instar larvae (L1), second–instar larvae (L2), third–instar larvae (L3), fourth–instar larvae (L4), fifth–instar larvae (L5) and pupae. (B) qRT–PCR analysis of O. furnacalis serpin–4 transcripts in different tissues. RNA was extracted from the head, gut, fat body (FB) and hemocytes (HC). The bars represented the mean ± S.D. (n = 3). The rpL8 gene was used as an internal standard to indicate a consistent total mRNA amount. Bars labeled with different letters were significantly different (one–way ANOVA, followed by Tukey’s multiple comparisons test, P < 0.05).





Production and Purification of Recombinant Serpin–4 and GFP

In order to investigate the function of serpin–4, we produced the recombinant serpin–4 protein with an amino-terminal hexahistidine tag. SDS–PAGE analysis indicated that purified rSerpin–4 had an apparent molecular mass of 45 kDa, approximately consistent with that predicted based on its cDNA sequence (Figure 3A). Recombinant serpin–4 was clearly recognized by the antibodies against O. furnacalis serpin-4 and the commercial anti–His serum in immunoblotting analysis (Figure 3B). Additionally, we produced the recombinant GFP protein as a control. It had an apparent mass of approximately 34 kDa, and was recognized as a single band by anti–His serum (Figure 3).




Figure 3 | SDS–PAGE (A) and immunoblot analysis (B) of purified recombinant serpin–4 and GFP. The purified recombinant serpin–4 (250 ng) or recombinant GFP (250 ng) was treated with SDS sample buffer containing DTT, separated by 10% or 15% SDS–PAGE and subjected to Coomassie brilliant blue staining or immunoblotting with anti–His or anti–serpin–4 as primary antibodies.





Effects of Serpin–4 on AcMNPV Infection and O. furnacalis Melanization

To evaluate the effects of serpin-regulated hemolymph melanization on virus infection, we incubated AcMNPV with plasma only, or plasma plus rGFP, or plasma plus rSerpin–4, or plasma plus PTU (PTU blocks the melanization by specifically inhibiting PO) for 1, 3, and 6 h, and determined the viral gDNA copies. After 3 h incubation, the virus copies in the sample containing plasma only or plasma plus rGFP decreased to be nearly undetectable (Figure 4A). However, when PTU was incubated together with plasma and virus, the viral DNA copies was unchanged even after incubation for 6 h. Similar results were observed when virus was incubated with plasma together with the recombinant serpin-4 (Figure 4A). These results demonstrated that melanization could reduce the virus copies in vitro and serpin-4 worked like PTU to inhibit the melanization of hemolymph.




Figure 4 | Inhibition analysis of melanization by O. furnacalis serpin–4. (A) Determination of gDNA copy numbers of AcMNPV in plasma incubated with inhibitors. AcMNPV was mixed with plasma, plasma plus PTU (P+PTU), plasma plus recombinant GFP (P+rGFP) or plasma plus recombinant serpin–4 (P+rSerpin–4). The mixtures were incubated at room temperature for 0, 1, 3, or 6 h, and the numbers of gDNA copies were determined by qRT–PCR. The data points represented the mean ± S.D. (n = 3). (B) Serpin–4 suppressed the melanization of Ni–NTA agarose beads. Ni–NTA agarose beads coated with recombinant GFP or serpin–4 were incubated with hemolymph from O. furnacalis larvae. The melanized beads were observed and photographed under a microscopy after 2 h of incubation. (C) Inhibition of PO activation by serpin–4. Hemolymph (1 μL) collected from fifth instar larvae was incubated for 10 min at room temperature with purified recombinant serpin–4 at different concentrations. PO activity was monitored using dopamine as substrate. The bars represented the mean ± S.D. (n = 3). (D) Inhibition of IEARase activation by serpin–4. Hemolymph (1 μL) collected from fifth-instar larvae was incubated with purified recombinant serpin–4 at different concentrations. The residual IEARase activity of hemolymph was plotted as the mean ± S.D. (n = 3).



We further performed in vitro experiments to test the potential of serpin-4 inhibiting melanization. We coated Ni-NTA agarose beads with recombinant serpin-4 or GFP (as a control), and then incubated with O. furnacalis hemolymph. After 2 h, GFP–coated beads turned black. However, the beads coated with rSerpin-4 had no change (Figure 4B).

Hemolymph melanization was accompanied by induced PO activity (20). Inhibition of melanization by serpin-4 inferred that it could suppress PO activity in the hemolymph. To test this hypothesis, we measured the PO activity after the incubation of O. furnacalis hemolymph with different amounts of recombinant serpin–4. Serpin–4 inhibited PPO activation in a concentration–dependent manner (Figure 4C). It blocked PPO activation by 50% at 10 μg/mL and 95% at 30 μg/mL. On the other hand, PPO activation was mediated by multiple serine proteases, some of which exhibit IEARase activity (cleaving after arginine residue in IEARpNA substrate). Thus, we examined the IEARase activity of hemolymph with the addition of different amounts of recombinant serpin–4. As the concentration of rSerpin-4 in the reaction mixtures increased, the IEARase activity gradually declined (Figure 4D). These results indicated that serpin–4 inhibited at least one serine protease in PPO activation cascade in O. furnacalis.



Formation of SDS–Stable Complexes Between rSerpin-4 and SP1, SP13 and SP105

In previous studies, we demonstrated that two serine proteases (SP13 and SP105) acted as prophenoloxidase-activating protease in PPO activation pathway in O. furnacalis, and proSP13 was cleaved and activated by another serine protease (SP1) (38, 39). To reveal which protease serpin–4 inhibited in blocking PPO activation, we firstly checked whether serpin–4 could form SDS–stable, high molecular weight complex with anyone of these three proteases because the formation of such a complex was a characteristic feature for serpin to inhibit its target protease (44).

The anti–His antiserum recognized purified proSP1Xa, proSP13Xa and proSP105Xa as approximately 43 kDa, 49 kDa and 50 kDa, respectively (Figure 5, circles in upper panels). After activation by Factor Xa, the bands representing the three zymogens disappeared (for proSP1Xa) or decreased in intensities (for proSP13Xa and proSP105Xa). Meanwhile, a new band with the apparent molecular weight of 34 kDa, 34 kDa and 35 kDa, appeared, which corresponded to the catalytic domain of proSP1Xa, proSP13Xa and proSP105Xa, respectively (Figure 5, asterisks in upper panels). When rSerpin–4 was mixed with Factor Xa alone or proSP1Xa/proSP13Xa/proSP105Xa zymogen, no change was observed. However, when rSerpin-4 was mixed with Factor Xa-activated SP1Xa, SP13Xa and SP105Xa, respectively, the band corresponding to the catalytic domain disappeared, and a new immunoreactive band at ~ 80 kDa (for SP1Xa) or ~90 kDa position (for SP13Xa and SP105Xa) was detected, which was the expected size of a serpin-4/SP complex (Figure 5, arrows in upper panel). This band with high molecular mass was more abundant when the molar ratio of serpin-4 to SPs increased from 1:1 to 10:1 (Figure 5, upper panel). Moreover, these complexes were also recognized by antibody against serpin–4 (Figure 5, arrows in lower panel). It indicated that serpin-4 could form a covalent complex with each of SP1, SP13, and SP105 in vitro.




Figure 5 | Detection of covalent complex formation between serpin-3 and three serine proteases. 200 ng of proSP1Xa, proSP13Xa or proSP105Xa was activated by Factor Xa, respectively, and incubated with purified serpin–4 at a molar ratio of 1:1 or 10:1 (serpin–4:SPXa) at 37°C for 15 min. The samples were subjected to 10% SDS–PAGE and immunoblot analysis using antiserum against His (upper panel) or O. furnacalis serpin–4 (lower panel) as primary antibodies. The sizes and positions of the molecular mass standards were indicated to the right of each blot. Circles, proSPXa; triangles, serpin–4; asterisks, catalytic domain of proSPXa; arrows, serpin–4/SP complex.





Serpin–4 Prevented SP1Xa, SP13Xa and SP105Xa From Cleaving Its Respective Downstream Substrate

Our previous work indicated that SP1, SP13, and SP105 could cleave O. furnacalis proSP13, PPO2, PPO2, respectively (38, 39). If SP1/SP13/SP105 could be inhibited by serpin-4, the cleavage of their respective substrate would be theoretically suppressed in the presence of serpin-4. To test this hypothesis, we incubated Factor Xa–activated SPs with their substrates (SP1Xa and proSP13; SP13Xa and PPO2; SP105Xa and PPO2) in the absence or presence of serpin–4. As shown in Figure 6A, when proSP13 was incubated with Factor Xa-activated SP1Xa, the ~49-kDa band corresponding to proSP13 zymogen (hollow square in Figure 6A) disappeared, and a ~34-kDa band corresponding to the cleaved catalytic domain of proSP13 showed up (solid square in Figure 6A). When Factor Xa-activated SP1Xa was pre-treated with serpin–4 before mixed with proSP13, proSP13 was clearly detected and the ~34-kDa band indicating the cleavage of proSP13 became faint. Pre-treatment of more serpin-4 resulted in stronger inhibition on the cleavage of proSP13 by SP1Xa (Figure 6A). Similarly, when Factor Xa-activated SP13Xa was pre-treated with serpin–4, the processing of PPO2 by SP13Xa was partly inhibited (Figure 6B and Figure S5A). Especially when Factor Xa-activated SP105Xa was pre-treated with serpin–4 at a molar ration of 1:10, all added PPO2 was recognized as ~80-kDa zymogen band and no cleaved PO2 was detected (Figure 6C and Figure S5B).




Figure 6 | Serpin–4 prevented SP1 (A), SP13 (B) or SP105 (C) from cleaving its respective downstream protease. Factor Xa–activated SPXa (200 ng) was combined with a 1- or 10-fold molar excess of serpin–4 and then incubated with recombinant proSP13 (200 ng) or OfPPO2 (200 ng) at 37°C for 15 min. The mixtures were subjected to 10% or 7.5% SDS–PAGE and immunoblotting using antiserum against His or PPO2. Circle, proSP13Xa; asterisk, catalytic domain of proSP1Xa, proSP13Xa or proSP105Xa; triangle, serpin–4; hollow square, proSP13 or PPO2 zymogen; solid square, activated SP13 or PO2.






Discussion

The understanding of the immune interaction between entomopathogenic viruses and their insect hosts is incomplete. The insect, such as a serious pest O. furnacalis, employs its own immune response including melanization reaction to defend against the microbial infection. On the other hand, entomopathogenic virus, such as AcMNPV, suppresses O. furnacalis immunity and finally kills it. Comprehensive understanding of the biochemical mechanisms involved in the crosstalk between O. furnacalis and AcMNPV would improve the killing effects of AcMNPV, and further help to develop a new strategy on controlling O. furnacalis. Here, we investigated the interaction between AcMNPV infection and O. furnacalis melanization, and discovered that O. furnaclais serpin-4 facilitated AcMNPV infection by inhibiting the melanization. We further revealed serpin-4 performed the inhibitory function possibly by blocking its target proteases, SP1, SP13, and SP105.

Upon the viral infection, insects rely on several defenses including RNA interference (RNAi), Jak/STAT signaling pathway, apoptosis and autophagy to restrict viral replication and dissemination (46–48). Here we discovered that AcMNPV infection resulted in a significant decrease in PO activity of O. furnacalis hemolymph from 6 hpi to 18 hpi or possibly longer (Figure 1B). Meanwhile, viral copies decreased significantly when AcMNPV was incubated with O. furnacalis plasma only in vitro, but remained unchanged when incubated with plasma and PTU which inhibited the melanization of plasma (Figure 4A). It suggested hemolymph melanization in O. furnacalis was related to AcMNPV replication and infection. Similarly, upon AcMNPV infection, PO activity decreased and viral copies significantly increased in susceptible silkworm strains p50. Instead, PO activity increased and viral copies kept unchanged in resistant strain C108 (49). In Aedes albopictus - derived U4.4 cell, more cells were infected by Semliki Forest virus when PO activity of the conditioned medium was blocked (11, 50). 5, 6-dihydroxyindole (DHI), a reactive compound generated by PO, and its spontaneous oxidation products were active against viruses (51). It possibly explained why AcMNPV infection was associated with PO–catalyzed melanization in O. furnacalis.

On the other hand, PO–catalyzed melanization is mediated by a series of sequentially activated serine proteases and regulated by serpin superfamily (14). In this work, we identified a novel serpin transcript, O. furnacalis serpin-4, and illustrated that the melanization of the beads coated with recombinant serpin-4 were obviously restrained (Figure 4B). Recombinant serpin-4 protein inhibited PO activity and IEARase activity of O. furnacalis hemolymph in a concentration-dependent manner (Figures 4C, D). Furthermore, it was interesting that the number of AcMNPV copies significantly increased when the melanization of plasma was suppressed by serpin-4 (Figure 4A). It suggested AcMNPV replication was indeed associated with melanization, and as well inferred that O. furnacalis serpin-4 had the potential to inhibit the melanization. Similar results were found in other insects. Knockdown of serpin-5 or serpin-9 in H. armigera with RNAi significantly increased PO activity of hemolymph and dramatically reduced the number of HearNPV DNA copies (26). In B. mori, the copy numbers of viral genomic DNA also decreased in Bmserpin2-depleted hemolymph (34). Therefore, we concluded that the suppression of melanization caused by serpin responded to viral infection, and depletion of serpin might enhance the virulence of entomopathogenic virus. In our study, O. furnacalis serpin-3 and serpin-6 was also induced upon AcMNPV infection besides serpin-4 (Figure S2B). The function of serpin-6 was completely unknown so far. Serpin-3 has been clarified to regulate the melanization of O. furnacalis hemolymph (32). Future work would test whether serpin-3 could also facilitate virus infection by inhibiting melanization response. We further deciphered the mechanism of serpin-4 regulating O. furnacalis melanization reaction. Recombinant serpin–4 formed covalent complexes with three serine proteases (SP1, SP13 and SP105) which were all involved in melanization pathway (Figure 5) (38, 39). It was consistent with the characteristic feature of serpin in which it forms covalent complexes with its target protease(s) (44). Such serpin/protease regulatory unites were reported as serpin-12/HP14 (30), serpin-5/HP6 (28) and serpin-5/HP1 (27) in M. sexta, serpin-5/cSP4, serpin-9/cSP6, and serpin-9/cSP29 in H. armigera (26). Complex formation made serpin covalently linked to the target protease, which was therefore irreversibly inhibited (19). Here, we also observed serpin-4 strongly prevented SP1, SP13 and SP105 from cleaving their cognate downstream protease - proSP13, PPO2, and PPO2, respectively (Figure 6). Therefore, we speculated serpin-4 regulated the melanization of O. furnacalis hemolymph in this way, and further made for the virus infection. It is reasonable that insects are infected more easily by pathogens or viruses when its immune system is weakened by the negative inhibitors such as serpins. For example, expression of a serpin homologue (Hesp018) in AcMNPV increased the viral virulence and resulted in an increased mortality of infected Trichoplusia ni (35). In Galleria mellonella and Myzus persicae, serpin-expressing B. bassiana strain suppressed PO activation in host hemolymph and exhibited higher virulence (52).

For entomopathogenic microbes, they evolved various strategies to overcome host immunity, for example, inhibit the melanization reaction. Some produced antibiotics to suppress melanization. Entomopathogenic bacterium Photorhabdus luminescens released a small-molecule antibiotic to directly block PO activity (53). Some expressed its own viral protein to inhibit the host PAPs, for example, Egf1.0 and Egf1.5 produced in Microplitis demolitor bracovirus suppressed the processing of host PPO by PAP and SPH (54). Some expressed serpin-like protein to target at host serine protease, for example, parasitoid wasp Pteromalus puparum secreted serpin isoform PpS1V to inhibit host PPO activation by forming complexes with host PrHP8 and PrPAP1 (55). In our study, entomopathogenic virus AcMNPV employed host serpin-4 to suppress host melanization by inhibiting its potential target proteases SP1, SP13 and SP105. However, it is unknown how AcMNPN induced the expression of O. furnacalis serpin–4 and whether other serpin(s) also contributed to AcMNPV infection. More investigation is ongoing. The findings would provide a theoretical basis for better controlling agricultural pests with entomopathogenic virus.
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Supplementary Figure 1 | Standard curve for the quantification of viral copy numbers by qRT-PCR. The CT values were plotted as X-axis. The logarithm of viral copy numbers was indicated on Y-axis. The standard curve parameters calculation was shown above the curve.

Supplementary Figure 2 | Analysis of PO activity (A) and mRNA expression (B) after AcMNPV infection. (A) Hemolymph (1 μL) collected from O. furnacalis larvae infected by AcMNPV at different concentrations was incubated for 10 min at room temperature. PO activity was monitored using dopamine as a substrate. The bars represented mean ± S.D. (n = 3). Statistical significance was determined using Tukey’s multiple comparisons test (*P < 0.05, **P < 0.01). (B) Fifth–instar larvae were injected with AcMNPV. The transcript levels of O. furnacalis serpin–3, serpin–4 and serpin–6 were assayed by qRT–PCR. rpL8 was used as an internal standard to normalize the templates. The bars represented the mean ± S.D. (n = 3). Asterisks indicated means that were significantly different (unpaired t test, two–tailed, *P < 0.05, **P < 0.01).

Supplementary Figure 3 | Sequence analysis of serpin–4. The deduced amino acid sequence was shown below the nucleotide sequence of O. furnacalis serpin–4. The one–letter code for each amino acid was aligned with the second nucleotide of the corresponding codon. The stop codon was marked with an asterisk (*). The predicted secretion signal peptide was underlined and assigned negative numbers. Putative N–linked and O–linked glycosylation sites were heavily and lightly shaded, respectively. The potential RCL region was in the square box with the predicted P1 and P1’ residues in boldface. The predicted scissile peptide bond was indicated with “ǁ”.

Supplementary Figure 4 | Phylogenetic analysis of O. furnacalis serpin–4 and serpins from other insect species. The used amino acid sequences were from Ostrinia furnacalis (Of, red), Anopheles gambiae (Ag), Bombyx mori (Bm), Drosophila melanogaster (Dm), Manduca sexta (Ms), Operophtera brumata (Ob), Plutella xylostella (Px), Tenebrio molitor (Tm). GenBank accession numbers of this specific genes were given in parentheses. The clade that groups O. furnacalis serpin-4 with other serpin-4s was shaded in blue. The numbers at the nodes indicated the bootstrap values as percentages of 1000 repetitions.

Supplementary Figure 5 | Serpin–4 inhibited the cleavage of recombinant PPO2 by SP13 (A) and SP105 (B). Factor Xa–activated SP13Xa or SP105Xa (200 ng) was combined with a 1- or 10-fold molar excess of serpin–4 at 37°C for 15 min and then incubated with recombinant PPO2 (200 ng) at 37°C for another 15 min. The mixtures were subjected to 7.5% SDS–PAGE and immunoblotting using antiserum against His. Circle, proSP13Xa or proSP105Xa; asterisk, catalytic domain of proSP13Xa or proSP105Xa; triangle, serpin–4; hollow square, PPO2 zymogen; solid square, activated PO2.

Supplementary Table 1 | Oligonucleotides primers used in this study.
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Yellow mealworm (Tenebrio molitor) is a highly beneficial beetle that serves as an excellent source of edible protein as well as a practical study model. Therefore, studying its immune system is important. Like in other insects, the innate immune response effected through antimicrobial peptides production provides the most critical defense armory in T. molitor. Immune deficiency (Imd) signaling is one of the major pathways involved in the humoral innate immune response in this beetle. However, the nature of the molecules involved in the signaling cascade of the Imd pathway, from recognition to the production of final effectors, and their mechanism of action are yet to be elucidated in T. molitor model. In this review, we present a general overview of the current literature available on the Imd signaling pathway and its identified interaction partners in T. molitor.
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Introduction

Insects are the most diverse group among all living organisms. They are considered to be ahead in the “evolutionary marathon” since the Devonian period owing to their ability to survive in diverse ecological habitats (1). The signature of distinct pathogenic infections from Gram-positive/-negative bacteria, viruses, fungi, and parasites along insect life cycle exert extreme evolutionary pressure that has resulted in the development of an enhanced immune system (2, 3). Unlike the mammalian hosts, insects do not have adaptive immune system to aid them in production of antibodies and various memory cells (4). In fact, the diversity and specificity of immune priming and most specifically transgenerational immune priming (TGIP) advocated to provide clues to the immunologic memory in few insects (4). Hence, they rely on innate immune responses to protect themselves against infections and maintain homeostasis, thereby adapting to their ecological niches (5, 6).

Innate immunity is highly conserved among all living organisms. Despite the fundamental differences between insects and mammals, their battle with common pathogens for millions of years has resulted in the development of similar immunity-related molecular machinery (4). This immunity is classified into cellular immunity, including phagocytosis, encapsulation, and nodulation (7, 8), and humoral immunity, which mediates clotting (9), melanin synthesis (10), and antimicrobial peptides (AMPs) production (11, 12). In insects, AMP production, the hallmark of innate immunity (13), is mainly mediated by two intracellular signaling pathways via nuclear factor-kappa B (NF-κB) transcription factors: (i) Toll pathway, whose primary role was identified in dorso-ventral axis formation in Drosophila embryo (14), and in Gram-positive bacterial and fungal infection-related immune responses as identified by Hoffman et al. (15), and (ii) immune deficiency (Imd) pathway, which plays a role against Gram-negative bacterial infections (16).

IMD protein in insects shares similarity with receptor-interacting protein (RIP) of mammalian tumor necrosis factor receptor (TNFR) (6, 17). The insect body is able to distinguish meso-diaminopimelic acid (DAP)-type peptidoglycans (PGNs) in the Gram-negative bacterial cell wall as non-self by the peptidoglycan-recognition proteins (PGRP), PGRP-LC and PGRP-LE (18, 19). The recognition of bacterial infection by PGRPs in Drosophila leads to the subsequent activation of the Imd pathway by recruiting the death domain-containing intracellular protein, Fas-associated protein with death domain (FADD), and caspase-8 homolog death-related ced-3/Nedd2-like (Dredd) protein. The downstream intracellular cascade transcription factor Relish is phosphorylated and translocated into the nucleus, where it binds to the transcription response elements of AMP genes (18, 20).

Among all the insects used to study immune responses and host-pathogen interactions, yellow mealworm, Tenebrio molitor, has become an attractive model owing to (i) its convenience and cost-effective breeding, (ii) relatively large body size benefiting researchers to collect sufficient hemolymph samples, (iii) identification of molecular nature of its immune response, and (iv) suitability for the development of potential strategies of pest control and management (4).

The Imd pathway in T. molitor is relatively well-established and extensively studied in the past decade, including some studies from our research group. In this review, we have highlighted the findings related to Imd signaling, mode of action of all the receptors, death domains, positive and negative regulators, and relative effectors in T. molitor. We also discuss numerous open-ended questions regarding PGRP-driven bacterial recognition, intracellular domain interaction with T. molitor inhibitor of NF-κB (IκB) kinase (IKK) complex, putative cross-talk of this signaling pathway with other immune pathways such as Toll and c-Jun N-terminal kinase (JNK), and antimicrobial specificity of final effectors, which can only be addressed by further experiments.



A Brief History of Imd Signaling in Insects

The discovery of adaptor protein IMD in 1995 has opened new avenues related to innate immunity in invertebrates (21). Initially, this pathway was assumed to be solely involved in sensing Gram-negative bacteria. The regulation of Imd signaling pathway can be attributed to components that are conserved across the invertebrate species. These components include the pathogen-associated molecular patterns (PAMPs) recognized by pattern recognition receptors (PRRs) such as PGRP-LC and PGRP-LE, the IMD, transforming growth factor-activated Kinase 1 (TAK1), FADD, the caspase-8 homolog, Death-related ced-3/Nedd-2-like protein (DREDD), the inhibitor of κB kinase (IKK) complex, and the NF-κB transcription factor Relish (22). In insects such as flies, mosquitoes and beetles, the PRRs such as PGRP-LC and PGRP-LE, form complexes with DAP-type PGN of Gram-negative bacteria. Alternative splicing of PGRP-LC results in three PGRP-LC protein isoforms (-LCa, -LCx, and -LCy) (23, 24). While PGRP-LCx is required for polymeric DAP-type PGN recognition, both PGRP-LCa and PGRP-LCx are essential to detect monomeric DAP-type PGN. PGRP-LCa, a co-receptor for PGRP-LCx, binds to the monomeric PGN fragment called tracheal cytotoxin (TCT) (25–28). PGRP-LE elicits both extra- and intracellular functions. A short form of PGRP-LE, mediates its expression on the cell surface, binds to PGN and modulates Imd signaling. In contrast, the full-length PGRP-LE is expressed in the cytoplasm, where it recognizes TCT fragments independently from PGRP-LC by directly interacting with IMD protein (29). Following recognition, the PGRPs form homo- and heterodimers, resulting in the recruitment of IMD (16). The intracellular cascade is then activated by the interaction of IMD with FADD and sequential activation of DREDD, TAK1, TAK binding protein 2 and 3 (TAB2/3), and the IKK complex (11). Subsequently, Relish is phosphorylated at multiple N-terminal sites by the IKK complex and thereafter cleaved by DREDD (30, 31). While the N-terminal transcription factor domain is released by endoproteolytic cleavage, the C-terminal part (Rel-49) remains in the cytoplasm and the active N-terminal part (Rel-68) is translocated into the nucleus, leading to the activation of antimicrobial response, elicited by the production of AMPs (32, 33). Further, IMD signaling is supplemented by TAB2, E3 ligase inhibitor of apoptosis 2 (IAP2), which associates with the E2-ubiquitin-conjugating enzymes UEV1a, Bendless (Ubc13), and Effete (Ubc5) and the transcription cofactor Akirin (22, 34).

Additional interactions of the Imd pathway with other immune signaling pathways have been reported in different insects. Evolutionary dynamics lead to various host-pathogen interactions. Therefore, insects of different orders, for instance, fruit flies, mosquitoes, and honey bees, express various immune-related genes during their interaction with pathogens. Following viral and parasitoid infections in Drosophila, unpaired (upd) 1, upd2, and upd3 in hemocytes bind to the dimerized Domeless receptor and activate Jak kinase (Hopscotch), resulting in phosphorylation and dimerization of STATs (Start92E) (35). Although honey bees lack upd orthologs, they can recognize viral infections via the same pathway and regulate relevant antimicrobial effectors such as Thioester-containing protein (TEPs) (36). Imd signaling engages with transcriptional factors after recognizing viral PAMPs. The viral patterns have been shown to stimulate REL2-regulated genes. Moreover, an specific binding sites for D. melanogaster NF-κB transcription factors and REL1A of Aedes aegypti have been found in TEP22 protein (37). Additionally, TAK1 and TAB2/3 activate the JNK pathway, leading to either the expression of AMP genes or apoptosis (36). Furthermore, phospholipase A2 (PLA2) has been identified and characterized in a wide range of animals and has diverse functions, including but not limited to host immune response. The induction of PLA2 activity in Spodoptera exigua is controlled by Imd signaling (38).

Imd signaling can be triggered by Gram-negative bacteria and other pathogenic sources, including fungal infections (39). Reduced survivability in Relish mutants of D. melanogaster and induced NF-κB REL2 in fat bodies and midgut of mosquitoes with fungal infection have been reported previously (40).

Negative regulators of Imd signaling have also been studied and identified. A membrane-bound non-catalytic PGRP-LF functions as a negative regulator of the PGRP-LC-mediated Imd pathway in D. melanogaster (41). Hence, some catalytic PGRPs like PGRP-SC1 and PGRP-LB are reported as negative regulator of Imd signaling via amidase activity against PGN (42). Moreover, in mosquitoes and honey bees, poor Imd response upon knock-in (Pirk), Rudra, and PGRP-LC-interacting inhibitor of Imd signaling (PIMS) are the other negative regulators of the pathway (35, 36). PIMS depletes the level of PGRP-LC from the plasma membrane and abrogates Imd signaling, maintaining a balanced Imd response subsequent to bacterial infections (43). The negative regulation has also been attributed to the enzyme transglutaminase that mediates cross-linking of Relish and suppresses innate immunity to commensal bacteria in the gut of Drosophila (44).



Summary of Previous Reports on Imd Signaling in T. molitor

Despite the application of Drosophila as a powerful study model, using larger insects such as T. molitor has been benefiting researchers with more accessible biochemical investigations. As in other insects, the Imd pathway in T. molitor initiates an immune response by sensing invaders through PRRs such as PGRP-LC or PGRP-LE (45). Downstream of the intracellular signaling cascade, Relish enhances the production of AMPs to eliminate pathogens (46). Imd pathway components in T. molitor such as PGRP-LE, IMD protein, FADD, Dredd, TAK1, IKK gamma, IKK epsilon, and Relish have already been identified by our research group. Functional roles of these components have been examined using numerous pathogens, including but not limited to Escherichia coli, Staphylococcus aureus, Candida albicans, and Listeria monocytogenes, as immune elicitors. Knocking down Imd pathway components using RNA interference (RNAi) technology has shed light on various aspects, such as post-infection mortality rates and reduction in AMP levels (Table 1).


Table 1 | Summary of the Imd pathway compartments that regulate antimicrobial peptide production in T. molitor.



The expression of nine AMP genes (Tenecin1, Tenecin4, Attacin1a, Attacin1b, Attacin2, ColeoptericinA, ColeoptericinC, Defensin, and Defensin-like) in the insect gut reduced in response to E. coli infection post-PGRP-LE knockdown (45). Moreover, T. molitor larvae demonstrate an increased mortality rate post L. monocytogenes infection following PGRP-LE silencing. However, another study presented conflicting results under similar experimental conditions in a different T. molitor larval stage (50).

Silencing of TmImd increases mortality after E. coli and C. albicans infections owing to the reduced expression of nine AMP genes (Tenecin1, Tenecin2, Tenecin4, Defensin-like, ColeoptericinA, ColeoptericinC, Attacin1a, Attacin1b, and Attacin2) and five AMP genes (Tenecin2, Defensin-like, ColeoptericinA, Attacin1a, and Attacin2), respectively (47).

Likewise, IKK epsilon-silenced T. molitor larvae showed enhanced susceptibility post-E. coli infection owing to reduced expression of 12 AMP genes (Tenecin1, Tenecin2, Tenecin4, Defensin, Defensin-like, ColeoptericinA, ColeoptericinC, Attacin1a, Attacin1b, Attacin2, Thaumatin-like protein1, and Thaumatin-like protein2) in fat bodies, which are the major immune organ in insects. Reduced expression of 10 AMP genes (Tenecin1, Tenecin4, Defensin, ColeoptericinA, ColeoptericinC, Cecropin-2, Attacin1b, Attacin2, Thaumatin-like protein1, and Thaumatin-like protein2) in the gut and four AMP genes (Defensin, Defensin-like, ColeoptericinC, and Attacin2) in the hemocytes following IKK-epsilon knockdown elevated the risk of E. coli infection-mediated mortality (49). In addition, silencing the IKK gamma gene enhanced the susceptibility of T. molitor larvae to E. coli, S. aureus, and C. albicans infections (48). The understanding of the T. molitor Imd signaling cascade under pathogenic stress is still under examination. Understanding the complexity and intricate cross-talk mechanisms in response to varied pathogens would provide interesting insights of the defense mechanisms in the beetle innate immunity.

Further investigations on the downstream molecules in the Imd pathway and transcription factor Relish have proven the role of Imd signaling in bacterial (Gram-negative and Gram-positive) and fungal infections. For instance, in dsTmRelish-treated larvae, mortality of almost 90% was attributed to the downregulation of AMPs such as Tenecin3, Tenecin4, ColeoptericinA, and Attacin1a in all tissues. Hence, direct interaction of Relish and production of AMPs against E. coli infection in T. molitor support the role of Imd signaling in the host-mediated immune response (46). Additionally, Relish plays a critical role in inducing autophagy-related genes against L. monocytogenes infection in the fat bodies and hemocytes of T. molitor (51) (Figure 1).




Figure 1 | Schematic illustration of the proposed Imd pathway in Tenebrio molitor and its possible cross-talks. Pattern recognition receptors (PRRs; PGRP-LC and PGRP-LE) are triggered by DAP-type PGN of the bacterial cell wall. Recognition of Gram-negative bacteria further triggers the recruitment of intracellular proteins TmIMD, TmFADD, and TmDREDD. TmTAK1/TmTAB2, activated by TmIMD, further activates TmIKK complex. TmRelish is subsequently phosphorylated by the TmIKK complex and then cleaved by TmDredd. Eventually, it leads to the translocation of TmRelish into the nucleus, where it binds to the relevant transcription response elements and triggers AMP production. Solid black arrows indicate the identified interactions between Imd signaling compartments. Blue dashed arrows indicate putative cross-talks between Imd and other signaling pathways via TmIKKs complex, TmRelish, and ligand Spaetzle in T. molitor. Red dashed arrows indicate the putative cross-talks identified in other insects. Abbreviations: PGRP; Peptidoglycan recognition protein, IMD; Immune deficiency, FADD; Fas-associated protein with death domain, DREDD; death-related ced-3/Nedd2-like protein, TAK1; Transforming growth factor-activated kinase1, TAB2; TAK binding protein 2, IKK; Inhibitor of nuclear factor-κB (IκB) kinase, AMP; Antimicrobial peptide, JNK; c-Jun N-terminal kinase.





Cross-Regulation of Imd and Toll Pathways in T. molitor

Cross-regulation of Imd and Toll pathways have been previously documented in various insects, such as Drosophila, Tribolium castaneum, and Plautia stali (20). Studies on T. molitor also provided evidence for the cross-regulation of Imd and Toll pathways (Figure 1). Generally, insects elicit distinct immune responses depending on the pathogen source. For instance, Toll signaling in Drosophila can be activated solely after recognizing lysine-type PGN of Gram-positive bacteria or fungal beta-1,3-glucan (52). In contrast, the Imd pathway is activated simply by recognizing DAP-type PGN of Gram-negative bacteria or certain Gram-positive bacilli (53). However, in T. molitor, polymeric DAP-type PGN of Gram-negative bacteria can trigger both Imd and Toll pathways (54). The studies that have proposed the intracellular cross-regulation between these two signaling pathways are listed in Table 2.


Table 2 | Potential evidence for the interactions between Imd pathway and other immune signaling pathways in T. molitor.



Knockdown of IKK gamma causes decreased survivability after E. coli, S. aureus, and C. albicans infections. IKK gamma silencing resulted in the downregulation of Transcription factors Relish and DorX2-encoding genes downstream of Imd and Toll pathways, respectively. Consequently, the gene expression of ten relevant AMPs was also suppressed. Concurrently, DorX1 expression was upregulated, suggesting that IKK gamma can act as a positive and negative regulator of Toll and Imd signaling pathways (48). Furthermore, IKK epsilon, another unit of the IKK complex, was involved in the expression of three NF-κBs (DorX1, DorX2, and Relish) and AMPs in fat body tissues. These results suggest that IKK epsilon plays a pivotal role in regulating Toll and Imd pathways in the fat body tissues of T. molitor. Nevertheless, the survivability of larvae was not affected by the invasion of S. aureus and C. albicans post-IKK epsilon knockdown, whereas they showed susceptibility after E. coli infection (49).

Additionally, lysine-type PGN of Gram-positive bacteria in Drosophila can be sensed by PGRP-SA and Gram-negative binding protein 1 (GNBP-1) (15). In contrast, various studies have clarified that PGRP-SA of Bombus ignitus, Apis mellifera, and Megachile rotundata tended to bind to DAP-type PGN rather than lysine-type PGN (55). In T. molitor, PGRP-SA plays an important role in survivability against bacterial (Gram-negative and Gram-positive) and fungal infections (56). Furthermore, Toll receptor can be activated by its ligand, Spaetzle (Spz). This protein is a zymogen and is cleaved to its mature form by a chain of serine protease activation, following pathogen recognition by PRRs (24, 57). The immunological roles of Spz isoforms (Spz1b, Spz-like, Spz4, Spz5, and Spz6) in T. molitor have been investigated using RNAi (58–62). Among them, TmSpz1b, TmSpz-like, and TmSpz5 showed anti-Gram-negative bacterial (E. coli) activity (58, 61, 62). Moreover, silencing of TmSpz1b downregulated the expression of TmDorX1 and TmRel in the immune organs (58). Similarly, TmSpz-like knockdown suppressed the expression of all NF-κB genes (61). The TmSpz5-silenced larvae, however, showed a decreased expression of TmRel after Gram-negative bacterial infection but an increased expression of the same after a Gram-positive bacterial infection in the Malpighian tubules (62). Collectively, the activation of either Toll or Imd signaling pathways interferes with the other through unknown interactions between their components (Table 3).


Table 3 | Summary of Toll pathway compartments affecting the regulation of Imd signaling in T. molitor.



Another pathway that supposedly interacts with Imd signaling is autophagy, a conserved cellular mechanism that maintains homeostasis by eliminating dysfunctional cellular components and intracellular pathogens mediating its delivery to the lysosomes (63, 64). PGRP-LE recognizes the intracellular pathogen Listeria and induces autophagy (64). Furthermore, the transcription factor Relish can regulate the expression of autophagy-related genes in T. molitor through unknown mechanisms. This was briefly addressed in a study wherein silencing of TmRelish in T. molitor larvae decreased the mRNA levels of TmAtg1 in the fat bodies and hemocytes subsequent to Listeria infection (47). This proposes a cross-talk between Listeria-induced autophagy and Imd pathway in T. molitor (63).



Final Remarks

We have provided a comprehensive overview of the Imd signaling cascade in T. molitor and insights into future research directions that would improve understanding of this signaling cascade in beetles. The existing genome sequencing information have identified players associated with the Imd signaling cascade; however, several aspects remain unanswered. These include (i) the precise mechanism of the Imd pathway compartments such as FADD, Dredd, TAK1, and TAB2, (ii) cross-talks with other signaling pathways, such as Toll, JNK, and autophagy, and (iii) the putative functions of this signaling in development and apoptosis, similar to its counterpart, TNFR signaling, in mammals. Therefore, further studies are essential to bridge these gaps in the literature.
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Aedes aegypti is a crucial vector for many arboviral diseases that cause millions of deaths worldwide and thus is of major public health concern. Crystal (Cry) proteins, which are toxins produced by Bacillus thuringiensis, are structurally organized into three-domains, of which domain II is the most variable in terms of binding towards various toxin receptors. The binding of Cry11Aa to putative receptor such as aminopeptidase-N (APN) is explicitly inhibited by midgut C-type lectins (CTLs). The similarity between the domain II fold of Cry11Aa toxin and the carbohydrate recognition domain in the CTLs is a possible structural basis for the involvement of Cry domain II in the recognition of carbohydrates on toxin receptors. In this study, a site-directed point mutation was introduced into the A. aegypti CTLGA9 gene on the basis of molecular docking findings, leading to substitution of the Leucine-6 (Leu-6) residue in the protein with alanine. Subsequently, functional monitoring of the mutated protein was carried out. Unlike the amino acid residues of wild-type CTLGA9, none of the residues of mutant (m) CTLGA9 were competed with Cry11Aa for binding to the APN receptor interface. Additionally, ligand blot analysis showed that both wild-type and mutant CTLGA9 had similar abilities to bind to APN and Cry11Aa. Furthermore, in the competitive ELISA in which labeled mutant CTLGA9 (10 nM) was mixed with increasing concentrations of unlabeled Cry11Aa (0–500 nM), the mutant showed no competition with Cry11Aa for binding to APN., By contrast, in the positive control sample of labeled wild type CTLGA9 mixed with same concentrations of Cry11Aa competition between the two ligands for binding to the APN was evident. These results suggest that Leucine-6 may be the key site involved in the competitive receptor binding between CTLGA9 and Cry11Aa. Moreover, according to the bioassay results, mutant CTLGA9 could in fact enhance the toxicity of Cry11Aa. Our novel findings provide further insights into the mechanism of Cry toxicity as well as a theoretical basis for enhancing the mosquitocidal activity of these toxin through molecular modification strategies.
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Introduction

The mosquito Aedes aegypti is a crucial vector for many arboviral diseases that cause millions of deaths worldwide and thus of major public health concern (1, 2). Mosquito control is thus critical to halting the spread of these diseases (3), there is as yet no effective strategy in this regard. Traditionally, mosquito control is implemented through the use of chemical pesticides, but such compounds may lead to environmental pollution and the emergence of resistant insect species (4, 5). Recently, microbiological pesticides have been widely applied and promoted being environmentally safe and highly specific, exerting little influence on non-target organisms while resulting in lower resistance in the target species (3, 6, 7). Thus, microbial pesticides have proven to be the ideal way to control mosquitoes. Bacillus thuringiensis is a gram-positive, soil bacterium that, produces crystal (Cry) proteins, which are toxins that have been widely applied in agriculture to control insect pests (8). In particular, B. thuringiensis subspecies israelensis that, produces different Cry proteins capable of killing mosquitoes, including Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa, and Cyt1Aa (9, 10).

Structurally, insecticidal Cry proteins are made up of three conserved domains, each of which holds a specific function (11). Domain I, which is involved in pore formation, comprises a bundle of 7–8 alpha helices. Domain II, which carries out receptor binding activity, composed of beta-prism folds with exposed loop regions. Domain III, made up of beta-sandwich folds, is involved in receptor binding, insect specificity, and ion channel formation (12–15). The sequential binding mechanism of the Cry protein is activated when mosquito larvae are exposed to the toxin. After their solubilization and activation by proteases in the insect midgut, the Cry protein bind to specific receptors such as alkaline phosphatase (ALP), aminopeptidase-N (APN), and cadherin (CAD) which are located on brush border membrane vesicles in the insect midgut. This toxin-receptor interaction causes pore formation in the epithelial cells resulting in osmotic imbalance and cell death (11, 16, 17). Cry toxins and lectins exhibit structural similarity, in that they both have a β-prism fold structure. Therefore, lectins could interfere with the binding of Cry toxins to their receptors by binding competitively to the glycosylated receptor (18, 19).

Lectins a class of carbohydrate binding proteins, are ubiquitously expressed in plants, animals, bacteria, and viruses (20). They play a major role in the self and non-self-recognition processes of the humoral immune system. Interestingly, lectin proteins can recognize and bind to specific carbohydrate structures on the surface of the cells causing cell agglutination. s. Because some insect lectins can recognize polysaccharide chains on the surface of pathogens, they are assumed to be involved in self-defense.

Molecular simulation and molecular docking analyses can provide strong support for the study of protein-protein interactions (21). In this study, a site-directed point mutation was introduced into the A. aegypti CTLGA9 gene on the basis of previous protein-protein interaction studies and the prediction of hot spot residues in the ligand-receptor complex. Subsequently, the role of the predicted residue in the interaction between Cry11Aa and the receptor APN was verified using the ligand blot assay and enzyme-linked immunosorbent assay (ELISA). The findings of this study will lay a foundation for further research on the interaction between the toxin Cry11Aa and other receptors, as well as on the enhancement of the insecticidal activity of Cry toxin through their molecular modification.



Materials and Methods


Materials

A Haikou strain of A. aegypti, obtained from the Fujian International Travel Health Care Center, was reared in the laboratory under controlled conditions of 28°C, 75-80% relative humidity, and 14:10 h light: dark photoperiod. B. thuringiensis Cry11Aa and APN receptor strains were provided by Dr. Sarjeet Gill, University of California Riverside, CA, U.S.A. Escherichia coli strain DH5α and E. coli BL21 (DE3) competent cells, and plasmid pMD18-T were purchased from TaKaRa (Dalian, China). The expression vector pET32α used in this study was among our laboratory stock. EZ-Link-NHS-Biotin was purchased from Thermo Fisher Scientific (Waltham, MA, USA),. Streptavidin horse-radish peroxidase (HRP) conjugated antibody was purchased from Beyotime Biotech (Shanghai, China), biotin specific antibody streptavidin/AP from BIOSS Antibodies (Beijing, China), rabbit polyclonal antibodies and anti-6 × His antibody was bought from BBI Life Science (Shanghai, China). ProteinIso® Ni-NTA resins were purchased from TransGen Biotech (Beijing, China).



Modeling and Protein Docking Analyses of CTLGA9, Cry11Aa and APN

The three-dimensional protein structures of CTLGA9 (PDB: 5EAL), Cry11Aa (PDB: 1DLC), and APN (PDB: 4WZ9) were obtained via a modeling approach using Phyre-2 software, as reported in our previously published study (19). Protein docking simulations were conducted with the Discovery Studio 2.5. software. The docking complexes were obtained using the GRAMM-X Protein-Protein Docking Web Server v.1.2.0 (http://vakser.compbio.ku.edu/resources/gramm/grammx) and analyzed through the root mean square deviation of the receptor and binding interface. Hot spot residues were predicted based on the comparisons of docking complexes. An alanine substitution mutation was introduced in the CTLGA9 protein and the binding interaction of the mutant was further confirmed through molecular docking analysis (22). The amino acid sequence of mutant CTLGA9 was modeled using the Phyre-2 server. From the top 10 model templates obtained from the program, the first one was selected according to best coverage efficiency and confidence level. The structure was assessed geometrically using different programs, such as the Ramachandran plot in Discovery Studio and the Z-score and energy plot from the ProSAweb server (https://prosa.services.came.sbg.ac.at/prosa.php). Subsequently, docking complexes of m CTLGA9 with the toxin and receptor were generated and analyzed using Discovery Studio software.



Isolation, Expression, and Purification of Mutant CTLGA9

The nucleotide sequence of A. aegypti wild-type CTLGA9 (wt CTLGA9) was retrieved from the National Center for Biotechnology Information (Genbank Accession No: AAEL014385) and submitted to the SMART database (http://smart.embl-heidelberg.de/) for domain and protein analysis. The target fragment was amplified using wt CTLGA9 plasmid as the template and the mutant primer pair (Forward-primer: 5′CATGCCATGGAAGCATGGAGAgcGTG3′; Reverse-primer: 5′CCCAAGCTTATCCAAGATGCAACTCCTA3′). TransStart FastPfu Fly DNA polymerase (TransGen Biotech), was used for amplification of the sequences. The purified polymerase chain reaction (PCR) product was ligated into the pMD18T vector following enzyme digestion with NcoI and Hind III was carried out. Then the fragments were further ligated to the pre-digested vector pET32α. The constructed recombinant plasmids (pET32α-CTLGA9) were transferred into E. coli BL21 (DE3) competent cells. The correct insertion of the m CTLGA9 segment was confirmed through enzyme digestion and verified by sequencing. A single colony of freshly transformed E.coli (BL21) cells carrying the recombinant plasmids was then cultured overnight in ampicillin containing 2YT medium, with constant agitation of 200 rpm and 37°C. Thereafter, 1% of the total volume of the overnight culture was inoculated into fresh 2YT medium until the OD600 reached 0.6-0.8. To induce the expression of CTLGA9, 0.5 mM isopropyl β-D-1-thiogalactopyranoside was added to the cells, and the culture was incubated for 20 h at 16°C with agitation at 200 rpm. Thereafter, the cells were collected by centrifugation (8000 rpm for 10 min at 4°C), washed, and resuspended in binding buffer (0.5 M NaCl, 20 mM sodium phosphate, 10 mM imidazole, pH: 7.4), and then lysed by sonication for 30 min to disrupt the cell membranes and release the cellular contents. Then, the lysate solution was centrifuged (11000 rpm for 15 min at 4°C). Supernatants were passed through a Ni-NTA affinity column that had been pre-equilibrated with binding buffer (0.5 M NaCl, 20 mM sodium phosphate, 10 mM imidazole, pH: 7.4). Subsequently, the protein molecules bound to Ni-NTA resins, were eluted with an elution buffer (0.5 M NaCl, 20 mM sodium phosphate, and 400 mM imidazole, pH: 7.4). Fractions containing the target protein were checked using 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and the protein concentrations were measured with the Bradford method (23). The receptor protein APN was also purified using His-tagged Ni-NTA chromatography.



Immunoblotting and ELISA Based Competitive Binding Assay

Quality checking of the recombinant protein was performed using the western blot assay (24). In brief, biotinylated m CTLGA9 and wt CTLGA9 proteins were first separated using 10% SDS-PAGE and then transferred to a polyvinylidene difluoride (PVDF) membrane. Detection of the proteinswas carried out using the biotin-specific antibodies (1:3000), following which a 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) kit (Beyotime, Shanghai, China) was used to confirm the results. The binding activity of m CTLGA9 to Cry11Aa and APN receptor was analyzed with the ligand blot assay (21). In brief, 10% SDS-PAGE separated m CTLGA9 protein was transferred to a PVDF membrane which was then incubated with phosphate-buffered saline (PBS) containing 5% skim milk, and subsequently washed three times with PBS containing Tween-20 (PBST). Thereafter, the mutant protein-containing membrane was incubated with Cry11Aa (10 μg/mL) or APN (10 μg/mL) proteins for 2 h and washed with PBST. Subsequently, the membranes were incubated with specific anti-Cry11Aa and anti-APN polyclonal antibodies (1:3000) for 1.5 h. Next, the membranes was washed with PBST and further incubated with secondary antibodies (1:3000) for 1.5 h. After three washes with PBST and PBS, the immune complexes were detected using the BCIP/NBT color development kit. Thioredoxin (Trx) and wt CTLGA9 were used as controls. The competitive ELISA was performed to confirm the binding interaction between the m CTLGA9 proteins and APN proteins (24). To determine whether m CTLGA9 and Cry11Aa competed with each other for binding to APN, a competitive ELISA was conducted following previously reported methods (19, 25). In brief, the wells of a 96-well plate were coated with APN proteins (4 μg/well), and the plate was stored at 4°C overnight. After blocking with 5% skim milk mixed with PBS buffer, 0-500 nM of unlabeled Cry11Aa proteins mixed with 10 nM labeled m CTLGA9 were added to the respective wells for incubation at room temperature for 1 h. Additionally, 10 nM biotin labeled Cry11Aa was mixed with increasing concentrations of unlabeled m CTLGA9 (0–500 nM) was added to each well of a pre-coated ELISA plate. The labeled CTLGA9 and Cry11Aa proteins were detected using the streptavidin HRP-conjugated antibody (1:3000). Then, 100 μL of the chromogenic agent 3,3′5,5′-tetramethylbenzidine (TMB) (Beyotime, Shanghai, China) was added to each well, and the plate was incubated at 37°C for 15 min. The reaction was terminated by the addition of 2M H2SO4, and absorbance of the solution in each well was recorded at 450 nm. Each treatment was replicated three times. Trx and wt CTLGA9 proteins mixed with Cry11Aa were used as controls. GraphPad Prism software was used to analyze the data.



Larvae Bioassay

The A. aegypti larvae bioassay was performed according to the methods described in previously published report (26). In short, third instar larvae of A. aegypti were fed Cry11Aa protein (0.85 μg/mL) or a mixture of Cry11Aa and m CTLGA9 protein (0.15, 1.5, and 15 μg/mL). Each treatment was replicated three times. The survival rate of the mosquito larvae was recorded after 12 and 24 h. The Trx protein and wt CTLGA9 protein (0.15, 1.5, and 15 μg/mL) mixed with Cry11Aa were used as controls. Data were analyzed using the GraphPad Prism software, and each bar represents the mean ± SD of three replicates.



Growth Curve of Mutant CTLGA9

The growth rates of recombinant E. coli strains (those expressing m CTLGA9, and wt CTLGA9) were measured and compared to with that of the Trx-expressing control strain. All strains were grown in Luria-Bertani (LB) medium containing ampicillin (100µg/mL) with constant agitation at 200 rpm, 37°C until the OD600 of the culture reached 0.6-0.8. Then, the bacterial culture was transferred into 100 mL of fresh LB medium. Samples were loaded into the sample tray of a fully automatic growth curve analyzer (Bioscreen C, Finland), and the growth rate was measured for 0-72 h at 37°C.




Results


Protein Docking Analysis of CTLGA9 and Cry11Aa With APN Receptor

The docking complexes of wt CTLGA9 and Cry11Aa bound with the receptor APN and were analyzed using Discovery Studio, where it was found that the two ligand proteins had common APN binding sites (Figure 1A and Table S1). Further residues in wt CTLGA9 and Cry11Aa were analyzed involved in binding with APN (Figures 1B, C). The predicted hot spot residues involved in interaction between CTLGA9 and APN were L6, Q12, Y107, C109, and E110. L6 and Q12 were selected for alanine substitution mutation and the binding of the two resultant mutants with APN was checked through docking simulation analysis. Importantly, it was found that the mutation at Q12 was not associated with any change in Cry11Aa toxicity in the larvae bioassay. The effect was similar to the wt CTLGA9. By contrast, in the bioassay involving CTLGA9 mutated at L6, the toxicity of Cry11Aa was enhanced relative to that of the toxin mixed with wt CTLGA9. Therefore, CTLGA9 mutated at L6 was further characterized. Ramachandran analysis of m CTLGA9 predicted 95% of the residues to be in the favoured region according to phi and psi angle positions, whereas 5.4% of the residues were in the outlier region (Supplementary Figure S1A). The Z-score (-4.46) and energy value obtained from the ProSA-web server were below 0 and the interactions were energetically stable (Supplementary Figures S1B, C). The three-dimensional models of CTLGA9 (90% of sequences and 105 residues) were modeled with 99.9% confidence using the Phyre-2online server (Supplementary Figure S1D). Docking complexes of m CTLGA9 with APN receptor and Cry11Aa were obtained through GRAMM-X Protein-Protein Docking Web Server v.1.2.0 (http://vakser.compbio.ku.edu/resources/gramm/grammx/) and analyzed using Discovery Studio 2.5 software. The yellow colour showed the binding sites of m CTLGA9 to APN and Cry11Aa (Figures 2A-a, b), Notably, analysis of the docking complexes revealed that none of the residues in m CTLGA9 were in competition with those of Cry11Aa for binding to APN interface, unlike the residues of the wt CTLGA9 (Figures 2B (a, b) and Table S2).




Figure 1 | Molecular docking of wt CTLGA9 and Cry11Aa with APN. Three dimensional structures were modeled using Phyre-2 engine and molecular docking was performed by Discovery Studio 2.5. (A) Residues in APN that are involved in interaction with Cry11Aa (colored in green), with CTLGA9 (colored in red), or with both Cry11Aa and CTLGA9 (colored in yellow). (B) Residues (blue color) in CTLGA9 involved in binding with APN receptor. (C) Residues (blue color) in Cry11Aa involved in binding with APN.






Figure 2 | Molecular docking of mutant CTLGA9 with APN and Cry11Aa. Three-dimensional structures were modeled using Phyre-2 engine and molecular docking was performed by Discovery Studio 2.5. (A-a) Binding sites (yellow color) in docking complexes of m CTLGA9 with APN  and (A-b) Cry11Aa. (B) Binding interface in APN receptor. (B-a) Residues in APN that are involved in interaction with wt CTLGA9 (colored in red) and Cry11Aa (colored in green) while yellow color showed common binding sites of both CTLGA9 and Cry11Aa in APN receptor interface (B-b) Residues in APN that are involved in interaction with m CTLGA9 (colored in red) and Cry11Aa (colored in green).





Expression and Purification of Mutant CTLGA9

Protein sequence analysis of m CTLGA9 indicated to be a 17 kDa stable protein, similar to the wt CTLGA9 protein. After amplification with gene-specific primers, the PCR product appeared as a band of approximately 354 bp (Figures 3A-a). The DNA fragment was extracted from the gel and ligated into the pMD18T cloning vector. Figures 3A-b shows confirmation that the plasmids had been correctly digested at the NcoI/HindIII enzyme sites. After insertion of the cloning vector into the pET32α vector, and transfer of the recombinant plasmid into E.coli BL21 competent cells. Subsequent gel analysis of the plasmids verified that the 354 bp fragment had been successfully inserted into pET32α (Figures 3A-c). Finally, SDS-PAGE separation of m CTLGA9 and wt CTLGA9 proteins that had been extracted using Ni-NTA chromatography confirmed them to be specific protein bands of approximately 33 kDa in size (Figures 3B-a). Further, confirmation through western blotting with specific polyclonal antibodies of m CTLGA9 revealed a band of 33 kDa on the PVDF membrane, which was consistent with the size of the wt CTLGA9 positive control (Figures 3B-b).




Figure 3 | PCR Amplification of mutant CTLGA9 gene (A-a), Lane M: 250bp DNA marker (Thermo); Lane 1: amplified fragment of 354bp. (A-b) pMD18T recombinant plasmid digested with NcoI/HindIII, Lane M: 250bp DNA marker; Lane 1-5: plasmid digested product. (A-c) pET32α harboring m CTLGA9 recombinant plasmid digestion with enzyme sites NcoI/HindIII. Lane M: DL15000bp DNA marker (Thermo), Lane 1: Recombinant plasmid of CTLGA9- pET32α; Lane 2, 3: digested product. (B) SDS-PAGE and Western blotting analysis of m CTLGA9. (B-a) Lane M: 180 kDa molecular mass marker, Lane 2: Trx control; Lane 3: wt CTLGA9 protein; Lane 4: total mutant protein; Lane 5: mutant Supernatant; Lane 6: after binding sample; Lane 7: purified m CTLGA9 protein. (B-b) Western blot of m CTLGA9 protein. Lane M: 180 kDa molecular mass marker (Thermo); Lane 2: Trx control; Lane 3:wt CTLGA9 control protein; Lane 4: m CTLGA9 protein. Proteins were detected through CTLGA9 specific antibody.





Binding Activity of Mutant CTLGA9 With APN and Cry11Aa

To determine the binding activity of m CTLGA9 with APN and Cry11Aa, ligand blotting and ELISA were performed. On the western blot membrane, m CTLGA9 that had been probed with either APN or Cry11Aa appeared a sharp band of approximately 33 kDa, similar to the positive control wt CTLGA9 (Figures 4A (a, b)), proving that the expressed m CTLGA9 could bind with APN and Cry11Aa proteins. The competitive ELISA based binding assay was performed to evaluate whether m CTLGA9 and Cry11Aa competed for binding to APN. The results clearly showed that labeled m CTLGA9 mixed with increasing concentrations of unlabeled Cry11Aa did not compete with Cry11Aa for the binding to fixed APN (Figures 4B-a). By contrast labeled wt CTLGA9 (as a positive control) mixed with same concentrations of unlabeled Cry11 Aa was found to compete with Cry11Aa for binding to APN (Figures 4B-a). On another side labeled Cry11Aa (10 nM) mixed with increasing concentration of m CTLGA9 (0–500 nM) was not competing to bind with fixed APN receptor proteins as compared to labeled Cry11Aa mixed with increasing concentration of wt CTLGA9 (0–500 nM) (Figures 4B-b). Non-significant binding activity was recorded between the control Trx and APN (Figure 4B).




Figure 4 | The binding activity of mutant CTLGA9 protein with APN receptor and Cry11Aa toxin protein. (A (a, b)) Lane M: 180 kDa molecular mass marker (Thermo); Lane 2: Trx negative control; Lane 3: wt CTLGA9 (positive control); Lane 4: m CTLGA9. (B-a) Binding of biotinylated m and wt CTLGA9 (10 nm) to immobilized APN in the presence of increasing concentrations of unlabeled Cry11Aa (0-500nm); (B-b) Binding of biotinylated Cry11Aa to immobilized APN in the presence of increasing concentrations of unlabeled mutant and wt CTLGA9.





Toxicity Bioassay and Growth Curve of m CTLGA9

To determine whether m CTLGA9 can alter the activity of Cry toxins, third instar larvae of A. aegypti were fed purified recombinant m CTLGA9 protein, wt CTLGA9 protein or Trx protein (as a control), and their cumulative survival rates were recorded. The bioassay results confirmed that m CTLGA9 could enhance Cry11Aa toxicity at 12 h (Figure 5A) and 24 h post-feeding (Figure 5B), compared with the effects of to wt CTLGA9 protein. In particular, at high concentration of m CTLGA9, significantly fewer larvae survived compared with those fed the same concentrations of wt CTLGA9 protein. Taken together, these results suggest that m CTLGA9 can enhance the larvicidal activity of Cry toxins.




Figure 5 | Feeding assay of Cry11Aa in the presence of recombinant m CTLGA9 fusion protein. A. aegypti larvae were fed with purified Cry11Aa (0.85 μg/mL) mixed with increasing concentrations of recombinant and control protein as wt CTLGA9 or Trx protein (0.15, 1.5, 15 μg/mL), and the mosquito larvae survival rate was noted at 12 h (A) and 24 h (B) of treatment with three replicates. Significance of difference was calculated by one way ANOVA followed by Tukey HSD test using IBM SPSS version 22 (A, B), and identical letters are not significantly different (p > 0.05) while different letters indicate significant difference (p < 0.05).



The growth patterns of all three strains (recombinant E. coli) were more or less similar. The growth of bacteria carrying m CTLGA9 followed a steady curve, whereas the strain carrying wt CTLGA9 showed quicker growth up to 10–14 h albeit. The comparative rise for the later was approximately 10%, which can be considered a transient increase. Beyond 20 h, the growth patterns were similar for all strains; although the wt CTLGA9 carrying recombinant showed a slightly higher overall concentrations of cells (Supplementary Figure S2).




Discussion

B. thuringiensis subspecies israelensis produces different Cry and Cyt family toxins used for mosquito control and management (27). Among these, Cry11Aa has proven to be one of the most active mosquitocidal agents against A. aegypti (28). Although the interactions between Cry toxins and their receptors have been relatively well studied, those between the midgut proteins and Cry toxins and toxin receptors remain unexplored. Molecular docking simulation is a highly useful technique for determining such protein-protein interactions (29, 30). Cry11Aa has been found to be bound to four different proteins in the brush border membrane vesicles of A. aegypti (31), two of which were identified as Cry11Aa functional receptors, namely the 65 kDa glycosylphosphatidyl-inositol-anchored protein ALP and the 73 kDa receptor protein APN (25, 32). Cry toxins initially bind to various receptor proteins on the host cell membrane and cause pore formation that leads to cell death. These toxins are made up of three domains. Among, which domain II is the most variable with regard to toxin specificity while binding toward the various receptors. Both the carbohydrate recognition domain of lectin and domain II of Cry toxins exhibit a β-prism structure (33–36), with exposed loop regions involved in receptor binding. Therefore on the basis of protein–protein interaction observations and predictions of the hot-spot residues in the receptor–ligand complex, a site-directed point mutation was introduced into the nucleotide sequence of A. aegypti CTLGA9 in this study, and the mutant protein was expressed to investigate its interaction with APN. C-type lectins belong to a large family of pattern recognition receptors that bind to galactose and mannose-type carbohydrates in the presence of calcium ions (37). Therefore, lectin proteins can recognize the structures of specific carbohydrates on cell surface and bind to them resulting in cell agglutination (38). Previously, it was reported that A. aegypti CTL-20 and galectin-14 could compete with Cry11Aa for binding to the receptor ALP1resulting in a significant increase in the the survival of mosquito larvae after being treated with Cry toxins (18, 26). In this study, the key amino acids involved in the binding of Cry11Aa or CTLGA9 to APN were determined, and the Leucine-6 residue was selected for alanine substitution mutation. Analysis of the docking complexes revealed that none of the residues in m CTLGA9 were involved in competition with Cry11Aa for binding to the APN interface. Our results showed that the expressed m CTLGA9 could bind equally with Cry11Aa and APN. ELISA binding assay revealed that labeled m CTLGA9 mixed with an increasing concentration of unlabeled Cry11Aa did not compete for binding toAPN. However, competitive binding to APN was detected in the positive control sample of labeled wt CTLGA9, mixed with variable concentrations of Cry11Aa. Furthermore, the bioassay results indicated that m CTLGA9 could enhance the toxicity of Cry proteins, as fewer m CTLGA9-fed larvae than wt CTLGA9-fed larvae survived at a high concentration of protein feeding. However, other CTLs have been found to bind not only to APN but also to other important receptors such as ALP and inhibiting Cry11Aa toxicity toward A. aegypti (18, 26). The toxicity assay also demonstrated that CTLGA9 protein was resistant to the insecticidal activity of Cry11Aa against A. aegypti. In conclusion, wt CTLGA9 can block Cry11Aa from binding to APN, which might decrease the mosquitocidal activity of the toxin as compared with the non-competitive effect of m CTLGA9. This mutated CTL protein may serve as a reference for future investigations of mechanism of B. thuringiensis Cry-based toxicity and the development of new biopesticides for mosquito control.
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The innate immune response provides the first line of defense against invading pathogens, and immune disorders cause a variety of diseases. The fruit fly Drosophila melanogaster employs multiple innate immune reactions to resist infection. First, epithelial tissues function as physical barriers to prevent pathogen invasion. In addition, macrophage-like plasmatocytes eliminate intruders through phagocytosis, and lamellocytes encapsulate large particles, such as wasp eggs, that cannot be phagocytosed. Regarding humoral immune responses, the fat body, equivalent to the mammalian liver, secretes antimicrobial peptides into hemolymph, killing bacteria and fungi. Drosophila has been shown to be a powerful in vivo model for studying the mechanism of innate immunity and host-pathogen interactions because Drosophila and higher organisms share conserved signaling pathways and factors. Moreover, the ease with which Drosophila genetic and physiological characteristics can be manipulated prevents interference by adaptive immunity. In this review, we discuss the signaling pathways activated in Drosophila innate immunity, namely, the Toll, Imd, JNK, JAK/STAT pathways, and other factors, as well as relevant regulatory networks. We also review the mechanisms by which different tissues, including hemocytes, the fat body, the lymph gland, muscles, the gut and the brain coordinate innate immune responses. Furthermore, the latest studies in this field are outlined in this review. In summary, understanding the mechanism underlying innate immunity orchestration in Drosophila will help us better study human innate immunity-related diseases.
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Introduction

We live in an environment surrounded by different pathogens, including bacteria, fungi and viruses. Our immune system, which involves immunological organs, blood cells and other defense mechanisms, combat these invading pathogens. However, the worldwide spread of coronavirus disease 2019 (COVID-19) into a pandemic has suggested that infectious diseases are still major threats to human health (1). Therefore, discovering how organisms recognize and eliminate pathogens is an urgent goal. To study host-pathogen interactions, many in vivo and in vitro studies have been performed with murine models and mammalian cell lines, respectively (2, 3). In fact, the signaling pathways and biological processes associated with innate immune responses are highly conserved in Drosophila and vertebrates. For instance, nuclear factor-kappa B (NF-κB) signaling, phagocytosis and apoptosis are evident in the innate immunity of both vertebrates and invertebrates (4–8). Hence, it is possible to utilize insect models such as flies and nematodes to investigate pathogen and host interactions. In addition, the immune system of insects can be investigated relatively simply because they lack adaptive immunity, and genetic manipulation in insects is tractable (9–11).

The fruit fly Drosophila melanogaster lives in decaying organic matter. However, these flies are not infected by pathogens under this condition, largely because of their powerful immune defense system. As the first line of defense, Drosophila innate immunity comprises multiple strategies to fight against invading pathogens (12). First, the epithelial systems in the epidermis, trachea and gut provide physical barriers to obstruct the entry of bacteria and other pathogens. In addition, a local immune response follows pathogen attack at an epithelial site; for instance, insects produce antimicrobial peptides (AMPs) and reactive oxygen species (ROS) that enable the gut to combat oral infection (13). In addition, phagocytosis and encapsulation by plasmatocytes and lamellocytes, respectively, play important roles in the cellular responses of Drosophila. Plasmatocytes are macrophage-like hemocytes that can phagocytose pathogens (14, 15), whereas lamellocytes encapsulate large particles such as wasp eggs (16). Notably, lamellocytes are rare in healthy larvae, and they are differentiated upon immune challenge and in disadvantageous environments (17–19). As a third blood cell type, crystal cells are indispensable in wound healing, which is mediated by melanization (20). Furthermore, the fat body, functionally equivalent of the mammalian liver, is a vital immune tissue in Drosophila, playing a role in addition to metabolism. After infection, fat bodies secrete various AMPs into the hemolymph to kill invading microorganisms (21, 22). This process is the hallmark of the humoral immune response, also known as the systemic immune response. AMP production largely depends on two NF-κB-related signaling pathways: the Toll and immune deficiency (Imd) pathways (12). Interestingly, these two pathways show affinity for different pathogen types, with the Toll pathway more likely to respond to gram-positive bacteria and fungi and the Imd pathway primarily capable of responding to gram-negative bacteria (21). At the end of the 20 th century, the study of Toll signaling pathways in flies led to the identification of the mammalian Toll-like receptor (TLR), which makes a large contribution to the field of innate immunity (23). Thereafter, using Drosophila as a model to investigate the mechanism of innate immune responses has become increasingly popular, and host-pathogen interactions are largely understood because these signaling pathways are conversed between flies and humans, genetic tools are available and fly mutants are abundant. Moreover, through the UAS/Gal4 system, the genetic expression of viral factors in pathogens of flies can be studied in infectious diseases and is a current research hotspot (24).

In this review article, we first describe the main components involved in Drosophila innate immunity, including immune tissues, cells, and signaling pathways. We also summarize tissue communication in terms of immune responses. Finally, we briefly explain the reasons that Drosophila is an ideal model to study innate immunity.



Introduction to Drosophila Innate Immunity

Drosophila is an ideal model for studying innate immunity because these organisms do not produce an adaptive immune response. Various bacteria, fungi, viruses, parasitoid wasp eggs and aberrant host cells (wounded tissues, tumors, etc.) can induce a Drosophila immune response. Drosophila innate immunity can be classified into two kinds: humoral immunity involving fat bodies and hemolymph and cellular immunity mediated by immune cells (mostly hemocytes). In this review, we introduce humoral immunity executor AMPs, Drosophila hemocytes and the cellular immunity processes to which different kinds of hemocytes contribute (Figure 1).




Figure 1 | Overview of Drosophila host defenses. (A) The hallmark of humoral immunity (also known as the systemic immune response) is antimicrobial peptides (AMPs, i.e., Diptericin, Attacin and others) secretion by the fat body; this process is mainly modulated by the Toll and Imd pathways. (B) Cellular immunity depends on three types of hemocytes in Drosophila: plasmatocytes, crystal cells and lamellocytes. In addition the lymph gland is the main hematopoietic tissue in the larval stage. Plasmatocytes and lamellocytes can phagocytose and encapsulate pathogens, respectively, and crystal cells participate in wound healing through melanization.




Drosophila Humoral Immunity Depends on AMPs

AMPs are small peptides that kill microbial cells (22, 25, 26). AMP expression is regulated by NFκB immune signals. When the immune signal is activated, AMPs are produced in the fat body and released into hemolymph (Figure 1A). Because AMPs are positively charged, microbes with a negatively charged cell membrane recruit AMPs to the hemolymph. Then, the AMPs can embed in the hydrophobic region of the microbe cell membrane and cause membrane destabilization and cell death (27). This wide-ranging process is called the systemic immune response. In addition, some susceptible tissues, such as the trachea, midgut, oviduct, spermatheca, ganglia and a subpopulation of hemocytes, produce AMPs in response to local infection (28, 29). Overall, the expression level of AMPs directly reflects the strength of the immune response.

Twenty AMP genes and another AMP-like gene have been identified in Drosophila thus far (Figure 1A) (22, 30). According to the structures of the peptides, 20 AMP genes have been classified into 7 families: Diptericin (Dipt or Dpt), Attacin (Att), Drosocin (Dro), Cecropin (Cec), Defensin (Def), Drosomycin (Drs) and Metchnikowin (Mtk). According to their targets, 7 AMP families have been classified into 3 categories: response to fungi (Drs and Mtk), gram-positive bacteria (Def) and gram-negative bacteria (Att, Cec, Dro and Dpt).



Drosophila Cellular Immunity


Drosophila Immune Cells

Generally, Drosophila circulating hemocytes are considered to be immune cells because they play key roles in cellular immunity. Because of the higher quantity and variety of hemocytes in the larval stage, larval hemocytes are extensively studied (16). On the basis of morphological and cytochemical analyses, three types of hemocytes have been identified: plasmatocytes, crystal cells and lamellocytes (Figure 1B) (15, 16, 19, 31, 32). Plasmatocytes, which are round and small, account for the majority of circulating hemocytes (95%). The immunological function of plasmatocytes is phagocytosis of small pathogens, similar to mammalian macrophages/monocytes (Figure 1B) (15, 16, 32). Another 5% of the circulating hemocyte population consists of crystal cells that contain crystalline inclusions (15, 16, 19, 32). With prophenoloxidase (PPO) in crystalline inclusions, crystal cells participate in melanization (Figure 1B) (15, 19, 32–34). Lamellocytes can only be seen in larvae under immune challenge. Lamellocytes are large and flat, and they encapsulate large invading pathogens that plasmatocytes are not able to phagocytose, such as parasitic wasp eggs (Figure 1B) (15, 16, 19, 31, 32).

With advances in single-cell sequencing, some studies have identified subpopulations of the three classical types of hemocytes or have proposed new types on the basis of differentially expressed genes. For example, in 2020, Cattenoz et al. described 13 subpopulations of plasmatocytes (PL-0-PL-3 and 9 other subpopulations with specific molecular signatures), 1 subpopulation of crystal cells and 2 subpopulations of lamellocytes (LM-1 and LM-2) (35). In the 13 plasmatocyte should be subpopulations, PL-Rel, PL-vir1, PL-robo2, PL-Amp and PL-ImpL2 have been suggested to participate in specific immune responses, as indicated by a GO term enrichment analysis. The PL-Rel subpopulation expresses the transcription factors Toll and Imd. The marker of the PL-vir1 subpopulation is vir1, which responds to viral infection. GO term enrichment with the PL-robo2 subpopulation has been related to migration and phagocytosis. The PL-Amp subpopulation significantly expresses AMPs. Some markers of the PL-ImpL2 subpopulation indicate that this cluster creates a niche through which immune cell differentiation is regulated, similar to the posterior signaling center (PSC) of the lymph gland (the Drosophila hematopoietic organ during the larval stage), which is the hematopoietic niche (19, 32, 36, 37). The LM-1 and LM-2 subpopulations of lamellocytes represent mature lamellocytes and hemocytes in the plasmatocyte/lamellocyte intermediate state, respectively. Tattikota et al. identified 12 subpopulations of plasmatocytes (PM1-PM12), 2 subpopulations of crystal cells (CC1 and CC2) and 2 subpopulations of lamellocytes (LM1 and LM2) (38, 39). In the 12 plasmatocyte should be subpopulations, PM3-PM7 are considered immune-activated plasmatocytes. The PM3-PM5 subpopulations highly express several immune response-induced genes, such as metalloproteinase 1 (Mmp1) and immune-induced molecule 18 (IM18). PM6 and PM7 highly express AMPs, similar to the PL-AMPs described in the Pierre et al. study. CC1/CC2 and LM1/LM2 are crystal cells and lamellocytes in the intermediate/mature state, respectively. Fu et al. identified 4 subpopulations of plasmatocytes (Ppn+ PMs, CAH7+ PMs, Lsp+ PMs and reservoir PMs), crystal cells, lamellocytes and two novel hemocyte types: thanacytes and primocytes (40). Four plasmatocyte subpopulations play defined roles in the immune system. Although Drosophila hemocytes do not comprise a lymphoid lineage, thanacytes specifically expressing CG30088 and CG30090 are homologous to human GZMB and GZMH, which are highly expressed in natural killer cells and CD8+ T cells (40).



Phagocytosis Depends on Plasmatocytes

In addition to plasmatocytes, cells of various types have been found to engulf particles such as pathogenic microbes and apoptotic cells (41, 42), and the phagocytosis process is similar between these cell types and plasmatocytes. However, as professional phagocytes, plasmatocytes take up more particles with greater efficiency than other cell types. Extracellular phagocytosis-facilitating processes include opsonization and recognition. Opsonins bind to microbes, making them easier for phagocytes to engulf. Opsonins are required for opsonization, which occurs in the humoral environment (43). The thioester-containing protein family has been reported to be an opsonin in Drosophila (44), and recognition of ligands on particles and receptors on plasmatocytes is triggered. Various particles and molecules on the surface of particles, including bacterial peptidoglycans (PGNs), lipopolysaccharides (LPSs), fungal β-1, 3 glucans and phosphatidylserine, which are exposed to the outer cell membrane in apoptotic cells, can be recognized by phagocytic receptors. Most phagocytic receptors overlap with molecular markers of plasmatocytes, including Croquemort (Crq) (45), Nimrod C-type proteins NimC1 (46, 47) and Eater (19, 32, 48, 49). In addition, two subunits of Integrin, Integrin αPS3 and Integrin βν, have been reported to mediate phagocytosis of apoptotic cells and bacteria, indicating that these subunits may be phagocytic receptors (50, 51). Therefore, plasmatocyte uptake of particles depends on the dynamic remodeling of the plasma membrane.

Intracellular events of phagocytosis include phagosome formation, maturation and degradation. After particle internalization, phagosomes form. Then, phagosomes mature through fusion with endosomes, which endows phagosomes with bactericidal ability. Finally, upon fusion with lysosomes, phagosomes are degraded by hydrolases in the lysosomes, completing the clearance of the particles engulfed by the phagosomes (52).



Antitumor Effects of Plasmatocytes

Recent studies have shown that plasmatocytes are antitumor immune cells in Drosophila because: 1. these cells are recruited and specifically associated with tumors (53, 54), 2. their proliferation is activated in flies with tumors (53), 3. they express Drosophila tumor necrosis factor (TNF) and Eiger (Egr) to induce tumor cell apoptosis (55, 56), 4. they take up AMPs to induce tumor apoptosis (54, 57), and 5. they phagocytose tumor cell fragments (Figures 2A–C) (55).




Figure 2 | The relationship between main immune pathways, immune responses and immunological functions in Drosophila innate immunity. From top to bottom, the three rows represent the immune pathway (the Toll, Imd, JNK and JAK/STAT pathways are depicted,from left to right) (A), the immune response (B) and immunological functions (C). The red, blue, green and yellow lines indicate that the processes are related to the Toll, Imd, JNK and JAK/STAT pathways, respectively. The black lines indicate that the processes are related to other pathways. The dotted lines represent processes waiting to be confirmed. The arrows and “T” indicate promoting and inhibitory effects, respectively. The red cross indicates depletion. The scissors represent cleavage. Abbreviation: p, phosphorylation; Ub, ubiquitination; (s), short form; and (f), full length.



Plasmatocytes are recruited by tissue basement membrane damage caused by tumors (53). Plasmatocytes are associated with tumors and express TNFs to induce tumor cell apoptosis (55, 56). In addition, tissues burdened with tumors secrete Upd cytokines and Pvf1 into the hemolymph, which causes an increase in the number of circulating plasmatocytes (53, 56). Furthermore, the expression level of the Toll signaling ligand Spätzle (Spz) in circulating plasmatocytes is elevated. Toll signaling in the fat body is activated, which results in increased AMP levels (Figures 2A, B) (56). Therefore, AMPs are taken up and transported to tumors by plasmatocytes (54). In the presence of Egr, which is expressed during the immune response, tumors are sensitive to AMPs, which means that AMPs induce tumor apoptosis facilitated by Egr (Figures 2B, C) (57). In addition, plasmatocytes can phagocytose tumor cell fragments, which might be debris from apoptotic cells (55).



Cell Encapsulation of Pathogens

Parasitoid wasp infection is a health threat to larvae, in addition to microbial pathogens. Because parasitoid wasp eggs are too large to be phagocytosed by plasmatocytes, encapsulation of these eggs by lamellocytes to sequestrate and eliminate themis a key immune response (17, 58). Upon parasitoid wasp infection, immune signaling is activated, such as through the Toll and Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathways; these pathways induce lamellocyte generation in both circulating hemocytes and the lymph gland (32). In a cell trajectory analysis with single-cell sequencing, lamellocytes were found to be derived in two ways in the lymph gland (59): 1. hematopoietic progenitor differentiation into lamellocytes (60–63) and 2. plasmatocyte transdifferentiation into lamellocytes (64, 65). However, there is only one way for circulating hemocytes to become lamellocytes; plasmatocytes are transdifferentiated into lamellocytes (Figure 2B) (35, 39, 66). The lymph gland dissociates several hours after infection and then releases lamellocytes into the circulatory system (62, 63).

Upon parasitoid wasp infection, plasmatocytes are recruited and distributed on the surface of the wasp eggs (67). Then, plasmatocytes transdifferentiate, and lamellocytes are then recruited by plasmatocyte-coated eggs to initiate encapsulation (Figure 2B) (65). Ao et al. noted that C-type lectins DL2 and DL3 on the surface of Drosophila hemocytes are recognition receptors of agarose bead encapsulation (68). However, the recognition receptors on hemocytes and molecules on the surface of parasitoid wasp eggs require further study. During encapsulation lamellocytes organize to form multilayered capsules to sequester pathogens. Proper localization of Integrin-β and to the plasma membrane of lamellocytes is required for this process (33, 69). Pathogens are thus eliminated by melanization, which depends on the actions of both lamellocytes and crystal cells (Figures 2B, C) (details in 2.2.5).

Naoaki et al. showed that one kind of encapsulation, called phagocytic encapsulation, depends on enlarged plasmatocyte phagocytosis (70). Overexpression of Drosophila p38 MAPK kinase plasmatocytes in Salmonella-infected flies increased 3 to 4-fold compared to uninfected flies, and the flies are filled with phagocytosed Salmonella in the late stage of infection. Phagocytic encapsulation regulated by Drosophila p38 MAPK kinase can sequester pathogens and increase the survival rate after infection.



Melanization by Crystal Cells

Melanization contributes to blood coagulation, wound healing and encapsulation. Melanization involves phenol oxidation to quinones, which polymerize to generate melanin. Phenol oxidation is required for the generation of phenol oxidase (PO), which is derived from the proteolytic cleavage of PPO. Upon melanization, PPO is released into the hemolymph by crystal cell rupture and proteolytic cleavage by serine protease (SP), which is activated by pathogens and wounds (Figure 2B). Thus, melanization is a combined cellular and humoral immune response.

Pyroptosis is a programmed cell death in mammals. Pyroptosis involves cell membrane swelling, causing rupture and cytosolic content release, which induces inflammation (71). Drosophila crystal cell rupture is similar to pyroptosis. Recently, Dziedziech et al. showed Drosophila crystal cell rupture as a type of proto-pyroptosis, an ancient form of pyroptosis, that is dependent on Caspase activity (72). Previous studies have indicated that crystal cell rupture is required for JNK activation by Egr (73) and ROS (74). Dziedziech et al. first proposed that crystal cells are activated by JNK signaling, while ROS production promotes JNK signaling. Subsequently, cell membranes begin to swell, and the Caspase cascade induces crystal cell rupture (72).

Three PPO genes have been identified in the Drosophila genome: PPO1, PPO2 and PPO3. PPO1 and PPO2 are mainly expressed in crystal cells. PPO3 is mainly expressed in lamellocytes (33). PPO3 differs from PPO1 and PPO2 in that only PPO3 overexpression can induce spontaneous melanization in the absence of pathogens. This function implies that the zymogen form of PPO3, but not that of PPO1 or PPO2, is enzymatically active independent of SPs. Moreover, PPO3 is required for melanization in the hoptum-l mutant, in which JAK/STAT is activated and many lamellocytes are in circulation (75). However, to reveal the detailed processes by which lamellocytes participate in melanization and PPO3 is released, further study is required.

The N-termini of the PPOs are cleaved by SP, which results in the activation of POs. Approximately 150 genes encoding SPs have been found in the Drosophila genome (76). Three SPs have been identified as PPO activators in hemolymph: MP1, MP2 (also called Sp7 or PAE1) and Hayan (77–79). Dudzic et al. pointed out that two distinct SP pathways induce melanization. Hayan activates both PPO1 and PPO2, specifically inducing the melanization reaction, which blackens wound sites. In addition, MP2 activates only PPO1, inducing alternative melanization and thus killing pathogens such as Staphylococcus aureus (80). In addition, MP1 is required for melanization in response to both bacterial and fungal infection. MP2 mainly participates in melanization in fungal infection. These differences imply that MP1 is a common downstream SP that activates PPOs through different melanization cascades activated by bacteria or fungi exposure. This means that MP1 acts downstream of MP2, and MP2 cannot directly activate MP1 in vitro (81).

Constitutive melanization is harmful to flies and even causes death. The SP inhibitor serpin can also regulate melanization. Three serpins have been shown to inhibit excessive melanization in Drosophila: Spn27A, Spn28D and Spn77Ba (82–84). Upon infection, Spn27A is depleted from the hemolymph and activates PO (85), causing melanization. Spn77Ba is an inhibitor of the MP1 and MP2 protease cascades in Drosophila trachea (84). In addition, the venom of the parasitoid wasp Leptopilina boulardi contains a serpin, LbSPNy, which allows their eggs to escape melanization in Drosophila (Figure 2B) (86).





Drosophila Immune Signaling Pathways

Activated immune signals induce the expression of immune response genes, which comprise the core of Drosophila innate immunity. Typically, immune signals are initiated by recognition between pathogen-associated molecular patterns (PAMPs) on pathogens and pattern recognition receptors on host cells. The PAMP-induced signal transduction is mediated by adaptor proteins in the host cell. Activated kinases, proteases and ubiquitin ligases contribute to biochemical modifications of the core transcription factors in immune signaling pathways. Ultimately, the modified transcription factors are translocated to the nucleus and promote immune-related genes in response to immune challenge. In this section, we summarize the main 4 immune signaling pathways in Drosophila: NFκB/Toll, NFκB/Imd, JAK/STAT and JNK (Figure 2A).


The Toll Pathway

The Toll pathway, which is part of the NFκB pathway, was first identified in the dorsal-ventral patterning of embryos. NFκB family transcription factors regulate immune-responsive gene expression to defend the host. There are 2 NFκB family transcription factors in the Toll pathway: Dorsal and Dif. Toll is mainly activated by gram-positive bacteria and fungi. The Toll pathway contributes to both humoral immunity and cellular immunity. In addition, the Toll pathway is required for melanization and epidermal wound repair during the late embryonic stage (Figure 2C).


Overview of the Toll Pathway

Important extracellular processes of the Toll pathway are recognition, SP cascade and the cleavage of ligand Spz. The recognition molecules on gram-positive bacteria and fungi are lysine (Lys)-type PGNs and β-glucan, respectively. The recognition factors gram-negative binding protein (GNBP1), GNBP3, PGN recognition protein (PGRP)-SA and PGRP-SD react with these recognition molecules on the surface of microbes (87–90). GNBP3 specifically participates in yeast recognition (90). The other 3 recognition factors mainly recognize Lys-type PGNs on gram-positive bacteria. In addition, the recognition of diaminopimelic acid (DAP)-type PGNs on gram-negative bacteria is mediated by PGRP-SD, which induces Toll pathway activation (91). The signals emitted through these recognition processes are integrated by the modular SP ModSP (92). Gram-positive-specific SP (Grass) and 4 other SPs, Spirit, Spheroide, Sphinx1 and Sphinx2, localize downstream of ModSP, which induces Spätzle-processing enzyme (SPE) activation (93, 94). Ultimately, a ligand in the Toll pathway, Spz, is cleaved by activated SPE and binds with the receptor Toll (Figure 2A) (95).

Important intracellular processes in the Toll pathway include the degradation of Cactus and nuclear translocation of Dorsal and Dif. Under normal conditions, the NFκB family transcription factors Dorsal and Dif are bound to Cactus and primed for nuclear translocation (23, 96). Upon activation, Spz binds to the Toll receptor, and the Toll receptor intracellular Toll/Interleukin-1 receptor (TIR) domain interacts with the adaptor protein MyD88, which forms a complex with the kinase Pelle and the adaptor protein Tube that can phosphorylate and degrade Cactus (Figure 2A) (97–100). Dorsal and Dif are then translocated to the nucleus, which promotes immune-related gene expression.

Negative feedback loops maintain hemostasis of the Toll pathway. The Wnt inhibitor of Dorsal (WntD) is a target in the Toll pathway and a feedback inhibitor of the Toll pathway in both developmental processes and immune responses to septic infection (101). The expression of dipt remains high following infection in wntD-null mutants (101). Rahimi et al. showed that WntD is secreted and associated with its receptor Frizzled4 (Fz4), which blocks the Toll extracellular domain in the dorsal-ventral patterning of embryos (102). However, whether this mechanism is the same as that mediating the WntD inhibitory effect on the Toll pathway during the immune response remains to be confirmed. Another negative regulator of the Toll pathway is the ubiquitin E3 ligase Pellino (103). Pellino was initially thought to be a positive regulator of the Toll pathway because the AMP Drs expression level in Pellino-null mutants is lower after Micrococcusluteus infection (104). However, additional data indicated that Pellino is a negative regulator of the Toll pathway (105). Ji et al. indicated that after the Toll pathway is activated, Pellino is recruited by MyD88 and accumulates on the plasma membrane. MyD88 is then ubiquitinated and degraded by Pellino, inducing negative regulation of the Toll pathway (Figure 2A) (105).



Immunological Function of the Toll Pathway

The Toll pathway directly promotes the expression of genes encoding AMPs, including drs, atta and mtk, which play key roles in Drosophila humoral immunity (see section 2.1) (22). With respect to cell immunity, Toll contributes to immune cell survival and proliferation, lamellocyte differentiation and encapsulation (Figures 2B, C). Matova et al. found microbes in immune cells of the Dif-/dorsal-double-null mutant. Moreover, more dead immune cells were found in this double-null mutant (106). These findings indicated that Dif and Dorsal in immune cells autonomously regulate immune cell number and survival through the NFκB family transcription factor target DIAP1, which is related to apoptosis (107). In addition, a significant increase in immune cell density was found in a gain-of-function Toll receptor mutant (Toll10b) and other constitutively activated Toll mutants (108, 109). The activated Toll pathway causes lamellocyte differentiation of hemocytesin the circulatory system (110, 111) and lymph gland (112). Similarly, upon wasp eggs infection, Toll pathway activation in the niche induces lamellocytes differentiation and dispersion of the lymph gland (63). Sorrentino et al. found that the encapsulation capacity is reduced in a mutant with a Toll pathway component deleted (108). These studies showed that the Toll pathway is crucial to the immune response to parasitoid wasp infection.

The Toll pathway participates in a complicated interaction with melanization. In 2002, Ligoxygakis et al. showed that the depletion of serpin Spn27A in hemolymph depends on the Toll pathway, which induced a melanization response to infection (Figures 2A, B) (85). In 2004, Zettervall et al. found melanotic nodules in the Toll10b mutant (109). Later, in 2014, Schmid et al. found that melanotic nodule formation requires only Toll activation in fat bodies (113). However, in 2019, Dudzic et al. found that the extracellular processes involved in Toll pathway signaling and PPO-activated melanization both require the SP Hayan. Hayan localizes downstream of Grass and contributes to SPE activation (80). Interestingly, small melanized spots caused by epidermal defects are found in the Dif-/dorsal-double-null mutant (107). This finding implies that the Toll pathway is dispensable for melanization. However, remodeling E-cadherin, a component in adherens junctions, in a wound site repair is required for Toll pathway activation in the epidermis (114). This finding implies that the Toll pathway is essential for epidermal defect repair, which might explain the formation of melanized spots in the Dif-/dorsal-double-null mutant (Figures 2B, C).




The Imd Pathway

The Imd pathway is activated by the nuclear translocation of another NFκB transcription factor, Relish (Rel), which promotes the expression of most genes encoding AMPs. The Imd pathway is indispensable for Drosophila resistance to microbes.


Overview of the Imd Pathway

The recognition of PGNs on the surface of a microbe is the first step of Imd pathway activation. DAP-type PGNs on gram-negative bacteria and a few gram-positive bacteria, such as Bacillus spp., are recognized by PGN recognition proteins (PGRPs) (115, 116). According to transcript size, Drosophila PGRPs are classified into the short (S) and long (L) form. PGRP-LC is the principal transmembrane receptor in the Imd pathway (117, 118). In addition, PGRP-LE is classified into the short and full-length form; the short form facilitates PGRP-LC action (119, 120). The short form of PGRP-LE is secreted into hemolymph and binds PGNs that are subsequently recognized by PGRP-LC (121). Full-length PGRP-LE localizes to the cytoplasm and recognizes monomeric PGN (also called tracheal cytotoxin or TCT) fragments, which gain access to a cell (122, 123). Furthermore, PGRP-LE that localizes in the cytoplasm can induce Imd pathway activation independent of PGRP-LC (119–121). Although PGRP-LF is associated with the membrane, it cannot bind PGNs. In addition, through its interaction with PGRP-LC, PGRP-LF is a negative regulator of Imd signaling (Figure 2A) (124–126).

The rate-limiting step in Imd pathway activation is the nuclear translocation of Rel. The phosphorylation of multiple sites in the Rel N-terminus is required for Rel activation. In addition, the C-terminus of Rel is an inhibitor of nuclear translocation because it can mask the nuclear localization signal in the N-terminus and inhibit Relish dimerization. Therefore, the nuclear translocation of Rel requires not only phosphorylation of the N-terminus but also cleavage of the C-terminus. The IκB kinase complex composed of Ird5 and Kenny is thought to phosphorylate the Rel N-terminus (127). The caspase Dredd can cleave the Rel C-terminus (Rel-49) and N-terminal (Rel-68) in vitro (128). Therefore, Rel-49 is maintained in the cytoplasm, and Rel-68 is translocated into the nucleus to promote immune-related gene expression (Figure 2A) (128, 129).

Upon PGN binding with a receptor in the Imd pathway, a complex composed of Imd, Fadd, and Dredd is formed (117, 130, 131). The E3 ubiquitin ligase Diap2 associates with the E2 ubiquitin conjugating enzymes UEV1a, Ubc13 and Ubc5 to activate Dredd through ubiquitination (132, 133). Then, Imd is cleaved by activated Dredd to generate a Diap2-binding site, where K63-polyubiquitin chains are conjugated Imd (133, 134). K63-ubiquitination of Imd induces the recruitment and activation of a complex composed of Tab2 and TAK1, which phosphorylates and thus activates the Ird5/Kenny complex (127, 135–137). Finally, after phosphorylation and cleavage, Rel-68 is translocated to the nucleus (Figure 2A).

Negative feedback loops are needed to restore Imd pathway homeostasis after infection. Pirk, a target of the Imd pathway, interacts with PGRP-LC, PGRP-LE and Imd to inhibit signal transduction (138). Li et al. indicated that the transcription factor dMyc contributes to negative feedback loops that maintain Imd pathway homeostasis. Dipt, a target AMP in the Imd pathway, may promote dmyc expression. dmyc promotes the expression of the microRNA mir-277, which inhibits Imd and Tab2 expression (Figure 2A) (139).



Immunological Function of the Imd Pathway

Activation of the Imd pathway in the fat body promotes AMP production, which is released into hemolymph in response to systemic infection (Figures 2A, B). Because TCT in oral bacterial infection is a small molecule that can cross the gut barrier and enter hemolymph (140), the Imd signaling pathway in guts and hemocytes contributes to immune signaling to fat body cells. dro expression is downregulated by the elimination of adult fly hemocytes via apoptosis or knockdown of an Imd pathway component in flies injected with the gram-negative bacterium E. coli (141). The signal emitted from hemocytes to fat bodies is unclear. However, intestinal local infection by Erwinia carotovora induces a systemic immune response in larval fat bodies; hemocytes play a key role in this process (142). As mentioned above, the Toll pathway in the niche of lymph glands contributes to cellular immunity through the promotion of lamellocyte differentiation and dispersion of the lymph gland during systemic infection (63). Rel is inhibited upon bacterial infection, which disrupts Hedgehog signaling and thus hematopoietic progenitor maintenance (36). Moreover, hematopoietic progenitors differentiate into plasmatocytes but not lamellocytes during the cellular immune response (143).

As the digestive tract, the Drosophila gut contains various microorganisms. The Imd signaling pathway in the gut interacts with local commensal bacteria. On the one hand, commensal bacteria activate the Imd signaling pathway to a basal level in response to pathogenic bacteria exposure. Ryu et al. found that in the flies grown under germ-freeconditions without commensal bacteria in their guts, Rel did not localize to the nucleus (144). Later, Glittenberg et al. showed that germ-free flies are more susceptible to Candida albicans infection (145). These studies indicated that the presence of commensal bacteria can induce chronic basal activation of the Imd signaling pathway in response to pathogen infection. On the other hand, negative feedback loops maintain immune tolerance in the case of commensal bacterial death. The homeobox transcription factor Caudal is thought to be a negative regulator of the Imd signaling pathway (Figure 2A). Knocking down caudal expression disrupts the commensal community structurein the gut (144). Bosco-Drayon et al. showed that PGRP-LB and PGRP-SC1/2 expression depends on PGRP-LE sensing PGNs of commensal Lactobacillus plantarum (146). Moreover, PGRP-LB and PGRP-SC1/2 are thought to be negative regulators of the Imd signaling pathway, which they mediate through their amidase activity, leading to PGN elimination in case it has been recognized by PGRP-LC (147). In addition, Guo et al. found that overexpression of PGRP-SC2 in the gut reduces the commensal dysbiosis caused by aging (Figure 2A) (148).




The JAK/STAT Pathway

The JAK/STAT signaling pathway regulates multiple immune processes. The JAK/STAT pathway participates in the systemic immune response to tumors, epidermal wounds, mechanical stress and parasitoid wasp infection. In addition, the activation of the JAK/STAT pathway promotes the proliferation of Drosophila intestinal stem cells (ISCs), which constitute a unique cell type with the ability to undergo mitosis in the gut (149). Therefore, the JAK/STAT pathway is triggered by a local immune response in the Drosophila gut and promotes epithelial repair.


Overview of the JAK/STAT Pathway

Similar to the other pathways described above, the nuclear translocation of STAT92E signifies that the JAK/STAT pathway has been activated. In Drosophila, 3 Unpaired (Upd) family cytokines, Upd1, Upd2 and Upd3, are ligands of the JAK/STAT pathway (150–154). These ligands can bind to Domeless (Dome), a unique receptor in the Drosophila JAK/STAT pathway (155, 156). A JAK unique to Drosophila is Hopscotch (Hop), which is constitutively associated with the intracellular Dome region (157, 158). Then, Dome dimerization induces hop activation. The activated Hop undergoes autophosphorylation and phosphorylates specific tyrosine residues in the intracellular region of Dome where STAT92E docks (159, 160). In addition, activated Hop phosphorylates STAT92E, which induces STAT92E dimerization and nuclear translocation (Figure 2A) (154). JAK/STAT pathway regulators are important to multiple biological processes. The structure of Latran (Lat), which is associated with the receptor complex, is similar to that of Dome. Because Lat lacks an intracellular site where STAT92E can dock, it may inhibit JAK/STAT signal transduction (161, 162). Recently, Jumeau (Jumu) was shown to be required for the nuclear translocation of STAT92E within Drosophila hemocytes and within both the cortical zone (CZ) and medullary zone (MZ) of the lymph gland. As a member of the Drosophila Forkhead transcription factor family, Jumu may regulate the expression of hop, affecting the phosphorylation of STAT92E (Figure 2A) (163).

Undoubtedly, negative feedback loops are needed to restore the JAK/STAT pathway. The suppressor of cytokine signaling protein 36E (Socs36E) is a target of JAK/STAT (164, 165). Socs36E not only can directly interact with Dome and inhibit Dome phosphorylation by Hop but can also indirectly affect the endocytosis of Dome (166, 167). Another target of the JAK/STAT pathway is protein tyrosine phosphatase 61F (Ptp61F), which has been inferred to inactivate phosphorylated Hop or STAT92E (Figure 2A) (168, 169).



Immunological Function of the JAK/STAT Pathway

Activation of the JAK/STAT pathway in fat bodies promotes the expression of Turandot A (TotA) and releases TotA into hemolymph, which enhances resistance to stress, such as bacterial infection, heat shock and ultraviolet light exposure (170). In addition, the JAK/STAT pathway contributes mainly to cellular immunity, such as plasmatocyte and lamellocyte differentiation, under stress and intestinal epithelium renewal after incurring cell damage (Figures 2B, C). The JAK/STAT signaling response to parasitoid wasp infection in the lymph gland is heterogeneous. The hematopoietic progenitors, which are located in the inner region in the anterior lobe of the lymph gland (known as MZ) and nearly the whole posterior lobe of the lymph gland, highly express the JAK/STAT pathway receptor Dome (19, 32). Moreover, JAK/STAT has been proven to promote the maintenance of these hematopoietic progenitors (61, 171). Interestingly, the JAK/STAT response pattern to parasitoid wasp infection is different between progenitors in the MZ and posterior lobe of the lymph gland. Upon parasitoid wasp infection, the activity of the JAK/STAT pathway in the progenitors of the MZ is downregulated by Upd3 and Lat, which promotes progenitor differentiation into lamellocytes and plasmatocytes (162). In contrast, the JAK/STAT pathway in the progenitors in the posterior lobe of the lymph gland is activated during differentiation, and therefore, these cells are in reserve, primed to guarantee the appropriate quantity of hematopoietic progenitors during the third larval stage (172). In addition, aberrant activation of the JAK/STAT pathway in mature hemocytes, which localize to the outer region of the anterior lobe in the lymph gland (known as CZ), causes lymph gland hyperplasia and lamellocyte generation independent of parasitoid wasp infection (173). Minakhina et al. indicated that the JAK/STAT pathway in the CZ promotes the cell autonomous and non-cell autonomous differentiation of plasmatocytes and lamellocytes, respectively. Moreover, Pannier (downstream of JAK/STAT) is essential for plasmatocyte differentiation (174). Tokusumi showed that mechanical stress caused by squeezing induces JAK/STAT activation in multiple tissues, including in the CZ of the lymph gland, which promotes lamellocyte formation (175). In addition, aberrant activation of the JAK/STAT pathway causes melanotic nodule formation mediated by lamellocytes (176, 177). The ingestion of pathogenic bacteria damages the intestinal epithelium by the toxins released from the bacteria and from the ROS generated by the host immune response (178). Under this condition, Upd2 and Upd3 secreted from enterocytes in the gut promote the proliferation of ISCs to repair the damaged intestinal epithelium (179).

Upd family cytokines released from circulating hemocytes activate the JAK/STAT pathway in other tissues during the systemic immune response. Upon septic injury, Upd2 and Upd3, especially Upd3, are secreted from circulating hemocytes and activate the JAK/STAT pathway in fat body and gut cells. Agaisse et al. showed that Upd3 released from hemocytes causes JAK/STAT pathway activation in fat bodies upon septic injury, which promoted the expression of TotA (180). Chakrabarti et al. indicated that wounds caused by septic injection activate p-JNK signaling in hemocytes, which causes Upd2 and Upd3 release from hemocytes. These Upd family cytokines promote intestinal epithelium renewal and resistance to bacterial infection (181). In contrast, proliferation of circulating hemocytes is promoted by the cytokine Upd3 secreted by tumors (Figures 2B, C) (53).




The JNK Pathway

The JNK signaling pathway is a part of the mitogen-activated protein kinase (MAPK) pathway. The JNK pathway senses stress, such as that caused by ROS, ultraviolet light exposure, DNA damage, bacterial infection and wounding.


Overview of the JNK Pathway

The Drosophila TNF ligand Egr (182, 183) binds to two TNF receptors, Wengen (Wgn) (184) and Grindelwald (Grnd) (185), which activate the JNK pathway kinase cascade. The Drosophila JNK pathway kinase cascade is composed of Msn (JNKKKK), TAK1 (JNKKK), Hep (JNKK) and Bsk (JNK). In addition, Slipper (Slpr) can act as a JNKKK during dorsal closure (186). These components of the JNK pathway kinase cascade are phosphorylated and activated gradually. Finally, Jra (also called dJun) and Kay (also called dFos) are phosphorylated by activated JNK and form a transcription factor heterodimer called AP-1 (187, 188). AP-1 promotes the expression of target genes that contribute to multiple biological processes, such as the serine/threonine protein phosphatase puckered (puc) (189, 190), the matrix metalloproteinases mmp1/2 (191–194) and Upd family cytokines (Figure 2A) (53, 195).

The negative feedback loop of the Drosophila JNK pathway depends on the target gene puc, which dephosphorylates Bsk (189, 190). The Imd pathway activates the JNK pathway through activated TAK1. In addition, a common negative feedback loop through PDGF- and VEGF-related receptors Pvr and Erk connect the JNK and Imd pathways. The JNK pathway together with Imd promotes the expression of PDGF- and VEGF-related ligands Pvf2 and Pvf3. Both ligands activate Pvr, which inhibits Bsk phosphorylation through Erk. Moreover, Pvr is an inhibitor of Rel phosphorylation (Figure 2A) (196).



Immunological Function of the JNK Pathway

In humoral immunity, the Imd pathway coordinates with the JNK pathway to generate AMP (Figure 2B). Kallio et al. indicated that hep, kay and msn expression knockdown decreases Att expression levels upon infection in vitro (197). Delaney et al. showed that puc overexpression in fat body cells, the bsk-null mutant and the jun-null mutant block AMP gene expression (198). With respect to cellular immunity, the JNK pathway promotes lamellocyte differentiation (Figure 2B). The expression of constitutively active hep induces the formation of lamellocytes in circulating hemocytes and melanotic masses (109, 199). The number of lamellocytes is changed by aberrant JAK/STAT pathway activation in circulating hemocytes and can be reduced by kay-null mutation (199). These findings indicate that JAK/STAT activation induces lamellocyte differentiation in a partially JNK pathway-dependent manner. In addition, Upd family cytokines, which are the target of JNK pathway, are secreted by enterocytes, promoting proliferation of Drosophila ISCs during the repair of epithelial damage caused by microbes (195). The JNK pathway plays a dual role in tumors (200). On the one hand, the JNK pathway plays an antitumorigenic role through tumor apoptosis and immune cell recruitment. As described in section Antitumor Effects of Plasmatocytes, tumor apoptosis is also induced by TNF secreted by immune cells. In addition, hemocytes are recruited by activated JNK signaling in tumors. Mmp2, a target of the JNK pathway, causes basement membrane damage and recruits hemocytes associated with tumors (193). On the other hand, the JNK pathway plays a pro-tumorigenic role by promoting excessive proliferation and inflammatory reactions. Pinal et al. showed that in apoptosis-deficient cells, the JNK pathway is continuously activated by stress, which induces excessive cell proliferation and tumorigenicity (201). In addition, Zhou et al. showed that tumors caused by loss of BMP lead to JNK pathway activation and high Mmp2 expression levels. Mmp2 causes dysfunction of the intestinal barrier and commensal imbalance, which lead to inflammatory reactions. The inflammation-positive feedback activates the JNK pathway in tumors (Figures 2B, C) (194).

The JNK pathway is required for multiple wound healing processes; it is activated at the edge of a wound in Drosophila epithelial cells (20) and wing imaginal disc cells (202). Downregulation of JNK pathway components such as Hep, Bsk, Slpr and Jun in epithelial cells induces defects in wound healing (203, 204). The JNK pathway contributes to wound healing through epithelial cell migration, elimination of dying cells and cell fusion. A target of the JNK pathway, Mmp1, can degrade the extracellular matrix and induce the migration of epithelial cells at the edge of a wound (192, 205, 206). Another target of the JNK pathway, Profilin, can cause actin polymerization to enhance the migration of epithelial cells (207). Dying cells in wounds need to be extruded to enable regeneration. Iida et al. showed that dying cell elimination is mediated by the JNK pathway (208). In addition, the JNK pathway cooperates with the JAK/STAT pathway and spatiotemporally regulates cell fusion during wound healing. Lee et al. indicated that JNK pathway activity peaks in the vicinity of a wound approximately 8 h after injury to promote cell fusion. JAK/STAT activity peaks at a later stage in a concentric ring slightly farther away from the wound site to suppress cell fusion. Furthermore, the JAK/STAT pathway in cells in the vicinity of the wound is suppressed by activated JNK signaling (209). Spatiotemporal regulation of cell fusion depends on a delicate balance between the JNK and JAK/STAT pathways during wound healing (Figures 2B, C).





Tissue Communication in Innate Immunity

As described in the previous sections, the fat body, hemocytes and gut respond to immune challenge through intracellular signaling. However, the homeostasis of the immune system is maintained by signal transduction. Here, we will illustrate tissue communication in innate immunity by showing the functional roles of the brain and nervous system, muscles and the ring gland, which are largely dependent on hormonal regulation and multiple ligands (Figure 3). We also describe the potential regulatory role of the lymph gland in controlling hemocyte activation.




Figure 3 | Schematic overview of tissue communication in innate immunity. In addition to autonomous regulation inside immune organs, homeostasis of the immune system is regulated by external signals emitted by other tissues, including the brain, ring glands, muscles and others. Tissue communication is largely dependent on two types of hormones: ecdysone and insulin. Moreover, ligands, including Upds, Vn and Spi, act as “messengers” in this process. Typically, the lymph gland is sensitive to nutrient status, oxygen concentration, odor signals and other environmental factors. Different processes or signaling pathways are indicated by arrows of different colors.




The Brain and Nervous System

Similar to a central processing unit of the computer, the brain and nervous system control various biological processes, including development, metabolism and immune responses. In fact, the brain is immune-privileged and can respond to injury, infection and neurodegenerative disease through multiple innate immunity-related signaling pathways (210, 211). For instance, in the adult Drosophila brain, ZIKA virus induces the activation of the Imd signaling pathway. In this context, autophagy is activated through ubiquitinated proteins that bind to Ref(2)P. Together, upregulated AMPs and high autophagy levels suppress the replication of ZIKA virus (212).

Brain control of innate immunity partially depends on insulin signaling. In flies, insulin-like peptides (Dilps) are secreted by insulin-producing cells located in the brain (213, 214). Dlips bind the only insulin receptor that is orthologous to insulin receptors in vertebrates. The active insulin receptor then induces its downstream target, Akt, which negatively regulates thetranscription factor FOXO and positively regulates target of rapamycin (TOR) (Figure 3) (215, 216). FOXO can directly promote the production of AMPs through its interactions with the promoters of NF-κB-dependent target genes (Figure 3) (217). In addition, TOR signaling inhibits autophagy, which is required for innate immunity (Figure 3) (218). For instance, the bacterium Listeria monocytogenes is recognized by PGRP-LE in hemocytes and then cleared by autophagy mediated through Atg8 (219). Autophagy can clear pathogens, including Mycobacterium marinum and Salmonella enterica (220). These outcomes highlight the importance of metabolic signaling in innate immune responses. However, excessive immune activation can alter metabolism and inhibit fly growth, suggesting that metabolism and immunity systems involve complex interactions (221, 222).The insulin/TOR signaling axis plays dual roles in controlling Drosophila hematopoiesis. First, this axis regulates the number and activity of the PSC in the lymph gland in a cell-autonomous manner. Second, its function in the MZ controls the maintenance of blood cell progenitors (223, 224). Consistent with this outcome, a study showed that amino acid signals are recognized in the fat body, stimulating the brain to release Dilp2, which binds the insulin receptor in the MZ to promote progenitor maintenance via Wingless (Wg) signaling (Figure 3) (18). Similarly, low CO2 or O2 triggers the stabilization of hypoxia inducible factor-α (Hif-α) in neurons of the ventral nerve cord, which upregulates the expression of the cytokine upd3 in the brain. Active cytokine activity triggers JAK/STAT pathway activation in fat bodies, promoting the release of Dilp6. This secreted protein activates the insulin receptor and induces crystal cell differentiation through Serrate, a ligand for Notch signaling (Figure 3) (225).

Olfaction is another regulatory factor required for the immune response. Upon olfaction stimulation, a small cluster of neurosecretory cells acting downstream of olfactory receptor neurons releases GABA into hemolymph and binds the GABAB receptor in the MZ, leading to high cytosolic Ca2+ levels, which maintain blood cell progenitors in the lymph gland (Figure 3) (226). Olfaction-derived systemic GABA also maintains ROS homeostasis in hematopoietic progenitors, which is essential for lymph gland growth (Figure 3) (227). Moreover, odors emitted by wasps induce neurosecretory cell secretion of GABA, which is sensed by the GABA transporter (Gat) in the lymph gland MZ, resulting in the stabilization of Sima protein through intracellular catabolism. This process eventually primes lamellocyte differentiation and boosts immunity against wasp egg challenge (Figure 3) (228). A feeding behavior assay showed that adult flies are initially attracted by the odors emitted by pathogenic bacteria. However, the ingestion leads to long-term suppression of feeding behaviors. This process is mushroom body-dependent, and the octopaminergic neuron-derived immune receptors PGRP-LC and PGRP-LE are involved in this behavior (229). In summary, the olfaction/neuron axis is critical for flies to overcome immune challenges.

In Drosophila larvae, a subset of hemocytes consisting of sessile hemocytes is attached to the cuticle (16, 230). In fact, sessile hemocytes are not randomly distributed but cluster in every larval segment (109, 230). Sessile hemocytes are regarded as hematopoietic tissues because they can regulate blood cell differentiation (231). In addition, upon parasitoid wasp challenge, sessile hemocytes are released into circulation and can transdifferentiate into lamellocytes (232). Some studies have identified the peripheral nervous system as a microenvironment for sessile hemocyte homeostasis (230, 233). Activin-β (a TGF-β family ligand) in sensory neurons of the peripheral nervous system is required for sessile hemocyte adhesion and proliferation (233).

The aforementioned studies on sessile hemocytes strongly indicate that the brain and nervous system play important roles in regulating innate immunity in Drosophila. However, a series of studies have revealed that immune responses are also involved in neurodegenerative disease progression. For example, extracellular deposits of insoluble fibrillar amyloid-β (Aβ) peptides constitute the hallmark of Alzheimer’s disease (AD) (234, 235). In a Drosophila AD model, the JAK/STAT and JNK/AP-1 signaling pathways are activated and required for the clearance of neurotoxic Aβ peptides (236). In addition, Imd and JNK signaling are involved in a Drosophila model of Parkinson’s disease, and inhibition of Rel in dopaminergic neurons rescues mobility defects and neuronal loss (237). In summary, the Drosophila brain is not only an appropriate model for studying the systemic control of immune responses but is also useful for understanding the interaction between innate immunity and neurodegenerative diseases.



Muscles

Muscles have been well characterized as tissues that control movement. However, a series of studies has highlighted the significant roles played by muscles in the innate immune response. For example, in Drosophila, indirect flight muscles produce AMPs upon bacterial challenge, which is essential for survival after infection (238). Yang and colleagues have identified the somatic muscle as a vital immunological tissue in the fight against parasitoid infection (239, 240). First, wasp eggs trigger the upregulation of JAK/STAT signaling ligands Upd2 and Upd3 in hemocytes and then activate the JAK/STAT signaling pathway in muscles, which is required for lamellocyte differentiation and the successful encapsulation of the infesting eggs (Figure 3) (239). In addition to the JAK/STAT pathway, muscle-derived insulin signaling has also been shown to be important for an efficient encapsulation response (Figure 3) (240). During this process, the JAK/STAT and insulin signaling pathways engage in reciprocal interactions (Figure 3). Insulin signaling positively regulates JAK/STAT signaling under normal and immune challenge conditions (Figure 3) (240). Moreover, activating insulin signaling rescues encapsulation rate and lamellocyte formation defects caused by suppressing JAK/STAT signaling in muscles, and vice versa (Figure 3) (240). These data indicate that muscles and hemocytes coordinate to mediate the cellular immune response upon wasp egg challenge. However, the mechanism underlying how muscle-derived signals convert prohemocytes/plasmatocytes into lamellocytes remains unclear. Inspired by the role played by NimB5, a secreted protein produced by the fat body during nutrient scarcity, in controlling circulating hemocyte count, we reason that metabolic processes affect lamellocyte activity, although the mechanisms warrant further research (241).

The JAK/STAT pathway in muscles systemically modulates insulin signaling. Muscle-derived JAK/STAT positively controls insulin signaling in fat bodies, and inhibition of JAK/STAT in muscles upregulates the transcription of dilp2 and dilp5 but downregulates dilp3 transcription in larval brains (240). Consistent with these findings, another study showed that loss of the dome receptor in adult muscles significantly reduces fly lifespan and causes metabolic pathologies, and these outcomes are associated with Akt hyperactivation and subsequent metabolism dysregulation (242). Furthermore, glutamate in muscle promotes vitamin-dependent lipid mobilization in fat bodies and improves intestinal pathogen clearance, which eventually increases survival rates upon bacterial infection (243). These data confirm that somatic muscles integrate immune and metabolic signaling. Therefore, in addition to the fat body, muscle may be a promising model for determining how hosts balance metabolism and immune responses. Different somatic muscles whose functional roles in regulating immune responses are largely unknown, but visceral intestinal are known to control intestinal homeostasis and local immune responses. During the embryonic stage, visceral muscle-derived frizzled 2 and Wnt4, which encode the receptor and ligand of canonical Wnt signaling, respectively, are required for left-right asymmetric development of the anterior midgut (244). Similarly, upon damage or bacterial infection, visceral muscles secret the Wnt pathway ligand Wg, regulating ISC maintenance and non-cell-autonomous proliferation (245, 246). In addition, Upd signals in visceral muscles activate JAK/STAT in ISCs to maintain ISC self-renewal and differentiation. Following infection, damaged enterocytes (ECs, gut epithelial cells) and enteroblasts (EBs, EC precursors) secret Upd3 to activate the JAK/STAT signaling pathway in visceral muscles and EBs, which trigger the secretion of two EGFR signaling ligands, Vein (Vn) and Spitz (Spi), from visceral muscles and EBs, respectively (Figure 3). Vn and Spi stimulate ISC proliferation through the EGFR signaling pathway (Figure 3) (247–250). Furthermore, a recent study showed that inhibition of Pngl, the homolog of human N-glycanase 1 (NGLY1), in the visceral muscles of the larval intestine significantly decreases AMP-activated protein kinase α (AMPKα) levels, disrupting gut homeostasis (251). Collectively, these studies validate visceral muscles as a niche in the control of intestinal homeostasis in a non-cell-autonomous manner. To test whether somatic muscles employ a similar signaling transduction mechanism as that identified in intestinal visceral muscles, Yang and Hultmark examined the transcript levels of EGFR ligands, Vn, Spi, Keren and Gurken, as well as Wnt4, during wasp egg infection. However, the expression of none of these genes was upregulated, indicating that different muscle types regulate immune responses in different patterns (252).



The Ring Gland and Hormones

The ring gland is an endocrine organ that controls development, growth and reproduction in Drosophila by producing multiple hormones (253). The ring gland consists of three tissues: prothoracic gland, corpus allatum and corpora cardiaca tissues (254). The prothoracic gland is the largest part of the ring gland, and it secretes the molting hormone ecdysone, while the corpus allatumsynthesizes juvenile hormone (253–255). Early studies showed that ecdysone and juvenile hormone regulate AMP expression upon immune challenge (256). They confirm the role of ecdysone in mediating immune responses, showing that ecdysone controls the expression of the pattern recognition receptor PGRP-LC, subsequently modulating innate immune recognition and host defense against bacterial challenge (Figure 3) (257). In addition, ecdysone regulates the expression of drs and drosomycin-like 2 (drsl2) systemically and locally in the midgut, respectively, and Drs induction depends on Broad (Br, an early ecdysone-response gene) (258). Regarding cellular immunity, ecdysone activates hemocytes by regulating both actin and the tubulin cytoskeleton (Figure 3) (259, 260). Moreover, hemocytes insensitive to ecdysone show impaired phagocytosis, and pupae with ecdysone-insensitive hemocytes show higher lethality upon septic and oral infection (259). Similar to humoral immunity, the activation of Rel in the hematopoietic niche of the lymph gland is also controlled by ecdysone signaling, and downregulation of ecdysone receptor (EcR) in the PSC results in excessive differentiation of plasmatocytes (Figure 3) (143). Because downregulated PSC-derived Rel expression boosts the immune response during bacterial infection, we speculate that ecdysone signaling plays an essential role in hematopoiesis under both normal and infectious conditions (143). These results highlight the importance of ecdysone signaling in mediating the cellular immune response. In summary, the ring gland systemically regulates innate immunity by secreting hormones, although the mechanism of this action warrants further investigation (Figure 3). Xiong et al. revealed that microRNA-34 (miR-34) mediates both ecdysone signaling and innate immunity by acting as a node, suggesting that microRNAs might be key regulators in tissue communications (261, 262).



The Lymph Gland

As described in the previous sections, the lymph gland, an immunological organ, not only participates in hematopoiesis but also responds to wasp egg challenge. In addition to its effect on nutrient and olfactory signaling, iron homeostasis controls blood cell differentiation in the lymph gland, as indicated by loss of Fer1HCH in the intestine causing an increase in the crystal cell count (263). However, the mechanism by which the lymph gland regulates other tissues remains unclear. Sinenko et al. proposed a model in which invading parasite eggs induce high levels of ROS production in the PSC, which in turn induces the secretion of Spi, which eventually results in the differentiation of lamellocyte precursors in the circulatory system mediated through the Ras/Erk pathway (Figure 3) (62). This speculation is based on lymph glands playing a regulatory role in controlling circulating hemocyte differentiation. A subsequent study indicated that high sSpi levels in the PSC caused by parasites activate the EGFR signaling pathway in the MZ in a non-cell-autonomous fashion, and this increase in EGFR signal transduction is required for lymph gland lamellocyte differentiation (63). Another study reported that repressing headcase (hdc) in the PSC induces lamellocyte differentiation in the hemolymph. Lineage-tracing assays suggested that the majority of lamellocytes are not derived from the lymph gland, confirming PSC to be a niche in which circulating hemocyte differentiation is regulated (264). Moreover, Khadilkar et al. highlighted the critical function of the lymph gland in regulating circulating hemocytes, showing that genetic ablation of occluding junctions in the PSC boosts the cellular immune response in the circulatory system (265). However, most hematopoietic system-specific Gal4 drivers are expressed in hemocytes in both the circulatory system and the lymph gland, resulting in investigations into the communication within the blood system are difficult to discern. Knocking down Arf1 expression only in circulating hemocytes with Gcm-Gal4 induces excessive differentiation of crystal cells and plasmatocytes in the lymph gland (266). Thus, the development additional cell-specific genetic tools will enable us to understand how lymph glands and circulating hemocytes interact with each other and may reveal the functional role of the lymph gland in controlling the homeostasis of other tissues. Furthermore, whether hemocytes act as “messengers” in this process is of great interest and a topic for future study.




Drosophila as a Model for Studying Innate Immunity

In mammals, the protein complex NF-κB is critical for innate immunity, while NF-κB induces the AMP production upon pathogen invasion in the fat body of Drosophila. In the fly genome, three genes, rel, dorsal and Dif, encode NF-κB-like proteins, which participate in the Imd and Toll signaling pathways (21, 267, 268). The Toll signaling ligand/cytokine Spz, a homolog of mammalian IL-17, has an active C-terminal region whose cysteine residues share similarities with those found in cysteine-knot growth factors (95, 269–271). In addition, this region forms dimers similar to those of vertebrate nerve growth factors (270, 272). In addition to Spz, the JAK/STAT ligand Upd3 is a homolog of the mammalian cytokine IL-6 (155, 180). Egr, a member of the TNF family, can activate the JNK pathway, consistent with the roles of mammalian TNFs (182, 183). Moreover, Wgn is the first TNF receptor homolog to be identified in flies (184). In summary, Drosophila shares evolutionarily conserved cytokines and regulatory factors in innate immunity with mammals.

Regarding cellular immunity, signaling pathways maintaining Drosophila hematopoietic homeostasis have been shown to play important roles in mammalian hematopoiesis. For instance, the lineage commitment of hemocytes is tightly regulated by GATA, Friend of GATA and RUNX factors, which are also key regulators in controlling hematopoiesis in mammals (273). In addition, the Wg/Wnt and JAK/STAT signaling pathways, which are critical for lymph gland progenitor maintenance, are crucial for hematopoietic stem cell renewal (274, 275). To date, two different mammalian hematopoietic niches have been identified: the endosteal niche and the perivascular niche (276). Suppressing BMP receptor 1A in mouse bone marrow stroma induces an increase in the osteoblast count, and the process is similar to that of BMP signaling pathway inhibition in the PSC of the lymph gland (277, 278). Furthermore, upon bacterial infection, neutrophils are produced via TLR (Toll-like Receptor)/NF-kB signaling and activated in mouse bone marrow endothelial cells, components of the vascular niche (279, 280). Similarly, wasp egg challenge elevates ROS levels in the PSC, promoting lamellocyte differentiation through the activation of EGFR and Toll signaling pathways (63).

Another reason that Drosophila is a useful model is based on the ability to perform tractable genetic manipulations. Through the UAS/Gal4 system, time- and tissue-specific expression of certain genes can be achieved. Overexpression of AvrA, an effector protein in Salmonella typhimurium, in the fat body affects the proper activation of the Imd pathway (281, 282). However, acatalytically dead form of AvrA exerts no effects on Imd signaling, suggesting that AvrA enzyme activity plays a key role in regulating host immunity (282). Similarly, in the fat body, genetic activation of viral protein U (Vpu), an accessory protein in human immunodeficiency virus (HIV), inhibits Toll-dependent immune responses and impairs the ability of flies to combat fungal infection; this phenotype is similar to the fungal infection susceptibility phenotype observed in acquired immunodeficiency syndrome (AIDS) patients (131, 283). Another study suggested that Vpu induces apoptosis in Drosophila wings mediated through the JNK signaling pathway (284). Furthermore, using the UAS/Gal4 system to ectopically express human AML-associated NUP98-HOXA9 (NA9) induced leukemia-like phenotypes: excessive proliferation of blood cells and hyperplastic growth of the hematopoietic organ (285). Collectively, due to the parallels in signaling pathways and regulatory factors observed between flies and mammals and the convenience of the genetic manipulation in flies, Drosophila is an ideal model for studying both innate immunity and human disease pathology.



Conclusions and Future Perspectives

In this review, we show that Drosophila relies on a powerful innate immune system to combat various invading pathogens. Upon immune challenge, a series of AMPs are produced in the fat body and released into hemolymph in a process known as the humoral immune response or systemic immune response. AMP synthesis is mediated by two NF-κB-related pathways: the Toll and Imd pathways. In addition, the JAK/STAT and JNK pathways play important roles in innate immune responses. The cellular immune response is another defense mechanism activated to fight foreign intruders, and three types of hemocytes are involved in this response: plasmatocytes, crystal cells and lamellocytes. Plasmatocytes, macrophage-like cells, kill pathogens through phagocytosis, and crystal cells participate in wound healing through melanization. Although lamellocytes are rare under normal conditions, wasp egg challenge induces their proliferation because they encapsulate large foreign bodies, such as wasp eggs. We also outline tissue communications in terms of innate immunity and show that the brain, muscles, the ring gland and the lymph gland maintain the homeostasis of the immunological system, largely through hormonal regulation and a series of cytokines. Because of the similarities between fly and mammalian innate immunity-related signaling pathways, Drosophila is a useful model for studying host-pathogen interactions. In addition, tractable genetic manipulation and convenient tools, such as the UAS/Gal4 system, have allowed the use of Drosophila in investigations into infectious diseases.

As mentioned above, the mechanisms underlying pathogens recognition and clearance are relatively well understood. However, the communication between hemocytes and the fat body, as well as the relationship between humoral and cellular responses, is not very clear. Genomic, proteomic, and metabolomic analyses at the single-cell level using up-to-date technology are promising strategies to address issues of innate immunity in Drosophila (286, 287). In fact, in recent years, single-cell RNA sequencing and single-cell transcriptomics have been applied to studies on the Drosophila blood system. With the help of these technologies, novel clusters of hemocytes and lymph gland cells have been identified (39, 59, 288). Notably, Fu et al. characterized two previously unidentified Drosophila blood cell types: thanacytes and primocytes (40). Single-cell RNA sequencing has also led to the discovery of the novel role played by FGF in the immune response to parasitoid wasp eggs (39). Collectively, single-cell technologies have helped us better understand the complexity of the fly blood system and hemocytes differentiation and transdifferentiation upon immune challenge. In the future, the application of these technologies to studies on the fat body and other immune organs will likely reveal the heterogeneity of the cells in these tissues and previously unknown mechanism of tissue interactions in the immune context. Although studies on innate immunity have been performed at the single-cell level, an increasing number of studies have focused on the role played by AMPs in addition to those played in the immune responses. For instance, Diptericin B functions in the formation of long-term memory (289). AMPs have also been correlated with aging (290–292). Furthermore, a study illustrated that several AMP genes are upregulated in hematopoietic tumor-bearing larvae and that upregulated AMPs expression inhibits excess expansion of the lymph gland (54). Consistent with these findings, Dfn together with Eiger promotes tumor cell death, confirming an antitumor role played by AMPs (57). In summary, investigating the roles of innate immunity-related molecules in addition to those in the immune context is an interesting direction that will lead to insights into the coordination of the immune system with other biological processes, including metabolism, development and growth.

Finally, although Drosophila are believed to engage only innate immunity, increasing evidence shows that they may have the capacity for engaging adaptive immune-like responses. For example, pre-injecting flies with a sublethal dose of Streptococcus pneumoniae protects the flies from a second wave of infection (293). In line with this, immunological memory has been observed with hemocytes exposed to virus-derived short interfering RNA (siRNA)-containing exosomes, and antiviral immunological memory may be transmitted to progeny (294, 295). These studies encourage us to rethink adaptive immunity in flies. Because the viral proteins of severe acute respiratory syndrome coronavirus (SARS-CoV) have been studied in flies, Drosophila is a promising in vivo model for COVID-19-related research that may be used in the near future (296–298).
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Locusta migratoria manilensis is one of the most important agricultural pests in China. The locust has high fecundity and consumes large quantities of food, causing severe damage to diverse crops such as corn, sorghum, and rice. Immunity against pathogens and reproductive success are two important components of individual fitness, and many insects have a trade-off between reproduction and immunity when resources are limited, which may be an important target for pest control. In this study, adult females L. migratoria manilensis were treated with different concentrations (5 × 106 spores/mL or 2 × 107 spores/mL) of the entomopathogenic fungus Paranosema locustae. Effects of input to immunity on reproduction were studied by measuring feeding amount, enzyme activity, vitellogenin (Vg) and vitellogenin receptor (VgR) production, ovary development, and oviposition amount. When infected by P. locustae, feeding rate and phenol oxidase and lysozyme activities increased, mRNA expression of Vg and VgR genes decreased, and yolk deposition was blocked. Weight of ovaries decreased, with significant decreases in egg, length and weight.Thus, locusts used nutritive input required for reproduction to resist invasion by microsporidia. This leads to a decrease in expression of Vg and VgR genes inhibited ovarian development, and greatly decreased total fecundity. P. locustae at 2 × 107 spores/mL had a more obvious inhibitory effect on the ovarian development in migratory locusts. This study provides a detailed trade-off between reproduction and immune input of the female, which provides a reliable basis to find pest targets for biological control from those trade-off processes.
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Introduction

Paranosema (Nosema) locustae is an entomopathogenic fungus that only infects locusts. Since the 1980s, the fungus has shown great potential as a biological control in locust control (1, 2). Locusts infected by P. locustae can spread the pathogen to other nearby locusts through horizontal transmission. The fungus can also be transmited vertically, with microsporidia infecting offspring through locust eggs (3, 4). Recently, a study has found that microsporidia can also be transmitted through the feces of predators (5). After consumption by locusts, microsporidian spores germinate in the midgut lumen by everting the polar filament into cells, and the infection occurs through the sporoplasm to primarily infect the fat body (6). Microsporidia proliferate in the fat body and destroy normal host cell metabolism by capturing ATP and secreting hexokinase and hydrolase to deplete host glycogen (7–9). To resist the processes associated with infection, locusts must invest large amounts of energy.

Vitellogenesis, an imperative event of insect reproduction, is essential for insect fecundity (10, 11).In insects, vitellogenesis is a complex process involving two parts. First, vitellogenins (Vg) are biosynthesized in the fat body and released into the haemolymph. Maturing oocytes then absorb the vitellogenins from the haemolymph through endocytosis mediated by vitellogenin receptors (VgR) and accumulate yolk to form a mature egg, which increases in size as it matures (11, 12). In insects, juvenile hormone, insulin (or insulin-like peptide), and amino acid/target of rapamycin signaling pathways control vitellogenesis (13–16). Insulin and target of rapamycin signalling pathways regulate the terminal stages of oocyte development by regulating expression of vitellogenin (14). Total number of eggs produced and number of eggs in a single egg pod are affected by body size and life history of each individual (17). In L. migratoria manilensis, egg yolk biosynthesis is controlled by juvenile hormone (18) and is also dependent on feeding temperature. Vitellogenin first appears in the serum of adult females 5–9 days after emergence, with vitellogenin titer reaching 25 to 30 mg/mL in the second cycle of vitellogenin production (19).

In the face of predation, disease, and other hazards, the energy intake of an organism is generally insufficient for growth, reproduction, survival, and other important activities, which leads to trade-offs in allocation of resources (20, 21). Immunity and reproduction, are two critical processes that require a substantial investment of resources in female insects. Given that life-history evolution tends to optimize rather than maximize energy resources, reproduction and immunity can be mutually constraining (22). In Alloallomobilus socius, the mating process leads to a decrease in hemocyte load, lytic activity, and encapsulation and thus an increase in mortality (23). P. locustae infection in L. migratoria manilensis results in increased expression of defense genes, such as those for antimicrobial peptides, peroxiredoxin, and amine oxidase, increased investment in immunity, and consumption of energy materials for reproduction (2). In addition, microsporidia can inhibit phenol oxidase (PO) activity in locusts, which makes host melanization of pathogens difficult (2). In Orthoptera, crickets are frequently used as models to study the trade-off between immunity and reproduction.

The orthopteran L. migratoria manilensis, can be divided into aggregation and dispersion types, depending on their population density (24, 25). Locusts are a model orthopteran (26). However, they are also notorious because of the threat of mass migrations and are one of the most destructive agricultural pests worldwide (27). High locust fecundity is the basis of outbreaks. Plagues of locusts have been a historical problem in China and elsewhere. After nearly half a century of overuse of chemical pesticides, detrimental effects on environment have led to the recognition that more environmentally sound methods of pest control are needed (28). The use of P. locustae is one potentially sustainable approach to control locusts. The first report of microsporidia as a biological control tool was from the United States Department of Agriculture, which used Nosema acidophagus (29). P. locustae was isolated from locusts by Canning (30), and Henry (31) used Melanoplus bivittatus as a new host to increase spore numbers. Since then, P. locustae has since been used in locust control with remarkable success as a commercial, environmentally safe pest management tool. However, the continuous use of P. locustae has led to locusts developing a certain level of immunity. With the establishment of transgenic crops, the search for new gene targets is also an important research direction. In this study, the potential trade-off in investment between reproduction and immunity in locusts was explored. This study provides an important foundation to increase understanding of mechanisms of the trade-offs between insect immunity and other physiological functions and also to identify new potential targets for biological control.



Materials and methods


L. migratoria manilensis and P. locustae

Colonies of L. migratoria manilensis were maintained in the Key Laboratory of Animal Adaptation and Evolution at the Life and Environmental Science School of Hangzhou Normal University (Hangzhou, China). The feeding temperature was set at 30 ± 2°C with a photoperiod L16: D8 and 50% relative humidity. Locusts were hatched in small, clean boxes (10 cm × 15 cm × 20 cm) and then released into large, dry, well-ventilated cages of 50 cm × 50 cm × 50 cm at a density of 200 to 300 insects per cage. Locusts were provided fresh wheat seedlings and wheat bran for at least two generations before experimentation. A suspension of P. locustae provided by the China Agricultural University (Beijing, China) was diluted to either 5 × 106 spores/mL or 2 × 107 spores/mL and maintained at 4°C.



Treatment design and infection of L. migratoria manilensis

Fresh wheat seedlings were divided into three equal portions of 100g each. One portion was soaked with 5 × 106 spores/mL and another with 2 × 107 spores/mL of P. locustae, and both were dried at 37°C for 10 min. The third portion was used as a control treatment. Food was provided from emergence, and on days 1–4 post emergence, the average daily weight of wheat seedlings consumed was recorded. The three groups of locusts were reared in the same conditions, and males and females were paired. Each treatment included three biological replications of five locust individuals each.



PO and lysozyme activity in L. migratoria manilensis

There were three biological replicates of P. locustae-infection and control groups, with five individuals per replicate. In the three groups of locusts, fat bodies and ovaries were dissected at 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 d. Fat bodies and ovaries were frozen with liquid nitrogen and stored at −80°C.

To detect PO activity, 2 µL of serum was diluted to 20 µL using 0.9% normal saline, followed by addition of 40 μL of CAC buffer and 60 μL of 3 g/L L-dopa. Solutions were mixed and placed in a 25°C water bath for 30 min, and then, the OD595 nm value was determined. In a blank control, 60 μL of CAC buffer and 60 μL of 3 g/L L-dopa were used. Detection time of PO activity was 30 min. Total protein content was determined using a Coomassie bright blue protein kit following the manufacturer’s instructions (Nanjing Jiancheng Biological Company, Nanjing, China). The OD495 value was calculated as sample OD495 value − control OD495 value. One unit of PO activity (U) was defined as U = OD495 value/min/mg protein.

The detection method for lysozyme activity was adjusted according to Hultmark (32). To prepare of the bacterial suspension, micrococcus dry powder (Nanjing Jiancheng Biological Company, Nanjing, China) was used as the substrate, 0.1 mol/L phosphoric acid buffer (pH 6.4) was used as the substrate solvent and activity was confirmed when the 570 nm light absorption value was greater than 0.35. To detect lysozyme activity, 200 μL of bacterial suspension was removed and placed in an ice bath for 10 min. Then, 4 μL of locust serum added and mixed, and a UV2000 was used to determine the absorbency (A) at 570 nm. A sample was placed in a 37°C water bath for 30 min, moved to ice to stop the reaction for 10 min, and the absorption value at 570 nm was determined (A0). Lysozyme activity (U) was calculated as U = (A0 − A)/A.



RNA extraction, cDNA synthesis and quantification of mRNA expression

From fat bodies and ovaries dissected imultaneously with collection of serum, total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. Each treatment included three biological replicates of five locust individuals each. Dissecting time was 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 d after emergence. The RNA concentration was determined by measuring the absorbance at 260 nm with a spectrophotometer. First-strand cDNA synthesis was performed using a PrimeScript® RT Reagent Kit with gDNA Eraser (Takara, Dalian, China) following the manufacturer’s protocol. All primers were designed to determine expression of the genes VgA, VgB, VgR1, and VgR2 (Table 1). Expression levels of genes were normalized using the expression of actin. Reverse-transcription quantitative real-time PCR (RT-qPCR) was performed using a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) and Premix Ex Taq (SYBR Green) reagents (Takara). The 20 μL RT-qPCR reactions were subject to a thermal profile of 95°C for 3 min and then 40 cycles of 95°C for 10 s and 60°C for 30 s. The thermal melting profile was assessed using a final PCR cycle of 95°C for 30 s, with temperature increasing continuously from 60°C to 95°C. Relative gene expression levels were calculated using the 2–ΔΔCT method, with three replicates per sample.


Table 1 | RT-qPCR Primers.





Paraffin sectioning of ovaries

In controls and groups infected with P. locustae, ovarian tissue sections were prepared by a paraffin method. Female locusts 8 days after eclosion were immersed in 10% formaldehyde solution for 12 h. Fixed samples were then dehydrated in an ethanol series of 50%, 75%, 90%, and 100%, with at least 30 min in each step. Following dehydration, samples were cleared with xylene. Cleared samples were embedded in paraffin and sectioned. Sections were dewaxed with xylene and ethanol, hydrated, and stained with hematoxylin and eosin. After staining, samples were dehydrated with anhydrous alcohol for 30 s and 1 to 2 drops of neutral glue were added to seal the samples. Samples were observed and photographed under a microscope. Each treatment included three biological replicates of five locust individuals each.



L. migratoria manilensis reproductive and developmental indices

In controls and groups infected with P. locustae, the length and weight of egg pods and the length and width of each egg were measured. Each treatment included three biological replicates of eight individuals each. In an additional set of experiments, amount of oviposition was measured in the two treatments and control. Each treatment included three biological replicates of eight individuals each. After hatching, offspring were fed individually in transparent plastic feeding tubes and maintained in an artificial climate chamber. Each treatment included more than 30 individuals. Locust nymph development was recorded twice a day at 8:00 AM and 8:00 PM.



Statistical analyses

Statistical analyses were performed with the GraphPad Prism 8.3.0 software. Except for the data from sections of ovarian tissue, statistical significance analysis of the remaining data presented in this study were analyzed using one-way or two-way ANOVA followed by Tukey’s multiple comparisons test. The confidence interval was set to 95%, and P < 0.05 was considered statistically significant.




Results


Changes in food Intake of locusts infected with P. locustae

To understand changes in L. migratoria manilensis metabolism after microbial infection, effects of infection with different concentrations of P. locustae on locust feeding behavior were determined. Compared with uninfected control females, infected locusts consumed more food (F2,6 = 9.53; P = 0.0137). When infected with a concentration of 2 × 107 spores/mL, food intake increased significantly and was more than 1.48-fold higher than that in the control (Figure 1).




Figure 1 | Weight (g) of food consumed by L. manilensis after infection with P. locustae. Average daily food intake of adult females on days 1–4 after eclosion. Each value is presented as mean ± SD, and different letters indicate significant differences among different treatments (one-way ANOVA followed by Tukey’s multiple comparisons test, P < 0.05).





Changes in enzyme activity in locusts Infected with P. locustae

To understand changes in immune function in L. migratoria manilensis infected by the fungus, PO and lysozyme activities were examined. According to two-way ANOVA, PO activity was significantly affected by P. locustae concentration (F9,150 = 425.8; P < 0.001), duration of infection (F2,150 = 67.77; P < 0.001), and their interaction (F18,150 = 89.78; P < 0.001). PO activity in 5 × 106 and 2 × 107 spores/mL treatments was higher than that in the control from day 2 to 12 but was significantly lower from day 16 to 20. PO activity was 1.33-fold and 1.38-fold higher in 5 × 106 and 2 × 107 spores/mL treatments, respectively,than that in the control at 6 days (Figure 2A). According to two-way ANOVA, lysozyme activity was significantly affected by P. locustae concentration(F9,150 = 4,294; P < 0.001), duration of infection (F2,150 = 323.3; P < 0.001), and their interaction (F18,150 = 272; P < 0.001). Compared with the control, microsporidian infection increased lysozyme activity from day 2 to 8 but decreased it from day 10 to 20. Lysozyme activity was strongly induced at 4 days and was 1.28-fold (5 × 106 spores/mL) and 1.52-fold (2 × 107 spores/mL) higher than that in the control. Lysozyme activity at the high concentration (2 × 107 spores/mL) began to decrease significantly by day 10. However, enzyme activity at the low concentration (5 × 106 spores/mL) was not significantly different from that in the control from day 10 to 18 (Figure 2B). Therefore, a microsporidian solution with a concentration of 2 × 107 spores/mL led to the greatest stimulation in enzyme activity (Figure 2).




Figure 2 | Phenol oxidase (PO) and lysozyme activities in L. migratoria manilensis infected with P. locustae. (A) PO activity of adult females were infected by P. locustae on days 2–20. (B) Lysozyme activity of adult females infected by P. locustae on days 2–20. Each value is presented as mean ± SD, and different letters indicate significant differences among different treatments at the same time point (two-way ANOVA followed by Tukey’s multiple comparisons test, P  <  0.05).





Changes in expression of Vg and VgR genes in locusts Infected with P. locustae

To examine effects of P. locustae infection on locust reproductive capacity, mRNA expression of VgA and VgB and their receptors VgR1 and VgR2 was examined. Two-way ANOVA showed that expression of VgA, VgB, VgR1, and VgR2 was significantly affected by P. locustae concentration (VgA: F2,90 = 1871, P < 0.001; VgB: F2, 90 = 480.9, P < 0.001; VgR1: F2, 90 = 1987, P < 0.001; VgR2: F2, 90 = 531.8, P < 0.001), duration of infection(VgA: F9,90 = 310.3, P < 0.001; VgB: F9, 90 = 398.6, P < 0.001; VgR1: F9, 90 = 210.3, P < 0.001; VgR2: F9, 90 = 98.32, P < 0.001), and their interaction (VgA: F18,150 = 83.71, P < 0.001; VgB: F18, 90 = 51.18, P < 0.001; VgR1: F18, 90 = 51.91, P < 0.001; VgR2: F18, 90 = 67.63, P < 0.001) (Figure 3). Expression of VgA and VgR1 began to decrease significantly by day 4, and expression was significantly inhibited at 2 × 107 spores/mL at day 20 and was 20820.9-fold and 38111.9-fold lower, respectively, than that in the control (Figures 3A, C). Compared with control females, VgB expression was down-regulated on day 8 (Figure 3B) with P. locustae treatment. However, expression of VgR2 was significantly suppressed from day 2 (Figure 3D). The results indicated that P. locustae inhibited the transcription of Vg and VgR genes in locusts.




Figure 3 | Expression of on Vg and VgR genes in expression after L. migratoria manilensis was infected by P. locustae. (A) Relative expression of VgA mRNA in adult females infected by P. locustae on days 2–20. (B) Relative expression of VgB mRNA in adult females infected by P. locustae on days 2–20. (C) Relative expression of VgR1 mRNA in adult females infected by P. locustae on days 2–20. (D) Relative expression of VgR2 mRNA in adult females infected by P. locustae on days 2–20. Each value is presented as mean ± SD, and different letters indicate significant differences among different treatments at the same time point (two-way ANOVA followed by Tukey’s multiple comparisons test, P  <  0.05).





Changes in ovaries in locusts infected with P. locustae

Compared with control females, ovary size and number of well-developed eggs decreased slightly after day 8 at 5 × 106 spores/mL, but decreased significantly at 2 × 107 spores/mL (Figure 4). Therefore, ovarian development was abnormal with severe atrophy in locusts infected with P. locustaea.




Figure 4 | Effects of different spore concentrations of P. locustae on ovary development in L. migratoria manilensis. Longitudinal sections of locust ovarian tissue on day 8 after eclosion. Ovarian tissues were fixed with formaldehyde solution and then dehydrated in an ethanol series. After clearing with xylene, the samples were embedded in paraffin and stained with hematoxylin and eosin (H&E). Samples were observed and photographed under amicroscope. Scale bar = 50 μm.





Changes in number and quality of eggs offspring development time in locusts infected with P. locustae

Total number of eggs laid by a single adult female decreased significantly when infected with P. locustae at 2 × 107 spores/mL, compared with the control (F2,30 = 30.83; P < 0.001). The low concentration treatment had no effect on oviposition amount, whereas at the high concentration, total number of eggs laid decreased by 17% (Figure 5A). Compared with control females, weight of egg pods (F2,27 = 15.27, P < 0.001; Figure 5B) and length of egg pods (F2,27 = 4.01, P = 0.03; Figure 5C) decreased significantly in females infected with P. locustae. In addition, length (F2,87 = 10.48; P < 0.001) and width (F2,87 = 25.78; P < 0.001) of eggs decreased significantly after P. locustae infection (Figures 5D, E). Infection of females with P. locustae did not significantly affect offspring development time from egg to adult (F2, 44 = 1.09, P = 0.34; Figure 6B). Only in the high concentration treatment, the time required for the 5th instar larvae to develop to adults was significantly shorter than that in the control (F2,44 = 4.21, P = 0.021; Figure 6A).




Figure 5 | Number and quality of eggs laid by L. migratoria manilensis infected with P. locustae. (A) Oviposition amount or total number of eggs laid by a single adult female. (B) Average weight of egg pods laid by a single adult female. (C) Average length of egg pods laid by a single adult female. (D) Average length of eggs laid by a single adult female. (E) Average width of eggs laid by a single adult female. Each value is presented as mean ± SD, and the different letters indicate significant differences among different treatments (one-way ANOVA followed by Tukey’s multiple comparisons test, P < 0.05).






Figure 6 | Development time of nymphs after L. migratoria manilensis infected with P. locustae. (A) Development time of each instar: egg, egg stage;1st, 1st instar nymph;2nd, 2nd instar nymph; 3rd, 3rd instar nymph; 4th, 4th instar nymph; 5th, 5th instar nymph. (B) Total time for offspring to develop from egg to adult. Each value is presented as mean ± SD, and different letters indicate significant differences among treatments (one-way ANOVA followed by Tukey’s multiple comparisons test, P < 0.05).






Discussion

The focus on trade-offs between reproduction and immunity in orthopteran has been on crickets. In dimorphic crickets, the immune response has a stronger effect on male sperm production than on female fertility (33–35), and there is an apparent lack of both physiological trade-offs and terminal reproductive investment in female crickets (36). However, similar studies on locusts have not been reported. In this study, lysozyme and PO activities in female L. migratoria manilensis infected with P. locustae were examined to assess the cost of immunity against pathogen invasion, and expression of vitellogenin, ovarian development, and development of offspring were examined to assess the reproductive changes in females when resources were invested in immunity.

P. locustae, first reported in desert locusts (37), has been used as a biological agent for pest control because it is harmless to humans and livestock (28). Infection with P. locustae activates host immunity, and then, insects must invest energy and resources to resist pathogen infection (38). In this study, after infection with P. locustae, feeding by locusts increased (Figure 1), indicating an increased need for energy to resist pathogens. Glycogen and fat are important energy reserves in insects and are primarily stored in the fat body. Microsporidia invade from the midgut and multiply in the fat body. Transcriptome profiles of P. locustae differ significantly in the fat body and midgut during middle and late stages of infection (2). In addition, late in the infection, the load of microsporidia in the fat body is much larger than that in the midgut, indicating the fat body is the eventual site of P. locustae eventually multiplication, and nodules form consisting of melanin deposits around heavily infected cells (2). Thus, microsporidia infection damages the fat body (39). After infection with microsporidia, locust glycogen and fat reserves are depleted, and there is rapid uptake of glucose by infected cells (7). However, because pathogens use energy from their hosts, an increase in food consumption may not necessarily increase host immunity (40). Insects lack the acquired immunity and therefore must rely on their innate immunity to resist the pathogens. In insects, the PO cascade, which induces expression of antimicrobial peptides, including lysozyme, is an important part of the humoral immunity (41). PO and prophenol oxidase are found in the sera of most arthropods, including crustaceans and insects, and are essential in defense responses. Insects can also resist bacterial infection through lysozyme shear activity (42).

In this study, PO activity increased significantly from day 2 to 12 (Figure 2A), whereas lysozyme activity increased from day 2 to 8 (Figure 2B). Those results demonstrated that infection with P. locustae activated expression of phenol oxidase and lysozyme, which could increase P. locustae mortality. However, PO activity decreased significantly from day 16 to 20, and lysozyme activity decreased significantly from day 10 to20, which indicated that expression of phenoloxidase and lysozyme was inhibited in the late stage of P. locustae infection. Reductions in melanization and lytic action against pathogens in locusts might be related to P. locustae ability to evade host immunity and contribute to rapid pathogen reproduction in the fat body. In many species, expression of host immunoreactive substances and level of immunity decrease in late phases of pathogen infection. For example, PO activity in honeybees infected with Spiroplasma melliferum increases initially and then decreases, and the decrease is associated with evasion of host immune defense by S. melliferum to improve its proliferation environment (43), and PO activity decreases sharply in the late stage of Charybdis japonica infection with Vibrio alginolyticus (44). In Spodoptera exigua, lysozyme and other antibacterial active substances are inhibited in the later stage of infection (45). Inhibitory effects of microsporidia on host antibacterial substances have also been observed in honeybees (46, 47). Therefore, microsporidia inhibition of PO the lysozyme activities in locusts could reduce melanization and enable parasites to escape immune responses and survive and proliferate.

Immunity and reproduction both consume large amounts of energy. In this study, female L. migratoria manilensis were infected with P. locustae early after eclosion, which might affect physiological indices related to reproduction. Activation of the immune system affects fecundity, which is a trade-off in resource allocation observed in many insects. For example, in fruit flies, activation of immunity reduces reproductive output (48). In Anopheles gambiae, immunization can induce melanization or humoral antimicrobial activity, and as a result, apoptosis begins in ovarian follicle cell epithelium, leading to a decrease in number of eggs produced (49). In crickets, immune responses can affect female survival rate and egg size (20). In this study, Vg expression levels in female L. migratoria manilensis decreased significantly with pathogen infection (Figures 3A, B), which would inhibit vitellin synthesis. In addition, expression of VgR genes decreased significantly (Figures 3C, D), which can result in abnormal deposition of vitellin and delayed ovarian development (50, 51). The results suggest that locusts increase energy investment in maintaining fluid circulation and survival after infection and therefore reduce investment in reproduction. In this study, ovaries of microsporidian-treated locusts showed significant atrophy (Figure 4), and as the concentration of P. locustae increased, the number of eggs laid decreased (Figure 5A).

Eggs size reflects reproductive input to offspring and is an important factor in matrilineal inheritance. In vitro-fertilized insects sperm combines with relatively large egg cells, and egg size determines an adaptability of the filial generation (52). Although the evolutionary importance of egg size has been debated, growth and survival rates and sometimes fecundity increase in large offspring (53). Resilience to environmental pressures, including larval competition (54), starvation (55, 56), drought (57) and nutritional stress (58, 59), also increases in large offspring. By contrasts, relatively small eggs tend to hatch faster but at a lower survival rate (54, 60). Egg production
is also a measure of female fecundity because represents the number of offspring (61, 62). In this study, number of eggs laid (Figure 5A) and weight of egg pod (Figure 5B) decreased significantly after microsporidian infection. Egg length and width decreased significantly when the concentration reached 2 × 107 spores/mL (Figures 5D, E). Therefore, microsporidia infection decreased female fertility, and the decrease was related to microsporidia concentration. Development time of offspring in the 2 × 107 spores/mL treatment group was 1.02 days shorter than that of control offspring (Figure 6). This results suggested that high concentrations of P. locustae reduced time to hatch.

In this study, decreased expression of Vg and VgR in L. migratoria manilensis infected with P. locustae inhibited of vitelline deposition and ovarian development. Amount of oviposition (eggs per pod) decreased significantly, and nutritional status of eggs also decreased. Overall, the results of this study suggest the immune response to P. locustae reduced energy resources required for locust reproduction. In addition, new ideas were generated in this study for further studies on molecular mechanisms of the trade-offs between immunity and reproduction in locusts. Further studies are warranted on allocation of energy resources between immune responses and reproductive output and on identification of potential regulatory mechanisms, including energy-metabolizing and nutrient signaling, that could be targets for control of L. migratoria.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author contributions

S-GW and BT designed the work. Y-WH, G-QX, Y-JD and Q-YX carried out the experiments. Y-WH, S-HW, and YT performed the analysis. LZ provides Paranosema locustae for this research. Y-WH wrote the initial manuscript. S-HW, BT, LZ, S-GW and YT involved in interpreting data and revising manuscript. All authors read and approved the final manuscript.



Funding

This work was supported by National Key Research and Development Program of China (Grant No. 2017YFD0201000) and National Natural Science Foundation of China (Grant Nos. 31270459).



Acknowledgments

Thanks to China Agricultural University for providing Paranosema locustae for this research.



Abbreviations

VgA, vitellogenin A; VgB, vitellogenin B; VgR, vitellogenin receptor; PO, phenol oxidase; RT-qPCR, reverse-transcription quantitative polymerase chain reaction.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Dakhel, WH, Latchininsky, AV, and Jaronski, ST. Efficacy of two entomopathogenic fungi, metarhizium brunneum, strain F52 alone and combined with paranosema locustae against the migratory grasshopper, melanoplus sanguinipes, under laboratory and greenhouse conditions. Insects (2019) 10:94. doi: 10.3390/insects10040094

2. Chen, L, Gao, X, Li, R, Zhang, L, Huang, R, Wang, L, et al. Complete genome of a unicellular parasite (Antonospora locustae) and transcriptional interactions with its host locust. Microb Genom (2020) 6:mgen000421. doi: 10.1099/mgen.0.000421

3. Tan, S, Wang, Y, Liu, P, Ge, Y, Li, A, Xing,, et al. Increase of albinistic hosts caused by gut parasites promotes self-transmission. Front Microbiol (2018) 9:1525. doi: 10.3389/fmicb.2018.01525

4. Gao, X, and Ban, L. Genomics research progresses in microsporidia Antonospora locustae and its application status. J Plant Prot (2021) 48:60–4. doi: 10.13802/j.cnki.zwbhxb.2021.2021806

5. Wang-Peng, S, Zheng, X, Jia, WT, Li, AM, Camara, I, Chen, HX, et al. Horizontal transmission of paranosema locustae (Microsporidia) in grasshopper populations via predatory natural enemies. Pest Manag Sci (2018) 74:2589–93. doi: 10.1002/ps.5047

6. Lee, SC, Corradi, N, Doan, S, Dietrich, FS, Keeling, PJ, and Heitman, J. Evolution of the sex-related locus and genomic features shared in microsporidia and fungi. PLoS One (2010) 5:e10539. doi: 10.1371/journal.pone.0010539

7. Méténier, G, and Vivarès, CP. Molecular characteristics and physiology of microsporidia. Microbes Infect (2001) 3:407–15. doi: 10.1016/s1286-4579(01)01398-3

8. Tsaousis, AD, Kunji, ER, Goldberg, AV, Lucocq, JM, Hirt, RP, and Embley, TM. A novel route for ATP acquisition by the remnant mitochondria of encephalitozoon cuniculi. Nature (2008) 453:553–6. doi: 10.1038/nature06903

9. Senderskiy, IV, Timofeev, SA, Seliverstova, EV, Pavlova, OA, and Dolgikh, VV. Secretion of antonospora (Paranosema) locustae proteins into infected cells suggests an active role of microsporidia in the control of host programs and metabolic processes. PLoS One (2014) 9:e93585. doi: 10.1371/journal.pone.0093585

10. Roy, S, Saha, TT, Zou, Z, and Raikhel, AS. Regulatory pathways controlling female insect reproduction. Annu Rev Entomol (2018) 63:489–511. doi: 10.1146/annurev-ento-020117-043258

11. Zhu, S, Liu, F, Zeng, H, Li, N, Ren, C, Su, Y, et al. Insulin/IGF signaling and TORC1 promote vitellogenesis via inducing juvenile hormone biosynthesis in the American cockroach. Development (2020) 147:dev188805. doi: 10.1242/dev.188805

12. Seidelmann, K, Helbing, C, Göbeler, N, and Weinert, H. Sequential oogenesis is controlled by an oviduct factor in the locusts locusta migratoria and schistocerca gregaria: Overcoming the doctrine that patency in follicle cells is induced by juvenile hormone. J Insect Physiol (2016) 90:1–7. doi: 10.1016/j.jinsphys.2016.03.008

13. Roy, SG, Hansen, IA, and Raikhel, AS. Effect of insulin and 20-hydroxyecdysone in the fat body of the yellow fever mosquito, aedes aegypti. Insect Biochem Mol Biol (2007) 37:1317–26. doi: 10.1016/j.ibmb.2007.08.004

14. Parthasarathy, R, and Palli, SR. Molecular analysis of nutritional and hormonal regulation of female reproduction in the red flour beetle, tribolium castaneum. Insect Biochem Mol Biol (2011) 41:294–305. doi: 10.1016/j.ibmb.2011.01.006

15. Han, B, Zhang, T, Feng, Y, Liu, X, Zhang, L, Chen, H, et al. Two insulin receptors coordinate oogenesis and oviposition via two pathways in the green lacewing, chrysopa pallens. J Insect Physiol (2020) 123:104049. doi: 10.1016/j.jinsphys.2020.104049

16. Wu, Z, Yang, L, He, Q, and Zhou, S. Regulatory mechanisms of vitellogenesis in insects. Front Cell Dev Biol (2021) 8:593613. doi: 10.3389/fcell.2020.593613

17. Chapman, RF. The insects: Structure and function. Cambridge: Cambridge University Press (1998) p. 325–59.

18. Song, J, Guo, W, Jiang, F, Kang, L, and Zhou, S. Argonaute 1 is indispensable for juvenile hormone mediated oogenesis in the migratory locust, locusta migratoria. Insect Biochem Mol Biol (2013) 43:879–87. doi: 10.1016/j.ibmb.2013.06.004

19. Chinzei, Y, and Wyatt, GR. Vitellogenin titre in haemolymph of Locusta migratoria in normal adults, after ovariectomy, and in response to methoprene. J Insect Physiol (1985) 31:0–445. doi: 10.1016/0022-1910(85)90090-3

20. Bascuñán-García, AP, Lara, C, and Córdoba-Aguilar, A. Immune investment impairs growth, female reproduction and survival in the house cricket, acheta domesticus. J Insect Physiol (2010) 56:204–11. doi: 10.1016/j.jinsphys.2009.10.005

21. Budischak, SA, Hansen, CB, Caudron, Q, Garnier, R, Kartzinel, TR, Pelczer, I, et al. Feeding immunity: Physiological and behavioral responses to infection and resource limitation. Front Immunol (2018) 8:1914. doi: 10.3389/fimmu.2017.01914

22. Schwenke, RA, Lazzaro, BP, and Wolfner, MF. Reproduction-immunity trade-offs in insects. Annu Rev Entomol (2016) 61:239–56. doi: 10.1146/annurev-ento-010715-023924

23. Fedorka, KM, Zuk, M, and Mousseau, TA. Immune suppression and the cost of reproduction in the ground cricket, allonemobius socius. Evolution (2004) 58:2478–85. doi: 10.1111/j.0014-3820.2004.tb00877.x

24. Wang, X, and Kang, L. Molecular mechanisms of phase change in locusts. Annu Rev Entomol (2014) 59:225–44. doi: 10.1146/annurev-ento-011613-162019

25. Chen, Q, He, J, Ma, C, Yu, D, and Kang, L. Syntaxin 1A modulates the sexual maturity rate and progeny egg size related to phase changes in locusts. Insect Biochem Mol Biol (2015) 56:1–8. doi: 10.1016/j.ibmb.2014.11.001

26. Yu, Y, Cao, Y, Xia, Y, and Liu, F. Wright-Giemsa staining to observe phagocytes in locusta migratoria infected with metarhizium acridum. J Invertebr Pathol (2016) 139:19–24. doi: 10.1016/j.jip.2016.06.009

27. Shi, W, Guo, Y, Xu, C, Tan, S, Miao, J, Feng, Y, et al. Unveiling the mechanism by which microsporidian parasites prevent locust swarm behavior. Proc Natl Acad Sci U.S.A. (2014) 111:1343–8. doi: 10.1073/pnas.1314009111

28. Lomer, CJ, Bateman, RP, Johnson, DL, Langewald, J, and Thomas, M. Biological control of locusts and grasshoppers. Annu Rev Entomol (2001) 46:667–702. doi: 10.1146/annurev.ento.46.1.667

29. Henry, JE. Nosema acridophagus sp. n., a microsporidian isolated from grasshoppers. J Invertebr Pathol (1967) 9:331–41. doi: 10.1016/0022-2011(67)90067-5

30. Canning, EU. The life cycle of Nosema locustae canning in Locusta migratoria migratorioides (Reiche and fairmaire), and its infectivity to other hosts. J Insect Pathol (1962) 4:237–47.

31. Henry, JE. Experiment application of nosema locustae for control of grasshopper. J Invertebr Pathol (1971) 18:389–94. doi: 10.1016/0022-2011(71)90043-7

32. Hultmark, D, Steiner, H, Rasmuson, T, and Boman, HG. Insect immunity. purification and properties of three inducible bactericidal proteins from hemolymph of immunized pupae of hyalophora cecropia. Eur J Biochem (1980) 106:7–16. doi: 10.1111/j.1432-1033.1980.tb05991.x

33. Tripet, F. Sperm competition and its evolutionary consequences in the insects. Ann Entomological Soc America (2003) 96:170. doi: 10.1603/0013-8746(2003)096[0170:SCAIEC]2.0.CO;2

34. Meinhardt, A, and Hedger, MP. Immunological, paracrine and endocrine aspects of testicular immune privilege. Mol Cell Endocrinol (2011) 335:60–8. doi: 10.1016/j.mce.2010.03.022

35. Simmons, LW. Resource allocation trade-off between sperm quality and immunity in the field cricket, teleogryllus oceanicus. Behav Ecol (2011) 23:168–73. doi: 10.1093/beheco/arr170

36. Miyashita, A, Lee, TYM, McMillan, LE, Easy, R, and Adamo, SA. Immunity for nothing and the eggs for free: Apparent lack of both physiological trade-offs and terminal reproductive investment in female crickets (Gryllus texensis). PLoS One (2019) 14:e0209957. doi: 10.1371/journal.pone.0209957

37. Canning, EU. A new microsporidian, nosema locustae N.Sp., from the fat body of the African migratory locust, locusta migratoria migratorioides r. & f. Parasitology (1953) 43:287–90. doi: 10.1017/s0031182000018655

38. Wang, S, Liu, X, Xia, Z, Xie, G, Tang, B, and Wang, S. Transcriptome analysis of the molecular mechanism underlying immunity- and reproduction trade-off in locusta migratoria infected by micrococcus luteus. PLoS One (2019) 14(8):e0211605. doi: 10.1371/journal.pone.0211605

39. Tokarev, YS, Sokolova, YY, and Entzeroth, R. Microsporidia-insect host interactions: Teratoid sporogony at the sites of host tissue melanization. J Invertebr Pathol (2007) 94:70–3. doi: 10.1016/j.jip.2006.08.006

40. Cressler, CE, Nelson, WA, Day, T, and McCauley, E. Disentangling the interaction among host resources, the immune system and pathogens. Ecol Lett (2014) 17:284–93. doi: 10.1111/ele.12229

41. Jiang, H. The biochemical basis of antimicrobial responses in Manduca sexta. Insect Sci (2008) 15:53–66. doi: 10.1111/j.1744-7917.2008.00187.x

42. Elmogy, M, Bassal, TT, Yousef, HA, Dorrah, MA, Mohamed, AA, and Duvic, B. Isolation, characterization, kinetics, and enzymatic and nonenzymatic microbicidal activities of a novel c-type lysozyme from plasma of schistocerca gregaria (Orthoptera: Acrididae). J Insect Sci (2015) 15:57. doi: 10.1093/jisesa/iev038

43. Yang, D, Zha, G, Li, X, Gao, H, and Yu, H. Immune responses in the haemolymph and antimicrobial peptide expression in the abdomen of apis mellifera challenged with spiroplasma melliferum CH-1. Microb Pathog (2017) 112:279–87. doi: 10.1016/j.micpath.2017.10.006

44. Xu, SL, Qiu, CG, Zhou, W, Wang, DL, Jia, CY, and Wang, CL. Pathological analysis of hemolymphs of charybdis japonica infected with vibrio alginolyticus. Fish Shellfish Immunol (2013) 35:1577–84. doi: 10.1016/j.fsi.2013.08.025

45. Kim, H, Choi, D, Jung, J, and Kim, Y. Eicosanoid mediation of immune responses at early bacterial infection stage and its inhibition by photorhabdus temperata subsp. temperata, an entomopathogenic bacterium. Arch Insect Biochem Physiol (2018) 99:e21502. doi: 10.1002/arch.21502

46. Chaimanee, V, Chantawannakul, P, Chen, Y, Evans, JD, and Pettis, JS. Differential expression of immune genes of adult honey bee (Apis mellifera) after inoculated by nosema ceranae. J Insect Physiol (2012) 58:1090–5. doi: 10.1016/j.jinsphys.2012.04.016

47. Branchiccela, B, Arredondo, D, Higes, M, Invernizzi, C, Martín-Hernández, R, Tomasco, I, et al. Characterization of nosema ceranae genetic variants from different geographic origins. Microb Ecol (2017) 73:978–87. doi: 10.1007/s00248-016-0880-z

48. Nystrand, M, and Dowling, DK. Dose-dependent effects of an immune challenge at both ultimate and proximate levels in drosophila melanogaster. J Evol Biol (2014) 27:876–88. doi: 10.1111/jeb.12364

49. Ahmed, AM, and Hurd, H. Immune stimulation and malaria infection impose reproductive costs in anopheles gambiae via follicular apoptosis. Microbes Infect (2006) 8:308–15. doi: 10.1016/j.micinf.2005.06.026

50. Shang, F, Niu, JZ, Ding, BY, Zhang, Q, Ye, C, Zhang, W, et al. Vitellogenin and its receptor play essential roles in the development and reproduction of the brown citrus aphid, aphis (Toxoptera) citricidus. Insect Mol Biol (2018) 27:221–33. doi: 10.1111/imb.12366

51. Yao, Q, Xu, S, Dong, Y, Que, Y, Quan, L, and Chen, B. Characterization of vitellogenin and vitellogenin receptor of Conopomorpha sinensis Bradley and their responses to sublethal concentrations of insecticide. Front Physiol (2018) 9:1250. doi: 10.3389/fphys.2018.01250

52. Macfarlane, CP, Hoysak, DJ, Liley, NR, and Gage, MJ. In vitro fertilization experiments using sockeye salmon reveal that bigger eggs are more fertilizable under sperm limitation. Proc Biol Sci (2009) 276:2503–7. doi: 10.1098/rspb.2009.0295

53. Marshall, DJ, and Keough, MJ. The evolutionary ecology of offspring size in marine invertebrates. Adv Mar Biol (2007) 53:1–60. doi: 10.1016/S0065-2881(07)53001-4

54. Azevedo, RB, French, V, and Partridge, L. Life-history consequences of egg size in drosophila melanogaster. Am Nat (1997) 150:250–82. doi: 10.1086/286065

55. Carrière, Y, Masaki, S, and Roff, DA. The coadaptation of female morphology and offspring size: A comparative analysis in crickets. Oecologia (1997) 110:197–204. doi: 10.1007/s004420050150

56. Mappes, J, Mappes, T, and Lappalainen, T. Unequal maternal investment in offspring quality in relation to predation risk. Evol Ecol (1997) 11:237–43. doi: 10.1023/a:1018408201713

57. Sota, T, and Mogi, M. Interspecific variation in desiccation survival time of aedes (Stegomyia) mosquito eggs is correlated with habitat and egg size. Oecologia (1992) 90:353–8. doi: 10.1007/BF00317691

58. Braby, MF. The significance of egg size variation in butterflies in relation to host plant quality. Oikos (1994) 71:119–29. doi: 10.2307/3546179

59. Fox, CW, and Mousseau, TA. Larval host plant affects fitness consequences of egg size variation in the seed beetle stator limbatus. Oecologia (1996) 107:541–8. doi: 10.1007/BF00333946

60. Fox, CW. The influence of maternal age and mating frequency on egg size and offspring performance in callosobruchus maculatus (Coleoptera: Bruchidae). Oecologia (1993) 96:139–46. doi: 10.1007/BF00318042

61. Durham, MF, Magwire, MM, Stone, EA, and Leips, J. Genome-wide analysis in drosophila reveals age-specific effects of SNPs on fitness traits. Nat Commun (2014) 5:4338. doi: 10.1038/ncomms5338

62. Akhund-Zade, J, Lall, S, Gajda, E, Yoon, D, Ayroles, JF, and de Bivort, BL. Genetic basis of offspring number-body weight tradeoff in drosophila melanogaster. G3 (Bethesda) (2021) 11(7):jkab129. doi: 10.1093/g3journal/jkab129





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Hu, Wang, Tang, Xie, Ding, Xu, Tang, Zhang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 28 July 2022

doi: 10.3389/fimmu.2022.927322

[image: image2]


Aedes aegypti CLIPB9 activates prophenoloxidase-3 in the presence of CLIPA14 after fungal infection


Yannan Ji 1,2, Tengfei Lu 1,2, Zhen Zou 1,2* and Yanhong Wang 1,2*


1 State Key Laboratory of Integrated Management of Pest Insects and Rodents, Institute of Zoology, Chinese Academy of Sciences, Beijing, China, 2 CAS Center for Excellence in Biotic Interactions, University of Chinese Academy of Sciences, Beijing, China




Edited by: 

Liang Jiang, Southwest University, China

Reviewed by: 

Rajesh Palanisamy, University of Texas at San Antonio, United States

Vipin Rana, University of Maryland, United States

*Correspondence: 

Yanhong Wang
 wangyanhong@ioz.ac.cn 

Zhen Zou
 zouzhen@ioz.ac.cn

Specialty section: 
 This article was submitted to Comparative Immunology, a section of the journal Frontiers in Immunology


Received: 24 April 2022

Accepted: 04 July 2022

Published: 28 July 2022

Citation:
Ji Y, Lu T, Zou Z and Wang Y (2022) Aedes aegypti CLIPB9 activates prophenoloxidase-3 in the presence of CLIPA14 after fungal infection. Front. Immunol. 13:927322. doi: 10.3389/fimmu.2022.927322



Melanization is an integral part of the insect defense system and is often induced by pathogen invasion. Phenoloxidases (POs) are critical enzymes that catalyze melanin formation. PO3 is associated with the antifungal response of the mosquito, Aedes aegypti, but the molecular mechanism of the prophenoloxidase-3 (PPO3) activation is unclear. Here we report that PPO3 cleavage activation is mediated by a clip-domain serine protease, CLIPB9. We purified recombinant CLIPB9 and found that it cleaved PPO3 and increased PO activity in the hemolymph. We then identified CLIPA14 (a serine protease homolog) by co-immunoprecipitation using anti-CLIPB9 antibody. After being cleaved by CLIPB9, Ae. aegypti CLIPA14 acted as a cofactor for PPO3 activation. In addition, dsRNA co-silencing of CLIPB9 and CLIPA14 genes reduced melanization after infection with the entomopathogen, Beauveria bassiana, making the adult mosquitoes more sensitive to fungal infection. These results illustrate the roles of CLIPB9 and CLIPA14 in the PPO activation pathway and revealed the complexity of the upstream serine protease network controlling melanization.




Keywords: immune melanization, prophenoloxidase, serine protease, serine protease homolog, antifungal response



Introduction

Mosquitoes threaten public health by transmitting disease pathogens (1). Aedes aegypti transmits several devastating arboviruses, including dengue, yellow fever, Zika, and Chikungunya viruses (2). The entomopathogenic fungus, Beauveria bassiana, is an environmentally safe biological control agent that is harmless to non-target organisms (3). B. bassiana is a promising biopesticide, but successful fungal invasion of insect hosts involves overcoming the innate immune system.

Melanization is an essential component of the innate immunity in insects and crustaceans (4). Melanin synthesis is initiated with tyrosine oxidation by tyrosinase, which catalyzes the hydroxylation of tyrosine to 3, 4-dihydroxyphenylalanine (DOPA), followed by the subsequent oxidation of DOPA to dopaquinone. Dopaquinone is finally converted to melanin after a sequential range of reactions (5). The production of melanin in insects is catalyzed by phenoloxidase (PO), a key enzyme in the melanization cascade. Before melanization is activated, PO is present in its enzymatically inactive precursor form, prophenoloxidase (PPO). PPO is converted into its active form by a cascade of serine proteases (SPs) (6, 7). Once microorganisms or abnormal tissues are sensed by pattern recognition receptors in the circulatory system, a modular SP is activated, and downstream members of the SP cascade are sequentially cleaved within minutes (8–10).

Clip-domain serine proteases (CLIPs), which possess a large chymotrypsin-like fold and one or two clip domains, are important in the SP cascade (11). Mosquito CLIPs can be divided into five branches: A–E (11–13). The carboxyl-terminal domain of CLIPB–Ds contain the catalytic triad His-Asp-Ser. There are three SP cascades for PPO activation in the biochemical model Manduca sexta. Microbial recognition causes autoactivation of hemolymph protease-14 precursor (proHP14), and activated HP14 cleaves proHP21, a trypsin-like SP that converts proPAP2/3 to PAP2/3 (14–16). In another cascade, proHP1 somehow activates proHP6 (17, 18), and HP6 cleaves proPAP1 for PPO activation and proHP8 for proSpätzle-1 activation (19, 20). The last cascade is activated in wandering larvae and pupae, which is composed of HP14, HP2, and PAP2 (21). Both HP21 and PAP3 activate proHP5, which cleaves proHP6, thus connecting the first two SP cascades (22). Exploration of SP cascades can increase understanding of the molecular mechanism of melanization.

CLIPAs and CLIPEs are serine protease homologs (SPHs) that contain an amino-terminal clip domain, but the catalytic residues in the protease-like domain are replaced by other residues (23). Some SPHs serve as efficient cofactors of PAPs to enhance PPO activation in lepidopteran and coleopteran insects, such as SPH1/SPH2 in M. sexta (15, 24), cSPH11/cSPH50 in Helicoverpa armigera (25) and PPAF-II in Holotrichia diomphalia (26). Moreover, some SPHs can exert their effects upstream of the melanization cascade by regulating the activation of CLIP-SPs. For example, CLIPA8 and CLIPA28 are located upstream of CLIPC9 to regulate the melanization immune response in Anopheles gambiae (27).

There are two different melanization activation pathways in Ae. aegypti, which are carried out by different SPs and regulated by specific serpins. Tissue melanization is usually associated with the destruction of host tissue and is controlled by serpin-2, CLIPB8, and IMP-1. Immune melanization is mediated by IMP-1, IMP-2, and serpin-1, which activate hemolymph PPOs against malaria parasites (28). Our previous study showed that PPO3 can be cleaved by Ostrinia furnacalis SP105 (OfSP105) in vitro and PO3 plays a key role in antifungal responses (29). However, the detailed mechanism of PPO activation in Ae. aegypti is unknown.

In this study, we identified CLIPs involved in the PPO activation in Ae. aegypti using a biochemical approach. We found that CLIPB9 directly cleaved PPO3 to become PO3. CLIPA14, an SPH, was identified as a cofactor of CLIPB9 to enhance PPO activation. Silencing of CLIPB9 and CLIPA14 reduced the melanization caused by B. bassiana infection.



Materials and methods


Experimental animals, microbial culture, immune challenge, and hemolymph collection

The wild-type strain (Liverpool) of Ae. aegypti was maintained in our laboratory (30). Adult mosquitoes were fed on water and 10% sucrose solution for maintenance. Chickens provided blood meals for the adult mosquitoes. All procedures using vertebrates were approved by the Animal Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences. B. bassiana (ARSEF2860) used for the immune challenge was cultured on Potato Dextrose Agar plates at 26 °C. Mosquito infection was performed by the abdomen needle pricking method (microbial solution concentration: B. bassiana, 1 × 108 conidia/ml). Fresh hemolymph was collected from female mosquitoes as described (28), and serum was obtained after 5,000 × g centrifugation for 5 min at 4 °C.



RNA isolation and quantitative real-time PCR

Total RNA was extracted from homogenized adult female mosquitoes using TRIzol (Invitrogen). The cDNA was then reverse transcribed using a PrimeScript™ RT Reagent Kit with gDNA Eraser (TaKaRa). SuperReal PreMix Plus SYBR Green (Tiangen) combined with Applied Biosystems Step One Plus Real-Time PCR System (Thermo Fisher Scientific) was used for quantitative real-time PCR (qRT-PCR) reaction. We used the 2−ΔΔCt method to determine the relative expression levels of the corresponding genes. The primers were designed by software Primer 5, and rps7 served as an internal control. The primers are listed in Table S1. All values are expressed as mean ± standard errors of the means (SEM). We used Student’s t test to calculate the differences between samples (GraphPad).



Expression and purification of proCLIPB9Xa, proCLIPA14Xa, and PPO3 proteins

To produce the near full-length of CLIPB9 and CLIPA14 transcripts for eukaryotic expression, cDNA was amplified by PCR using specific primers (Table S1). The PCR product was cloned into the pMT-BiP/V5-HisA vector (Invitrogen). Putative cleavage sites of proCLIPB9 and proCLIPA14 are IGMR136 and LGFR163. The four residues of the hypothetical cleavage site were replaced with the IEGR tetrapeptide recognized by Factor Xa (New England Biolabs) by the overlap extension PCR method, and the recombinant plasmids of proCLIPB9Xa and proCLIPA14Xa were obtained. The recombinant plasmid and pCoHygro hygromycin selection vector (Invitrogen) were co-transfected into Drosophila S2 cells cultured in SFX medium (HyClone) at 28 °C, and stable cell lines were selected. After induction with 500 μM copper sulfate, the supernatants were collected for recombinant protein purification. Then, protein was purified using Ni-NTA agarose. The concentration of the purified protein was estimated by bicinchoninic acid (BCA) assay and analyzed using SDS-PAGE followed by immunoblotting. As for recombinant PPO3, it was purified with Ni-NTA agarose as described previously (31). The purified products were stored at −80 °C until use.



Assay for serine protease hydrolase activity and PO activity

In order to examine whether the recombinant proteins proCLIPB9Xa and proCLIPA14Xa can be activated by Factor Xa, 100 ng purified recombinant proCLIPB9Xa or proCLIPA14Xa and Factor Xa were incubated in the buffer (2 mM CaCl2, 0.1 M NaCl, 20 mM Tris-HCl, pH8.0) at 37 °C. The amidase activity of the samples was measured using 50 μM acetyl-Ile-Glu-Ala-Arg-p-nitroanilide (IEAR) as the substrate. Enzyme activity was measured by absorbance at 405 nm, and one unit of enzyme activity was defined as an increase in absorbance of 0.001/min.

The mixture, which included activated SPs and fresh hemolymph or purified PPO3, was incubated for 10 minutes before immunoblotting. PO activity was measured according to previous studies (22). PO activity was determined using dopamine solution (2 mM dopamine dissolved in 50 mM sodium phosphate solution, pH 6.5). Absorbance was measured at 490 nm, and PO activity (one unit) was defined as the amount of enzyme that changed absorbance by 0.001/min.



Preparation of polyclonal antibodies

Full-length of CLIPB9 or CLIPA14 was amplified by PCR using specific primers (Table S1) and cloned into the prokaryotic expression plasmid pET-28a. Recombinant protein was expressed in Escherichia coli strain BL21 (DE3) cells and purified with Ni-NTA agarose. His-tagged target proteins bound to Ni-NTA resin were eluted with buffer (300 mM NaCl, 50 mM sodium phosphate buffer, 200 mM imidazole) containing 8 M urea. The recombinant proteins were sent to Beijing Protein Innovation for the preparation of antibodies.



Immunoblotting analysis

For immunoblotting analysis, the proteins were separated on 4-20% Tris-Glycine gels (RSBM) and transferred electrophoretically onto PVDF membranes (Millipore). The membranes were blocked with StartingBlock™ T20 (TBS) Blocking Buffer (Thermo Fisher Scientific) at room temperature and then incubated with primary antibodies at 4 °C overnight. The following antibodies were used: anti-V5 antibody (Invitrogen), anti-CLIPB9 and -CLIPA14 antibody (prepared by Beijing Protein Innovation), and anti-PPO3 antibody (29).



Co-immunoprecipitation

Co-immunoprecipitation assays were performed as described (32). Briefly, 24 h B. bassiana-infected hemolymph and PBS-treated hemolymph were collected. Samples were incubated with 50 μl Protein A-Sepharose (Roche) to remove nonspecific binding. After centrifugation, specific antibodies were added to the supernatant and incubated at 4 °C for 1 h. Subsequently, 50 μl of Protein A was added to each sample, which was then shaken at 4 °C for at least 3 h, or overnight. The Protein A was separated by centrifugation. The target and its associated proteins were washed at least four times with NP-40 lysis buffer as described in the kit and then disrupted and resolved by SDS-PAGE.



Sample preparation and data analysis for mass spectrometry

Equal amounts of protein samples were separated on 4–20% Tris-Glycine gels and visualized by Coomassie Brilliant Blue (CBB) stain. Visible bands were excised from the gel and cut into 1-mm3 pieces. The pieces were subjected to in-gel reduction with dithiothreitol, alkylation with iodoacetamide, and then digested with mass spectrometry grade trypsin (Promega). The tryptic peptides were extracted with 5% (v/v) trifluoroacetic acid in 50% (v/v) acetonitrile, concentrated by drying under vacuum conditions, and dissolved in mobile phase A buffer (0.1% formic acid). The supernatants were then analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Peptide and protein identification and peak area calculations were performed against the Ae. aegypti proteome database using Proteome Discoverer 2.4.1.15 (Thermo Fisher Scientific).



Synthesis and micro-injection of dsRNAs

PCR primers were designed to contain forward and reverse primers to amplify DNA fragments of CLIPB9 (563 bp) and CLIPA14 (534 bp), which contained both sense and antisense T7 promoter sequences. The oligonucleotide primers are listed in Table S1. The PCR product was purified using the QIAquick PCR Purification Kit (QIAGEN) and dsRNA was synthesized with the T7 RiboMAX Express RNAi Systems kit (Promega) according to manufacturer protocol. The enhanced green fluorescent protein (EGFP) dsRNA was used as a control. Adult female mosquitoes, collected within 24 h of emergence, were injected with corresponding dsRNA (1.2 μg per 207 nl) using a Nanoliter 2000 syringe (World Precision Instruments) as describe (33). The efficiency of dsRNA-mediated gene silencing was determined by collecting eight mosquitoes at 4 d post-injection.



Survival rate analysis

Mosquitos were infected with B. bassiana conidia by needle pricking method after being treated with dsRNA for 48 h. The mosquitoes were kept in separate spaces, and each test group consisted of 30 mosquitoes.



Statistical analysis

Data were analyzed using GraphPad Prism software. Before statistical analysis, the independence, normality, and homogeneity of variances of experimental data were tested. All experiments in this study were repeated at least three independent times. Survival rate analysis was executed using Kaplan-Meier survival curves, and comparisons were done using the log-rank/Mantel-Cox test. Date were displayed as means ± SEM. Differences were considered to be statistically significant when the calculated P value was less than 0.05.



Gene accession numbers

All sequences supporting the findings of this study are available in the NCBI Protein Database under the following accession numbers: CLIPB9 (XP_021711027.1), CLIPA14 (EAT46191.1), PPO3 (EAT36126.1).




Results


B. bassiana induces melanin synthesis in Ae. aegypti

Melanization plays an important role in mosquito resistance to fungal infection (34). To investigate its effect on humoral immunity of Ae. aegypti in response to B. bassiana, we used a conidia suspension (1 × 108 conidia/ml) of B. bassiana to infect adult female mosquitoes with needle inoculation. After 24 h, the melanotic masses appeared on the abdomen of the mosquitoes in the experimental groups, whereas no obvious melanotic masses were observed in the control groups (Figure 1A). The key biosynthetic enzyme in insects for the production of melanotic masses is PO (35). In order to detect the activity of PO in hemolymph, 1 × 103 conidia were added to the fresh mosquito hemolymph which reacted in the dopamine solution. We found that the PO activity in the hemolymph after adding B. bassiana conidia was approximately 2.5-fold higher than that of the control hemolymph (2.65 ± 1.23 U vs. 6.48 ± 0.84 U, P < 0.01) (Figure 1B). This shows that B. bassiana can induce melanin synthesis and increase hemolymph PO activity.




Figure 1 | B. bassiana induced melanin synthesis is mediated by Ae. aegypti CLIPB9. (A) Mosquitoes appeared melanization after infected with B. bassiana. The melanotic masses were found in mosquitoes infected with B. bassiana but not in control PBS treatment. Abdominal images were observed under an OLYMPUS SZX16 microscope. The red arrows indicate the melanotic masses. Scale bars, 200 μm. (B) PPO in hemolymph was activated by B. bassiana conidia. PO activity was detected after 10-fold dilution of fresh hemolymph. The hemolymph with the addition of 1 × 103 conidia was significantly activated compared to the hemolymph without the addition of conidia. The bars represent the mean ± SEM (n = 3). **P < 0.01. (C) Immunoblotting analysis of CLIPB9 expression in hemolymph after B. bassiana infection. H, mosquito hemolymph was uninfected. H + B, mosquito hemolymph infected with B. bassiana. Anti-LPII antibody was used as the loading control.



The protease domain of the CLIPB subfamily can cleave PPO to PO (36). Ae. aegypti CLIPB9 (IMP-1), Holotrichia PPAFI, Drosophila MP2, and M. sexts PAP-1 belong to the same group in the phylogenetic analysis (28). Enrichment analysis of the published transcriptome data (31) showed that CLIPB9 was significantly up-regulated after B. bassiana infection from the systematic cluster analysis (Figure S1). Likewise, Northern blot analysis detected substantial enrichment of CLIPB9 (IMP-1) after microbial and fungal infection (28). The protein level of CLIPB9 was also significantly induced in the hemolymph after infection with B. bassiana for 24 h (Figure 1C).



Structural features, purification, and activation of recombinant proCLIPB9

CLIPB9 was considered to mediate the melanization response in Ae. aegypti and confirmation required biochemical evidence. The proCLIPB9 cDNA sequence encodes a signal peptide and a clip domain, followed by a carboxyl-terminal protease domain that contains a catalytic triad of His182, Asp246, and Ser337. To investigate the exact function of CLIPB9 in the melanization response of Ae. aegypti, we generated recombinant CLIPB9 in vitro using Drosophila S2 cells. Since the endogenous activating enzyme of CLIPB9 is unknown, we expressed and purified the zymogen form (proCLIPB9) and activation site modified form (proCLIPB9Xa) of CLIPB9. In proCLIPB9Xa, the predicted activation site IGMR136 was replaced with the IEGR136 tetrapeptide recognized by Factor Xa. The purified proCLIPB9 and proCLIPB9Xa migrated as a 50 kDa band on the CBB-stained gel and could be recognized by anti-CLIPB9 antibody (Figure 2A).




Figure 2 | Purification and activation of recombinant proCLIPB9 and proCLIPB9Xa. (A) Purified recombinant proCLIPB9 and proCLIPB9Xa were analyzed by SDS-PAGE and immunoblotting. Left, CBB staining; Right, immunoblotting assays using anti-CLIPB9 antibody (CLIPB9 Ab). (B) The cleavage of purified proCLIPB9Xa by Factor Xa was detected by immunoblotting. After incubation of Factor Xa with proCLIPB9 (100 ng) or proCLIPB9Xa (100 ng), immunoblotting was performed using anti-CLIPB9 antibody. (C) Amidase activity assay of CLIPB9Xa. The catalytic activity of CLIPB9Xa cleaved by Factor Xa was detected using IEARpNa as a substrate. The bars represent the mean ± SEM (n = 3). **P < 0.01; ns, P > 0.05.



The potential activation cleavage site of proCLIPB9 is between R136 and I137. After the purified proCLIPB9Xa (100 ng) was incubated with Factor Xa, intensity of the zymogen band at 50 kDa decreased and was replaced by two bands at 37 and 15 kDa (Figure 2B), corresponding to the catalytic and clip domains. After incubation with Factor Xa, the proCLIPB9 band was not cleaved (Figure 2B). Furthermore, the activity of CLIPB9 was indicated by hydrolysis of the IEARpNA substrate. Although Factor Xa showed some activity with this substrate, a significant increase in activity was observed after incubation with proCLIPB9Xa. No significant changes were observed after incubation with proCLIPB9. Since proCLIPB9Xa or proCLIPB9 alone had no amidase activity (Figure 2C), the recombinant proCLIPB9Xa cleaved by Factor Xa was an active IEARase.



CLIPB9Xa can cleave and activate recombinant and native PPO3 of Ae. aegypti

The previous study indicated that PPO3 was cleaved in the hemolymph of fungal challenged mosquitoes and this response could be inhibited by CLSP2 (31). Recombinant PPO3 (300 ng) was added to the different samples and detected by immunoblotting using anti-PPO3 antibody. As expected, rPPO3 was efficiently cleaved into three bands of 60, 50, and 18 kDa by CLIPB9Xa in the presence of Factor Xa (Figure 3A, bottom panel), and high PO activity (3.615 U) was observed (Figure 3A, upper panel). There was little PO activity of rPPO3, however, cleavage of rPPO3 by some partially activated CLIPB9 is likely. This could explain the weak PO activity in the figure (Figure 3A, upper panel), but it does not imply that the proenzyme activates rPPO3.




Figure 3 | Cleavage activation of Ae. aegypti PPO3 by Factor Xa-treated proCLIPB9Xa. (A) PPO3 was activated by CLIPB9. Recombinant PPO3 was incubated with buffer, Factor Xa, proCLIPB9, proCLIPB9Xa, or Factor Xa and proCLIPB9/proCLIPB9Xa. The mixtures containing 300 ng PPO3 were used in the PO activity assay (upper panel), and the mixtures containing 100 ng PPO3 were analyzed by immunoblotting using PPO3 antibodies (bottom panel). (B) CLIPB9 activates PPO in hemolymph. The 1:10 diluted hemolymph samples were incubated with proCLIPB9 or Factor Xa-treated proCLIPB9Xa. PO activities were measured using dopamine as a substrate and plotted as mean ± SEM (n = 3). **P < 0.01; *P < 0.05; ns, P > 0.05.



To examine the role of CLIPB9 in the hemolymph melanization in vitro, proCLIPB9 or Factor Xa-treated proCLIPB9Xa was mixed with hemolymph at 37 °C for 20 min. We found that the PO activity of hemolymph after adding activated CLIPB9Xa and proCLIPB9 was about 1.9-fold (3.22 ± 0.43 U vs. 6.14 ± 0.82 U, P < 0.01) and 2.0-fold (2.68 ± 0.30 U vs. 5.51 ± 0.59 U, P < 0.01) higher than that of the controls (Figure 3B), indicating that CLIPB9 acts as the PPO activation enzyme.



Identification CLIPB9 and its potential interaction protein CLIPA14

To identify proteins that interact with CLIPB9, we captured CLIPB9 and its associated proteins in fungal-infected and uninfected cell-free hemolymph using a Co-IP coupled quantitative proteomic approach. CLIPB9 related protein complex was isolated from hemolymph samples using anti-CLIPB9 antibody. After trypsin digestion, the peptide fragments were studied by LC-MS/MS for label-free quantitative analysis. A total of 48 proteins (Table S2) were identified from the complex, among which a series of melanization related proteins such as PPOs (PPO1−3, and 10) and serpins (SRPN2, 20, and 28) significantly increased in the hemolymph after infection (Figure 4A). This result showed that PPO3 formed a complex with CLIPB9, which further supported that CLIPB9 participates in PPO3-mediated immune melanization. In addition, the complex formed by PPO3 and CLIPB9 also contains several other PPOs and serpins, suggesting that these molecules may also be involved in immune melanization.




Figure 4 |  A potential interacting protein of CLIPB9. Proteomic analysis of CLIPB9 (A) and CLIPA14 (B) associated proteins. Co-IP experiments were performed on Bb-infected and control cell-free hemolymph using anti-CLIPB9 or anti-CLIPA14 antibody. Proteins eluted from the immunoaffinity columns were treated with trypsin for LC-MS/MS analysis. Peak processing was performed using Proteome Discoverer 2.4.1.15 (Thermo Fisher Scientific) software. (C) Immunoblotting analysis of CLIPA14 expression in hemolymph after B. bassiana infection. H, mosquito hemolymph was uninfected. H + B, mosquito hemolymph infected with B. bassiana. Anti-LPII antibody was used as the loading control. (D) Purified recombinant proCLIPA14 and proCLIPA14Xa analyzed by SDS-PAGE and immunoblotting. Left, CBB staining. Right, immunoblotting using anti-CLIPA14 antibody.



Interestingly, two SPHs (CLIPA14 and CLIPA6) identified in the CLIPB9 pulldown were still up-regulated (Figure 4A). We speculate that CLIPA14 and CLIPA6 may be potential cofactors for PPO activation. In the present study, we focused on CLIPA14 first. We used anti-CLIPA14 antibody to Co-IP with B. bassiana infected and uninfected cell-free hemolymph and identified a total of 17 proteins (Table S3). Similarly, CLIPB9, PPO3, CLIPA6, and other proteins associated with melanization were also significantly up-regulated in the hemolymph infection with B. bassiana (Figure 4B), indicating that CLIPA14, CLIPA6, and CLIPB9 may form a complex with PPO3. The anti-CLIPB9 antibody can’t recognize the CLIPA14 protein and vice versa (Figure S2A). To verify the interaction between CLIPB9 and CLIPA14, we conducted reciprocal Co-IP immunoblotting experiments (Figure S2B). Results showed that when CLIPB9 protein was immunoprecipitated from hemolymph using the anti-CLIPB9 antibody, CLIPA14 was detected in the immunocomplex using the anti-CLIPA14 antibody and vice versa. CLIPB9 and CLIPA14 can be identified in hemolymph using the anti-CLIPB9 and anti-CLIPA14 antibodies, respectively.



Enhancement of PPO activation in the presence of CLIPA14

In order to study the role of CLIPA14 in PPO activation, we first examined the protein sequence of CLIPA14. The proCLIPA14 consists of 428 amino acids, including a signal peptide, a clip domain followed by a carboxyl-terminal protease-like domain. CLIPA14 contains 16 conserved Cys residues and its putative proteolytic activation site is located after LGFR163. Subsequently, the presence of CLIPA14 in hemolymph was detected by its antibody. Level of the proCLIPA14 was significantly up-regulated after fungal infection (Figure 4C), consistent with the proteomic result (Figure 4A). We expressed the recombinant proCLIPA14 and its modified forms (proCLIPA14Xa) in Drosophila S2 cells and purified them on a Ni-NTA column. CBB-stained SDS-PAGE gel of proCLIPA14 and proCLIPA14Xa showed a single 55 kDa band recognized by anti-CLIPA14 antibody (Figure 4D).

After Factor Xa-treated proCLIPA14Xa (100 ng) was incubated with rPPO3 or a mixture of rPPO3 and Factor Xa-treated proCLIPB9Xa, a PO activity assay showed that addition of CLIPB9Xa and CLIPA14Xa significantly increased the PO activity by 2.7-fold compared with addition of CLIPB9Xa only (3.62 ± 0.96 U vs. 9.76 ± 1.15 U, P < 0.01) (Figure 5A). Likewise, proCLIPA14 was added to the hemolymph to examine the role of CLIPA14 in the hemolymph melanization in vitro. We found that the PO activity of hemolymph after adding proCLIPA14 was approximately 1.95-fold than that of the control (2.78 ± 0.42 U vs. 5.43 ± 0.76 U, P < 0.01) (Figure S3).




Figure 5 | Ae. aegypti CLIPA14 treatment significantly increased the PO activity. (A) Enhancement of PPO3 activation by CLIPA14. proCLIPB9Xa or its mixture with proCLIPA14Xa was treated with Factor Xa and then incubated with 300 ng PPO3 prior to PO activity measurement. (B) The cleavage of proCLIPA14 by activated CLIPB9Xa was detected by immunoblotting. Factor Xa-treated CLIPB9Xa was incubated with proCLIPA14 (100 ng) and the mixture and controls were analyzed by immunoblotting using anti-V5 antibody. (C) The cleavage of purified proCLIPA14Xa by Factor Xa was detected by immunoblotting. After incubation of Factor Xa with proCLIPA14 (100 ng) or proCLIPA14Xa (100 ng), the mixture was immunoblotted with anti-CLIPA14 antibody. (D) The CLIPA14Xa-mutant can also act as a cofactor to increase PO activity. ProCLIPB9Xa, proCLIPA14Xa, and proCLIPA14Xa-mutant were activated by Factor Xa and then incubated with PPO3. Using dopamine as the substrate to measure PO activity. CLIPA14Xa-mut, CLIPA14Xa-mutant. The bars represent the mean ± SEM (n = 3). **P < 0.01; ns, P > 0.05.



In M. sexta, proSPH1 and 2 were cleaved by the PAPs before executing their function (15). To test whether proCLIPA14 could be cleaved by PAP before functioning in Ae. aegypti, the activated CLIPB9Xa was incubated with proCLIPA14 and then analyzed by immunoblotting using anti-V5 antibody. As expected, 35, 27, and 17 kDa bands were detected after the treatment (Figure 5B), consistent with activated CLIPA14Xa which was cleaved by Factor Xa (Figure 5C).

In M. sexta, the significant increase of PO activity was dependent on the co-presence of SPH1 and SPH2 (15). In the M. sexta SPH1 and SPH2 sequences, the conserved motifs of GDSGGP were replaced by GDGGSP and GDGGAP, respectively. In the sequence of CLIPA14, we mutated GDGGSP to GDGGAP, resulting in a CLIPA14Xa mutant, to test whether it still produces cofactor activity. PO activity assays were performed after incubation with Factor Xa-treated proCLIPB9Xa and PPO3. We found that PO activity was significantly enhanced in the inclusion of CLIPA14 mutants compared to controls (Figure 5D). This suggests that CLIPA14 can replace the co-existence of SPH1 and SPH2 to exert cofactor activity.



Effect of Ae. aegypti CLIPB9 and CLIPA14 on B. bassiana infection

To support the connection between CLIPB9 and CLIPA14, we investigated their ability to block antifungal infection by RNA interference (RNAi). We conducted double-stranded RNA (dsRNA) mediated knockdown by injecting dsRNA of CLIPB9 or CLIPA14 into mosquitoes within the first 24 h after eclosion. The specific knockdown of CLIPB9 and CLIPA14 was confirmed by immunoblotting and qRT-PCR (Figure S4). The survival rate in the mosquitoes with CLIPB9 RNAi depletion (iCLIPB9) was reduced by 26.7% compared to iEGFP mosquitoes (Figure 6A). The survival rate was also reduced by 23.3% in iCLIPA14 mosquitoes. In addition, the survival rate of mosquitoes with co-knockdown of iCLIPB9 and iCLIPA14 was reduced to 6.6% (Figure 6A).




Figure 6 | The roles of CLIPB9 and CLIPA14 in mosquito antifungal defense. (A) Effects of silencing of CLIPB9 and CLIPA14 on the survival rate of mosquitoes after B. bassiana (Bb) infection. Depletion of CLIPB9 or CLIPA14 reduced mosquito resistance to B. bassiana compared to the control group (iEGFP_Bb), and concomitant depletion of CLIPB9 and CLIPA14 further reduced the resistance of mosquitoes to B. bassiana. Three biological repeats were conducted. The significance between different survival curves was compared using the log-rank (Mantel-Cox) test. *, P < 0.05; **P < 0.01. (B) Effects of silencing CLIPB9 and CLIPA14 on melanization in mosquitoes after B. bassiana infection. Compared to the control group (iEGFP_Bb), the melanotic masses on the abdomen of mosquitoes were reduced by varying degrees in the CLIPB9-depleted group, the CLIPA14-depleted group, and the co-silenced group. Abdominal images were observed under an OLYMPUS SZX16 microscope. The red arrows indicate the melanotic masses. Scale bars, 200 μm.



Next, we studied their contribution to the mosquito melanization after fungal infection. Results showed that iEGFP mosquitoes infected with B. bassiana obviously appeared melanotic masses, whereas iCLIPB9 mosquitoes detected only a small melanotic spot (Figure 6B), indicating that the melanization mediated by CLIPB9 was weakened. In addition, the melanotic masses in iCLIPA14 mosquitoes infected with B. bassiana also appeared to be reduced (Figure 6B), suggesting that CLIPA14 is involved in the formation of melanization. This is consistent with the decreased survival rate after dsCLIPA14 treatment (Figure 6A). However, the size of melanotic spot in co-silencing of CLIPB9 and CLIPA14 is smaller than that in silencing of CLIPA14 alone, but looks similar to that in silencing of CLIPB9 alone (Figure 6B), indicating that co-silencing of CLIPB9 and CLIPA14 can’t block the immune melanization completely. In conclusion, our experiments demonstrated that CLIPA14 acts as a cofactor of CLIPB9 in the antifungal immune melanization.




Discussion

We identified biochemical function of CLIPB9, which directly cleaves and activates AaPPO3 in vivo and in vitro. CLIPA14 was also identified as an interacting protein of CLIPB9 by Co-IP, and further studies demonstrated that CLIPA14 acts as a cofactor of CLIPB9 to enhance the activity of PO. dsRNA silencing of CLIPB9 and CLIPA14 genes reduced melanotic masses in mosquitoes after B. bassiana infection. Finally, our studies showed that CLIPB9 and CLIPA14 are both involved in the antifungal immune melanization response.

The PPO activation pathway is composed with multiple CLIPs and serpins. Currently, PPO activating enzymes that directly cleave PPO belong to the CLIPB subfamily. For instance, cSP6/cSP8 in H. armigera (25, 32), PAP1/PAP2/PAP3 in M. sexta (15, 24, 37), PPAE in B. mori (38), SP13/SP105 in O. furnacalis (39, 40), and MP2 in D. melanogaster (41). The recombinant An. gambiae CLIPB9 and CLIPB10 can cleave the purified M. sexta PPO protein in vitro (42, 43). In the present study, we successfully obtained the soluble proCLIPB9 (Figure 2A) of Ae. aegypti, which was found to activate native and recombinant Ae. aegypti PPO3 (Figure 3). In addition, dsRNA silencing of CLIPB9 reduced melanization after B. bassiana infection and made adult mosquitoes susceptible to fungal infection (Figure 6).

The mechanism by which the terminal CLIPs activate PPO in the presence of cofactors has been characterized in insects (44). In M. sexta, PPO exhibited low PO activity after direct cleavage by PAP1, PAP2, and PAP3, but the activation was significantly enhanced in the presence of SPH1 and SPH2 (15, 23, 37). In H. armigera, the PPO activation pattern was analogous to that of M. sexta, and the activity of SP6 to activate PPO significantly increased when cSPH11 and cSPH50 were present (25). In this reaction, SPHs need to be cleaved by PPO activating enzymes in order to exert their effects. In Ae. aegypti, we used Co-IP to discover the cofactors of PPO activating enzymes. The hemolymph of mosquitoes infected with B. bassiana was subjected to Co-IP analysis with the anti-CLIPB9 antibody, and the immunoprecipitated proteins were identified and quantitatively analyzed by LC-MS/MS (Figure 4A). The identified CLIPA14 and CLIPA6 were notable and we found them to be orthologous to M. sexta SPHs. In this study, we only focused on CLIPA14. PO activity was significantly increased in the presence of cofactor CLIPA14 (Figure 5A). The cofactor CLIPA14 was also cleaved by CLIPB9 to produce three cleavage bands (Figure 5B). However, it is still unknown which cleavage product is the active cofactor.

Interestingly, the co-presence of two SPHs is necessary for the cofactor activity in lepidopteran insects (25, 45), whereas our study showed a single SPH can achieve the same effect in dipteran Ae. aegypti. In SPs, three highly conserved catalytic residues including histidine, aspartic acid, and serine (46) are located in a groove, known as the catalytic pocket, on the surface of the protein (47). The catalytic triad of His, Asp, and Ser is the most conserved feature in the other hydrolase families (48, 49). Analysis of the CLIPA14 sequence revealed that only Ser is missing among the three catalytic residues. Given their overall structural similarity and catalytic pocket sequence similarity, we speculate that CLIPA14 cofactor activity is more complete compared to M. sexta SPH1/SPH2 and H. armigera cSPH11/cSPH50. This may explain why CLIPA14 itself can exert cofactor activity (Figure 5A).

In An. gambiae, SPHs are regulators of TEP1 mediated immune response against malaria parasites and other microbial infections (50). Among them, CLIPA8, SPCLIP1, and CLIPA28 act as positive regulators (34, 51, 52), while CLIPA2 and CLIPA14 act as negative regulators of upstream CLIPs (53, 54). The exact function of these SPHs is unclear, but their RNAi phenotype suggests multiple reactions regulating the melanization. All the SPHs appear to play important roles in the melanization reaction. They either act as cofactors to increase the activity of PO or regulate the activation of CLIPs upstream of the melanization cascade. We found that CLIPA14 is involved in PO activation as a cofactor downstream of the SPs cascade (Figure 5A). Furthermore, the size of melanotic spot in the co-silencing of CLIPB9 and CLIPA14 looks similar to that in the silencing of CLIPB9 alone (Figure 6B), suggesting that the co-silencing of CLIPB9 and CLIPA14 can’t block the immune melanization completely. One of the most likely reasons is that CLIPB9 can directly cleave PPO to affect the occurrence of melanization. Additionally, Ae. aegypti has 10 PPO genes and 96 CLIPs (55), and the expansion of the mosquito melanization cascade gene suggests the highly complexity of this system in mosquitoes (13). Melanization was not completely abolished in the co-silencing of CLIPB9 and CLIPA14, suggesting that other serine protease cascade pathways may affect fungal-induced melanization. In conclusion, we propose a new model of the Ae. aegypti immune melanization pathway in response to fungal infection (Figure S5). At the end of the protease cascade, CLIPB9 acts as a PPO activating enzyme to cleave and activate AaPPO3 in the presence of the cofactor CLIPA14, resulting in melanization in response to B. bassiana infection. In addition, Serpin-1, Serpin-2, CLSP2 and CLIPA14 act as negative regulators to regulate melanization (31, 43, 54). Our results provide a basis for understanding the complex regulatory network in mosquito melanization.
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Cry toxins produced by Bacillus thuringiensis (Bt) are well known for their insecticidal activities against Lepidopteran, Dipteran, and Coleopteran species. In our previous work, we showed that trypsin-digested full-length Cry7Ab4 protoxin did not have insecticidal activity against Plutella xylostella larvae but strongly inhibited their growth. In this paper, we expressed and purified recombinant active Cry7Ab4 toxic core from Escherichia coli for bioassay and identified its binding proteins. Interestingly, Cry7Ab4 toxic core exhibited activity to delay the pupation of P. xylostella larvae. Using protein pull-down assay, several proteins, including basic juvenile hormone-suppressible protein 1-like (BJSP-1), were identified from the midgut juice of P. xylostella larvae as putative Cry7Ab4-binding proteins. We showed that feeding P. xylostella larval Cry7Ab4 toxic core upregulated the level of BJSP-1 mRNA in the hemocytes and fat body and decreased the free juvenile hormone (JH) level in larvae. BJSP-1 interacted with Cry7Ab4 and bound to free JH in vitro. A possible mechanism of Cry7Ab4 in delaying the pupation of P. xylostella larvae was proposed.
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Introduction

Bacillus thuringiensis (Bt) kills certain insect pests mainly due to toxic proteins generally referred to as Cry and Cyt proteins (1, 2). These Bt proteins are widely used in biopesticide formulations and transgenic crops for insect pest control (3, 4). In the alkaline environment of insect midgut, the Cry protoxin is cleaved by midgut proteases to produce an active Cry toxin (toxic core) of 60–70 kDa, which then binds to specific receptors to exert its insecticidal activity. The three-domain Cry toxin has high insecticidal toxicity against Lepidopteran, Dipteran, and Coleopteran species (5). The widely accepted mode of action of the three-domain Cry toxins is the classical pore-forming model: after activation of protoxins by midgut proteases, the active Cry toxin first interacts with potential toxin receptors, including aminopeptidase N (APN), alkaline phosphatase (ALP), and cadherin (6), and binds to midgut epithelial cells (7), then a conformational change and formation of Cry toxin oligomers result in insertion of toxins in the membrane for pore formation, which finally leads to cell lysis and death of insects (8). Another model is described as follows: after binding of the Cry toxin to receptors, intracellular signal transduction is activated to participate in the insecticidal process (9). In addition to APN, ALP, and cadherin, other Cry receptors, such as the ATP-binding cassette (ABC) transporter subfamily C2 (ABCC2) (10), α-amylase(11), and sodium solute symporter (TcSSS) (12), as well as putative Cry-binding proteins such as actin, V-ATP-synthase, flotillin, and prohibitin, have been identified or isolated from the midgut brush border membrane vesicle (BBMV) (13–15).

Our previous work has identified proteins from midgut juice that bind to Cry toxins, and these non-receptor proteins also affect insecticidal activities of Cry toxins (16–18). It has been reported that Cry toxin receptors in P. xylostella, including ALP and ABCC, are regulated by the MAPK signal pathway, and a high level of hormones promotes the expression of ALP and ABCC by activating the MAPK pathway, leading to Cry resistance (19). Thus, the insecticidal mechanism of Cry toxin might be more complicated than what we have already known.

Most Cry toxins at high enough concentrations can kill insects, but they may not kill insects at low concentrations. Indeed, some Cry toxins at low concentrations show inhibitory activity on insect growth. The CryIA toxin affected the growth or development of Lymantria dispar (20). Feeding tests with Cry1Ac and Cry1Ab showed that both toxins retarded the growth and inhibited the food intake of Heliothis virescens larvae (21). Bt-Cry1Ab maize and Cry1Ab13 significantly inhibited the growth and development of the survived Spodoptera frugiperda and Ostrinia furnacalis larvae, respectively (22, 23).

In our previous work, we showed that the trypsin-digested full-length Cry7Ab4 protoxin strongly inhibits the growth of P. xylostella larvae although it cannot kill larvae (24). Inhibition of insect growth or development by Cry toxins can contribute to controlling the population of insect pests and thus is relevant to agricultural pest control. To elucidate the mechanism of Cry toxins in inhibition of the growth or development of insect pests, in this paper, we expressed and purified recombinant active Cry7Ab4 toxic core from Escherichia coli for bioassay and identified its binding proteins in P. xylostella, as Cry7Ab4, unlike most Cry toxins, is non-lethal to P. xylostella larvae when added to a diet at 80 μg/g (see Results section). We showed that Cry7Ab4 toxic core exhibited activity to delay the pupation of P. xylostella larvae. Using protein pull-down assay, several proteins, including basic juvenile hormone-suppressible protein 1-like (BJSP-1), were identified from the midgut juice of P. xylostella larvae as putative Cry7Ab4-binding proteins. We then showed that feeding P. xylostella larvae with Cry7Ab4 toxic core upregulated the level of BJSP-1 mRNA in the hemocytes and fat body and decreased the level of free juvenile hormone (JH). BJSP-1 interacted with Cry7Ab4 and bound to free JH in vitro. A possible mechanism of Cry7Ab4 in delaying the pupation of P. xylostella larvae was then proposed.



Materials and methods


Bacterial strains and insects

E. coli strain DH5α (TransGen, Beijing, China) was used for gene cloning, and strain BL21 (DE3) (TransGen, Beijing, China) was used for protein expression. P. xylostella eggs and an artificial diet (feed formula: wheat germ, yeast, carrageenan, konjac flour, sorbic acid, vitamin C, rapeseed, rapeseed oil, sugar, 21 Gold vitamin, linoleic acid, paraben) were purchased from Henan Jiyuan Baiyun Industry Co., Ltd., China; the eggs were reared at 25 ± 2°C, 60%–70% relative humidity, and a 12 h: 12 h light cycle to second-instar larvae for bioassays.



Preparation of recombinant Cry7Ab4 and BJSP-1

The Cry7 gene (GenBank accession number EU380678.1) encodes a protein (GenBank accession number ACB38747.1) named as Cry7Ab4 by Bacillus thuringiensis Toxin Nomenclature. To prepare Cry7Ab4 toxic core, the DNA sequence encoding Cry7Ab4 toxic core (residues 1–637) was synthesized by the DetaiBio company (Nanjing, China) and cloned into pET-32a(+) expression vector for recombinant protein expression in E. coli Rosetta BL21 (DE3) cells. The expression of Cry7Ab4 toxic core and Thioredoxin (Trx, control protein) was induced by addition of isopropyl-β-D-thiogalactoside (IPTG) to a final concentration of 0.5 mM, and bacterial cells were incubated at 25°C for 16 h. The supernatants of bacterial cell lysates were collected and subjected to ProteinIso Ni-NTA resins (TransGen, Beijing, China) for the purification of Cry7Ab4 toxic core and Trx according to the manufacturer’s instructions.

To prepare BJSP-1, the DNA sequence encoding the full-length basic juvenile hormone-suppressible protein 1-like (BJSP-1, GenBank accession number XM_011551310) of P. xylostella was synthesized by the GenScript company (Nanjing, China) and cloned into pGEX-KG expression vector for recombinant protein expression in E. coli Rosetta BL21 (DE3) cells. The expression of BJSP-1 and glutathione S-transferase (GST, control protein) was induced by addition of IPTG to a final concentration of 0.5 mM, and bacterial cells were incubated at 16°C for 16 h. The supernatants of bacterial cell lysates were collected and subjected to ProteinIso GST resins (TransGen, Beijing, China) for purification of BJSP-1-GST fusion protein and GST according to the manufacturer’s instructions.



Bioassays

The activity of Cry7Ab4 toxic core was performed with second-instar day 2 P. xylostella larvae. Purified Cry7Ab4 toxic core in 10 mM phosphate buffered saline (PBS, pH 7.4) at increasing amounts (0, 40, and 80 μg toxin per gram diet) was added to the diet, and P. xylostella larvae (two larvae per Eppendorf (EP) tube, 30 larvae in each group, and three groups for each treatment) were fed a diet containing Cry7Ab4 toxic core every 24 h until pupation. The average weight of larvae and food intake were recorded and calculated every 24 h, and the difference in pupation time was recorded and analyzed.



Protein pull-down experiments

Midgut tissue and juice from P. xylostella fourth-instar larvae were collected as described previously (16) and subjected to protein pull-down assays according to a described method (25). Briefly, P. xylostella larval midgut juice was incubated with Cry7Ab4 toxic core-coupled Sepharose™ 4B beads for 1 h at 4°C. Cry7Ab4 toxin-binding proteins were separated by SDS-PAGE and stained using FASTsilver Stain Kit (Beyotime, Jiangsu, China). This experiment was repeated at least three times. The unique protein bands were analyzed by liquid chromatography connected with tandem mass spectrometry (LC-MS/MS) at the Huada Protein Research Center (HPRC). Specific information of search engine and search parameters was the same as described previously (16).



Homology modeling and molecular docking

Three-dimensional (3D) structures of Cry7Ab4 toxin and P. xylostella BJSP-1 were predicted by SWISS-MODEL (http://swissmodel.expasy.org) (26). Models were assessed using MolProbity by submitting PDB files to the MolProbity server (http://molprobity.biochem.duke.edu/) (27). Model structures of BJSP-1 and Cry7Ab4 were predicted using Antheraea pernyi arylphorin (PDB: 3GWJ) and B. thuringiensis insecticidal delta-endotoxin Cry8Ea1 (PDB: 3EB7) as templates, respectively. Docking of Cry7Ab4 toxin to P. xylostella BJSP-1 was carried out using ZDOCK (http://vasker.compbio.ku.edu/resources/gramm/grammx) with all default parameters (28).



Western blot and far-Western blot analyses

For Western blot (WB) analysis, purified recombinant P. xylostella BJSP-1-GST and Cry7Ab4 toxic core were separated on 10% and 12% SDS-PAGE, respectively, and proteins were transferred to nitrocellulose membranes. The membrane was blocked with 5% dry skim milk in Tris-buffer saline (TBS) containing 0.05% Tween-20 (TBS-T), incubated with primary rabbit anti-GST polyclonal antibody (1:10,000) or primary mouse anti-His polyclonal antibody (1:10,000) (Proteintech Group, Chicago, USA), and then incubated with secondary alkaline phosphatase conjugated goat anti-rabbit or anti-mouse antibody (1:2,000) (Proteintech Group, Chicago, USA). Antibody binding was visualized by a color reaction catalyzed by alkaline phosphatase as described previously (29).

For far-Western blot analysis, the purified recombinant BJSP-1-GST fusion protein was separated on 10% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was washed with TBS-T, blocked with 5% dry skim milk in TBS-T at 25°C for 2 h, and then probed with purified recombinant His-tagged Cry7Ab4 toxin at 4°C overnight with gentle rocking. After washing, the membrane was then incubated with the primary mouse anti-His polyclonal antibody (1:10,000) (Proteintech, Chicago, USA) to the His-tagged probe protein, then with goat anti-mouse secondary antibody (1:1,000) (Proteintech Group, Chicago, USA), and antibody binding was detected by fluorescent signal using Azure c500 (Dublin, California, USA) (29, 30).



Enzyme-linked immunosorbent assay

To confirm the interaction between Cry7Ab4 and BJSP-1, and BJSP-1 and free juvenile hormone (JH), a modified enzyme-linked immunosorbent assay (ELISA) microplate assay was carried out using a described method (30). Briefly, 96-well microtiter plates were coated with 8 μg/well of capture protein (Cry7Ab4 or BJSP-1-GST) at 4°C overnight. The plates were washed with PBS (pH 7.4) containing 0.05% Tween-20 (PBS-T) and then blocked with 5% dry skim milk. Protein-coated plates were incubated with BJSP-1-GST fusion protein or free JH and then washed with PBS-T. The plates were first incubated with primary rabbit anti-GST polyclonal antibody (Proteintech, Chicago, USA) and then with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Proteintech, Chicago, USA) or with HRP-conjugated anti-JH antibody (Jianglaibio, Shanghai, China). Antibody binding was detected using 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Beyotime, Shanghai, China) at 450 nm on the Multiskan GO Microplate Spectrophotometer (Thermo Scientific, Massachusetts, USA). These experiments were repeated at least three times.



Detection of free JH level in P. xylostella larvae

The second-instar day 2 P. xylostella larvae were fed diets containing increasing amounts of Cry7Ab4 toxin (from 0 to 80 μg/g) or PBS (10 mM, pH 7.4) (control); the larvae were randomly taken every 24 h (24, 48, and 72 h) into 10 mM PBS (pH 7.4) (1 mg of whole larvae in 10 μl of PBS). After homogenization, the supernatant was collected by centrifugation at 5,000 g for 5 min at 4°C. The free JH level in the supernatant was measured using the JH Assay Kit (Jianglaibio, Shanghai, China), which is based on an ELISA double-antibody sandwich method, according to the manufacturer’s instructions. This experiment was repeated at least three times.



Quantitative real-time PCR

Total RNA was isolated from the hemocytes, fat body, and midgut of P. xylostella fourth-instar day 2 larvae fed a diet containing 80 μg/g of Cry7Ab4 toxic core for 24 h using RNAPure Universal RNA Plus Kit (Magen, Guangzhou, China). RNA samples were reverse transcribed to cDNA with One-Step gDNA Removal (TransGen, Shanghai, China), and quantitative real-time PCR was performed using Green qPCR SuperMix (TransGen, Shanghai, China) with FQD-48A Real-Time PCR Detection System (BIOER, Hangzhou, China). Primers used in this study are listed in Table 1. The conditions for qRT-PCR were as follows: 94°C for 30 s, 94°C for 5 s, 60°C for 30 s, 40 cycles. The expression of each gene was determined using the 2−ΔΔCT method and normalized to elongation factor-1 alpha gene (EF-1α) (GenBank accession number: XM_011562844). All experiments were performed in triplicate, and results were plotted as the mean ± SD.


Table 1 | qRT-PCR primers for P. xylostella BJSP-1 and EF1.






Results


Feeding recombinant Cry7Ab4 toxic core delayed pupation of P. xylostella larvae

Recombinant active Cry7Ab4 toxic core (residues 1–637) was expressed in E. coli and purified by affinity chromatography. SDS-PAGE analysis showed that Cry7Ab4 toxic core was expressed as both soluble and insoluble products after induction with IPTG (0.5 mM) at 25°C (Figure 1A) and purified to homogeneity by Ni-NTA resins from the supernatant of bacterial cell lysates (Figure 1B). Western blot analysis showed that purified recombinant His-tagged Cry7Ab4 toxic core was recognized by anti-His antibody (Figure 1C). Feeding P. xylostella larvae a diet containing purified Cry7Ab4 toxic core inhibited larval growth (Figure 2A), a result in agreement with feeding larvae cabbage leaves immersed in trypsin-digested full-length Cry7Ab4 protoxin (100 µg/ml) (24), and impacted the intake of diet containing Cry7Ab4 toxin (Figure 2B). Moreover, feeding larvae a diet containing 40 and 80 µg/g of Cry7Ab4 toxic core delayed larval pupation by 24 h, compared to the control group (Figure 2C).




Figure 1 | Expression and purification of recombinant Cry7Ab4 toxic core. (A) Expression of recombinant Cry7Ab4 toxic core in E coli analyzed by SDS-PAGE. M, marker; bacterial lysates without IPTG (lane 1) and with 0.5-mM IPTG induction at 25°C (lane 2) and 37°C (lane 3), respectively; supernatant (lane 4) and pellet (lane 5) from bacterial lysates with 0.5-mM IPTG induction at 25°C. (B) Purification of Cry7Ab4 toxic core analyzed by SDS-PAGE. M, marker; lane 1, supernatant from bacterial cell lysates containing Cry7Ab4 toxic core; lane 2, pellet from bacterial cell lysates; lane 3, flow-through from the Ni-NTA column; lanes 4 and 5, first and second imidazole (20 mM) washing fractions, respectively; lanes 6 and 7, first and second imidazole (200 mM) elution fractions, respectively. (C) Western blot analysis of purified recombinant Cry7Ab4 toxic core. Purified recombinant His-tagged Cry7Ab4 toxic core was separated by SDS-PAGE, transferred to nitrocellulose membrane, and detected by mouse anti-His polyclonal antibody. M, marker; lanes 1 and 2, purified recombinant Cry7Ab4 toxic core. The red arrows indicate Cry7Ab4 toxin.






Figure 2 | Bioassays of purified recombinant Cry7Ab4 toxic core. P. xylostella larvae (fourth-instar day 2) were fed diets containing 0, 40, and 80 µg/g of purified recombinant Cry7Ab4 toxic core; the average weight of larvae (A), amount of diet intake (B), and pupation time (C) were recorded after feeding Cry7Ab4 toxin. Significant difference was determined by Student’s t-test between two groups, indicated by *(p < 0.05), **(p < 0.01).





Identification of Cry7Ab4-binding proteins in the midgut juice of P. xylostella larvae

To investigate the mechanism of Cry7Ab4 in delaying larval pupation, proteins in the midgut juice of P. xylostella larvae that can bind to Cry7Ab4 toxic core were identified by protein pull-down assay. The results showed that unique protein bands at ~40 kDa bound to Cry7Ab4 toxic core (Figure 3A), and the protein bands were cut out for LC-MS/MS analysis. MASCOT search results with scores higher than 100 were further analyzed by BLAST, and basic juvenile hormone-suppressible protein 1-like (BJSP-1), methionine-rich storage protein 2, apolipophorin-like, and lipase 1-like protein were identified as putative Cry7Ab4-binding proteins (Table 2). Among these proteins, BJSP-1 was chosen for further study.




Figure 3 | Identification of Cry7Ab4 toxin-binding proteins from the midgut juice of P. xylostella larvae and expression of recombinant BJSP-1-GST. (A) Proteins in the midgut juice of P. xylostella larvae that bound to Cry7Ab4 were identified by protein pull-down assay and analyzed by SDS-PAGE. M, marker; lane 1, CNBr-activated Sepharose 4B + P. xylostella midgut juice (control); lanes 2, 3, and 4, CNBr-activated Sepharose 4B + Cry7Ab4 (25 μl) + P. xylostella midgut juice (50 μl). The red box (F3) indicates protein bands of Cry7Ab4 toxin-binding proteins. (B) Expression and purification of recombinant P. xylostella BJSP-1-GST analyzed by SDS-PAGE. Lane 1, supernatant containing BJSP-1-GST from bacterial cell lysates; lane 2, pellet from bacterial cell lysates; lane 3, washing fraction (50 mM Tris–HCl, pH 8.0); lanes 4–6, first, second, and third elution fractions (50 mM Tris–HCl, pH 8.0, containing 10 mM reduced glutathione), respectively; M, marker. (C) Western blot analysis of purified recombinant BJSP-1-GST fusion protein. Purified recombinant BJSP-1-GST fusion protein was separated by SDS-PAGE, transferred to nitrocellulose membrane, and detected by rabbit anti-GST polyclonal antibody. M, marker; lane 1, recombinant BJSP-1-GST. The red arrows indicate BJSP-1-GST fusion protein.




Table 2 | Cry7Ab4-binding proteins in the midgut juice of P. xylostella larvae.





Cry7Ab4 interacted with BJSP-1

To confirm the interaction between Cry7Ab4 and BJSP-1, recombinant P. xylostella BJSP-1-GST fusion protein was expressed in E. coli and purified. SDS-PAGE analysis showed that recombinant BJSP-1-GST fusion protein was expressed after induction with 0.5 mM IPTG at 16°C for 16 h, with most BJSP-1-GST fusion protein in the insoluble fraction and some in the soluble fraction, and recombinant BJSP-1-GST was purified from the soluble fraction by affinity chromatography (Figure 3B). Western blot analysis showed that purified recombinant BJSP-1-GST fusion protein at ~114 kDa was recognized by anti-GST antibody (Figure 3C).

The interaction between Cry7Ab4 and BJSP-1-GST was confirmed by far-Western blot analysis (Figure 4A) and ELISA assays (Figures 4B, C). Far-Western blot result showed that BJSP-1-GST fusion protein on the membrane was recognized by anti-His antibody when the membrane was probed with His-tagged Cry7Ab4 toxic core (Figure 4A). ELISA assays showed that when increasing concentrations of Cry7Ab4 toxic core were added to BJSP-1-coated plates, more Cry7Ab4 bound to coated BJSP-1 and the binding was saturated at 16 μg/ml of Cry7Ab4 (Figure 4B). Similarly, when increasing concentrations of BJSP-1-GST were added to Cry7Ab4-coated plates, more BJSP-1-GST bound to coated Cry7Ab4 and the binding was saturated at 64 μg/ml of BJSP-1-GST (Figure 4C). These results indicated that BJSP-1 can interact with Cry7Ab4 toxic core.




Figure 4 | In vitro interaction between recombinant BJSP-1-GST and Cry7Ab4 toxic core. (A) Far-Western blot analysis of Cry7Ab4 binding to BJSP-1. Recombinant BJSP-1-GST was separated on SDS-PAGE and transferred to nitrocellulose membrane; the membrane was probed with His-tagged Cry7Ab4 toxic core, and binding of Cry7Ab4 to BJSP-1-GST was detected with mouse anti-His polyclonal antibody. (B, C) Binding of BJSP-1 to Cry7Ab4 (B) and Cry7Ab4 to BJSP-1 (C) by enzyme-linked immunosorbent assay (ELISA). Microtiter plates were coated with Cry7Ab4 toxic core (B) or BJSP-1-GST (C); increasing concentrations of BJSP-1-GST or GST (control) (B) and Cry7Ab4 or Trx (control) (C) were added to protein-coated plates, and binding of the two proteins was detected by rabbit anti-GST polyclonal antibody to BJSP-1-GST (B) or mouse anti-His polyclonal antibody to Cry7Ab4 (C).





Feeding Cry7Ab4 upregulated the expression of BJSP-1 mRNA in the hemocytes and fat body and decreased free JH level in P. xylostella larvae

As shown in Figure 5A, when feeding P. xylostella larvae (fourth-instar day 2) a diet containing 80 μg/g of Cry7Ab4 toxic core for 24 h, the level of BJSP-1 mRNA in the midgut did not change significantly; however, the BJSP-1 mRNA level was upregulated significantly in both hemocytes (3.04 vs. 1) and fat body (1.94 vs. 1).




Figure 5 | Feeding Cry7Ab4 toxin upregulated the BJSP-1 mRNA level in the hemocytes and fat body of P. xylostella larvae, and BJSP-1 bound to free JH. (A) P. xylostella larvae (fourth-instar day 2) were fed a diet containing Cry7Ab4 toxic core for 24 h, and the expression of BJSP-1 mRNA in the hemocytes, fat body, and midgut of larvae was determined by real-time PCR. Significant difference was determined by Student’s t-test between the control (0 μg/g of Cry7Ab4) and Cry toxin feeding groups (80 μg/g of Cry7Ab4), indicated by **(p < 0.01). (B) Microtiter plates were coated with recombinant BJSP-1-GST, increasing concentrations of free JH were added to BJSP-1-coated plates, and binding of JH to BJSP-1-GST was determined by ELISA assay and detected by horseradish peroxidase (HRP)-conjugated anti-JH antibody. *(p < 0.05).



To determine binding of free JH to BJSP-1, ELISA assay was performed. As shown in Figure 5B, when increasing concentrations of free JH (from 0 to 100 pg/ml) were added to BJSP-1-coated plates, more JH bound to BJSP-1-GST and the binding was saturated at 12 pg/ml of JH. Then the free JH level in P. xylostella larvae after feeding Cry7Ab4 toxin core was determined. The free JH level did not change significantly after larvae were fed Cry7Ab4 for 24 and 48 h (Figures 6A, B); however, the free JH level decreased significantly (~16%) after larvae were fed Cry7Ab4 for 72 h (Figure 6C). When JH is synthesized, it immediately binds to JH-binding proteins (JHBPs) or apolipoproteins, which help deliver JH to target sites (31). Our combined results suggest that BJSP-1 may play a role in development of P. xylostella by binding to JH to facilitate transportation of JH.




Figure 6 | Feeding Cry7Ab4 toxin decreased the free JH level in P. xylostella larvae. P. xylostella larvae (second instar, day 2) were fed a diet containing Cry7Ab4 toxic core, and free JH level in the larvae was determined at 24 (A), 48 (B), and 72 h (C) after feeding toxin. A significant difference was determined by Student’s t-test between two groups, indicated by **(p < 0.01).





Molecular docking of Cry7Ab4 with BJSP-1

The 3D structures of BJSP-1 and Cry7Ab4 were constructed by homology modeling and accessed using the RAMPAGE server, and molecular docking between Cry7Ab4 and BJSP-1 was then performed (Figure 7). The result showed that the contact surface area between the two proteins was 1489 Å2 with a binding free energy of -15 kcal/mol. BJSP-1 interacted with Cry7Ab4 mainly through hydrogen bonds (Table 3) by binding to the groove formed by the three domains of toxin, mainly domain II and domain III that participate in the interaction with toxin receptors (Figures 7B, C).




Figure 7 | Molecular docking between Cry7Ab4 toxic core and BJSP-1. (A) Molecular docking of Cry7Ab4 toxic core (green) with BJSP-1 (mazarine); the binding interface is indicated in yellow. (B) Binding interface (prasinous) in Cry7Ab4 toxic core. (C) Binding interface (prasinous) in BJSP-1.




Table 3 | Hydrogen bonds between BJSP-1 and Cry7Ab4 from the molecular docking model.






Discussion and conclusion

Most insecticidal Cry proteins kill insects at the larval stage (32). Cry1Ab, Cry1F, and Cry2Aa can kill larvae at high enough concentrations; however, these toxins at low concentrations cannot kill larvae but exhibit inhibition activity on the growth or development of insects (33–35). As a novel Cry toxin found in 2008, the toxicity of Cry7Ab4 was determined against several insect pests, and the results showed that trypsin-processed Cry7Ab4 protoxin showed insecticidal activity against Colaphellus bowringi larvae with LC50 of 293.79 µg/ml; however, when P. xylostella, Spodoptera exigua, and Ostrinia furnacalis larvae were fed cabbage leaves immersed in 100 μg/ml of trypsin-processed Cry7Ab4 protoxin, Cry7Ab4 was non-lethal to larvae but inhibited larval growth (24). In this study, we showed that when P. xylostella larvae were fed an artificial diet containing 40 and 80 μg/g of purified active Cry7Ab4 toxic core, Cry7Ab4 was non-lethal to larvae but inhibited larval growth and delayed pupation. These results suggest that there may be different mechanisms in the mode of action between most insecticidal Cry toxins and nonlethal Cry7Ab4.

To investigate the mechanisms of Cry7Ab4 in inhibition of P. xylostella larval growth, we identified Cry7Ab4-binding proteins in the midgut juice of P. xylostella larvae and found one candidate binding protein, basic juvenile hormone-suppressible protein 1-like (BJSP-1), which belongs to hexamerins. The most abundant proteins in insect larval hemolymph are storage proteins, which are hexamerins (assembled from six ∼80-kDa polypeptide subunits). These storage proteins are synthesized mainly in the fat body and secrete into hemolymph and can reach extremely high concentrations in the last-instar larvae (36). BJSP-1 is a member of hexamerins (37), and the expression of hexamerin is increased when foreign substances are ingested by P. xylostella and Galleria mellonella (38, 39). Acidic juvenile hormone-suppressible protein 1 (AJSP-1) and BJSP-2 are highly expressed in the fourth-instar P. xylostella larvae and are almost undetectable in any other instar larvae (36, 40), and juvenile hormone-suppressible protein is expressed in the last-instar Manduca sexta larvae (41). It has been reported that in the resistant Helicoverpa armigera larvae, hexamerin in the gut lumen binds to Cry1Ac to block its insecticidal activity (42). We showed that P. xylostella BJSP-1 bound with Cry7Ab4, further supporting that non-receptor proteins like hexamerins can bind with Cry toxins.

Coincidentally, some hexamerins have been identified as JH-binding proteins (38, 43). It has been reported that when JH is combined with JHBP or apolipoprotein (both are hexamerins), it can be delivered to a specific target and exert its activity, since free JH is usually hydrolyzed by JH hydrolase (31). Here, we showed that the level of BJSP-1 mRNA was upregulated significantly in the hemocytes and fat body, and free JH was decreased in the last-instar P. xylostella larvae when larvae were fed Cry7Ab4 toxin. We also showed that P. xylostella BJSP-1 was able to bind free JH. Thus, binding of BJSP-1 to JH in the last-instar P. xylostella larvae may preserve the JH level for a longer time to delay pupation.

We then propose a model for the mechanism of Cry7Ab4 toxin in delaying the pupation of P. xylostella larvae: Cry7Ab4 toxin in the midgut somehow upregulates the expression of BJSP-1 mRNA in the fat body, and the secreted BJSP-1 protein in the hemolymph then binds to free JH to maintain the JH level in the last-instar larvae for a longer time, resulting in a delay in the pupation of larvae.
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Multicellular organisms live in environments containing diverse nutrients and a wide variety of microbial communities. On the one hand, the immune response of organisms can protect from the intrusion of exogenous microorganisms. On the other hand, the dynamic coordination of anabolism and catabolism of organisms is a necessary factor for growth and reproduction. Since the production of an immune response is an energy-intensive process, the activation of immune cells is accompanied by metabolic transformations that enable the rapid production of ATP and new biomolecules. In insects, the coordination of immunity and metabolism is the basis for insects to cope with environmental challenges and ensure normal growth, development and reproduction. During the activation of insect immune tissues by pathogenic microorganisms, not only the utilization of organic resources can be enhanced, but also the activated immune cells can usurp the nutrients of non-immune tissues by generating signals. At the same time, insects also have symbiotic bacteria in their body, which can affect insect physiology through immune-metabolic regulation. This paper reviews the research progress of insect immune-metabolism regulation from the perspective of insect tissues, such as fat body, gut and hemocytes. The effects of microorganisms (pathogenic bacteria/non-pathogenic bacteria) and parasitoids on immune-metabolism were elaborated here, which provide guidance to uncover immunometabolism mechanisms in insects and mammals. This work also provides insights to utilize immune-metabolism for the formulation of pest control strategies. 
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1 Introduction

Microbes and animals have a long-term association that is widely distributed in nature, and plays a vital role in animal adaptation and evolution. Immunity and metabolism are two different biological systems that have traditionally been studied independently, however, recent studies discover that these two processes are interlinked in animal physiology, and has opened up an exciting area of research called immunometabolism (1). More than a century ago, Elie Metchnikoff one of the founders of immunology, observed metabolic changes associated with inflammation phenotypes (2). Further studies have revealed that many metabolic diseases including type 2 diabetes and obesity are partly because of chronic inflammation further demonstrating the importance of immune-metabolic interactions in animal physiology (3–5). The occurrence of an immune response is an energy consuming process. When organisms are infected with pathogens, the immune system is activated, which is closely related to the body’s metabolic switch, including the redistribution of energy resources and increase of glycolysis and glucose consumption by the immune system (6, 7).

Immune-metabolic interactions are an evolutionary conserved phenomenon in all multicellular organisms from vertebrates to invertebrates, and studies have found similar immune-metabolic phenotypes. For example, Drosophila melanogaster infection with parasitic wasps or bacteria results in delayed development and increased carbohydrate mobilization resulting in hyperglycemia-like phenotype, while the energy requirements of immune cells increase from 10% of total glucose consumption to nearly one-third (8, 9). Furthermore, infection induces activation of immune responses leads to a decrease in the overall metabolic rate (10–13), and slow host development and loss of energy reserves during chronic infection (9, 14). Despite the important impact of immune-metabolic interactions on the physiology of the organism, there is currently a large gap in understanding of immune-metabolic interactions. Here, we focus on the metabolic regulations during immune responses in insects, from D. melanogaster a genetically tractable insect model to other important agricultural insects. In view of bacteria and parasitic wasps which are two major groups interacting with insects, this paper reviews the research progress of immunometabolic regulation in their interactions with insects. In addition, some classical studies on the effects of parasites on immunometabolism of insects are also included. 




2 Metabolic regulation

Organisms adapt to changes in external and internal environments through various metabolic regulation. Insulin/IGF signaling (IIS) is a core pathway regulating the balance between anabolic and catabolic processes in the body (15). IIS activity is systematically regulated by insulin-like peptides (ILPs). D. melanogaster contain eight ILPs (DILP1-8), however, there are only two known receptors, dInR (Drosophila insulin receptor) and Lgr3 (leucine-rich G-protein-coupled receptor) for them (16–20). Activited dInR promotes a conserved intracellular signaling cascade transmitted through Chico, a homologue of mammalian insulin receptor substrates (IRS1-4) (21). Together with phosphatidylinositol-3-kinase (PI3K) and protein kinase B (PKB or AKT), IIS affects gene expression through AKT-mediated phosphorylation of FoxO, and subsequent cytoplasmic retention of FoxO, leading to downregulation of its target genes (22–24) (Figure 1). Without immune stimulation, insulin signaling cascade regulates energy and nutrient use for storage, growth and other non-immune processes. The inhibition of IIS has been established as an evolutionary conserved mechanism that promotes diapause in invertebrates and prolong lifespan in both invertebrates and vertebrates in response to environmental challenges (25, 26). The mutation of InR substrate Chico flies with suppressed insulin activity, not only extend longevity when live in normal condition but increase pathogen resistance when infected by Gram-negative bacteria Pseudomonas aeruginosa and gram-positive bacteria Enterococcus faecalis (27). However, when infected with the insect-pathogenic Photorhabdus luminescens and non-pathogenic Escherichia coli, there was no apparent difference in survival between Chico mutant flies and controls, furthermore, after infection Chico mutant flies had lower bacterial loads at most time points (28). In addition, transcriptional sequencing analysis of the insulin-resistant fat body of D. melanogaster also revealed a correlation between IIS and immune response (29).




Figure 1 | Classical immune and metabolic signaling pathways in insects. Specific explanation is described in the text. The acronyms in the picture are explained below: dILP, Drosophila insulin like peptide; InR, insulin receptor; Chip, insulin receptor substrate; PI3K, phosphoinositide 3-kinase; AKT, Akt kinase; TOR, target of rapamycin; FoxO, forkhead box O transcription factors; Slif, Amino acid transporter; S6K, phosphorylates S6 Kinase; 4E-BP,eIF4E-binding protein; Spz, Spätzle, ligand for Toll pathway activation; Toll, recepter of Toll pathway; Dif/Dorsal, transcription factor of Toll pathway; PGRP-LC, recepter of IMD pathway; IMD, canonic component of the immune deficiency pathway; Rel, transcription factor of IMD pathway; JNK, c-Jun N-terminal kinase cascade.






3 Insect innate immunity

Insects occupy a wide range of ecological niches where they inevitably face frequent contact with microorganisms in the surrounding environment, a small number of which can cause diseases. Although, insects lack an adaptive immune system similar to that of vertebrates, they have a variety of ways to fight off infection by pathogens. The first line of defense in insects depends on behavioral adaptations and body barriers; Behavioral adaptations include insect hygienic behaviors, reduced social contacts, and selective foraging; Body barriers include exoskeleton, trachea and intestinal epithelium and intestinal peritrophic matrix (30–32). The innate immune system is able to distinguish between self and non-self. Insects are able to detect different types of microorganisms by recognizing microbe-associated molecular patterns (MAMPs) through pattern recognition receptors (PRRs) (33). Insect innate immune system contain two different types of immune responses, mainly humoral responses including secretion of antimicrobial effectors such as antimicrobial peptides (AMPs) and lysozyme, and cellular responses such as phagocytosis, encapsulation and nodulation (33). Insect cellular response mainly mediated by hemocytes which contains different types of cells responsible for distinct functions. The D. melanogaster larvae contains three major hemocyte cells including plasmatocytes, crystal cells, and lamellocytes that participate in phagocytosis, PO cascade, and encapsulation, respectively (33). While the humoral immunity is mainly regulated by Toll and immunodeficiency (IMD) pathways (33–35). The D. melanogaster Toll and IMD pathways share significant similarities with the mammalian TNF-α pathway and the Toll-like receptor pathway (TLR), respectively (36–38). The IMD pathway activates in immune tissues throughout the body, and recognizes diaminopimelic acid (DAP) type peptidoglycans present on cell walls of most Gram-negative bacteria and some Gram-positive bacteria (39). In contrast, the Toll pathway activates primarily in the fat body or hemolymph or immune cells, and respond to MAMPs from Gram-positive and fungi containing lysine-type peptidoglycans and β-glucans, respectively (40). In response to pathogen infection, the Toll and IMD signaling pathways of D. melanogaster activate the p65-like transcription factor Dif and p105-like transcription factor Relish, respectively; The transcription factor then enters the nucleus and induces the expression of antimicrobial peptide (AMP) by binding to the κB binding site in the AMP gene promoter region (33, 36, 41) (Figure 1).

During non-infectious stage, the immune system remains inactivate, consuming the minimum energy for basic functioning (42). These immune responses during pathogenic infection require timely and precise energy allocation in appropriate cells or tissues for effective self-protection and elimination of pathogens (1). Activation of immune system consumes substantial amount of energy and therefore competes for energy resources needed by other biological processes in the body and this energy competition is well documented in eco-physiological studies of insects (43). Present studies on immunometabolism of insects are mainly in the gut, fat body and hemolymph. This is elaborated below.




4 Gut

The gut is the most important part of the insect digestive system, and the insect gut epithelium is generally considered to be the only way for insects to obtain nutrients (44, 45). On the one hand, gut coordinates defenses against microbial penetration of the intestinal epithelium, on the other hand, it uses digestive enzymes and transporters to transport nutrients to the internal organs (46). Therefore, the link between metabolism and immunity is especially evident in the gut.



4.1 Gut structure and function

In contrast to many multicellular organisms, the intestinal epithelium of insects is simple, consisting of a single cell layer surrounded by a layer of muscle, and in most insects includes only two differentiated cell types: the enterocytes and the endocrine cells (47). The midgut is the main site for food digestion, nutrient absorption, and energy substrate storage (45). The D. melanogaster midgut is composed of four different types of cells, including intestinal stem cells (ISCs) and undifferentiated ISC daughter cells referred as enteroblasts (EBs) (48), which can differentiate into intestinal enterocytes (ECs) or enteroendocrine cells (EEs) (49–51). ISCs usually occur singly or in small groups and are often located in the basal lamina (50, 52). Some midgut cells of other insects also include cells with specialized functions for ion transport, such as goblet cells of Lepidoptera and cuprophilic cells of Diptera, which have the function of maintaining highly alkaline and acidic conditions in the intestinal lumen, respectively (53, 54).

In addition, the insect gut has the peritrophic membrane as its physical barrier, establishing a first line of defense against pathogens, and preventing them from contacting intestinal epithelial cells (55). The peritrophic membrane is a rectangular grid-like structure composed of chitin polymers and proteins such as peritrophin (56, 57). The peritrophic membrane acts like a sieve, limiting the passage of not only pathogens but also toxins and food particles (57). In vertebrates, a mucus layer composed of polysaccharides and proteins (mucins) separates the intestinal epithelium from the outside environment, and the mucus layer keeps bacteria confined to the intestinal lumen (58). The peritrophic membrane of insects acts like a vertebrate mucous layer. In D. melanogaster, the peritrophic membrane is lined up along the epithelial cells of the midgut, just like a mucous layer (59). Annotated information of more than 30 D. melanogaster genomes indicated the presence of genes encoding mucilage layer proteins (60). With the development of mucilage material staining technique (cyclic acid Schiff method), the mucilage layer of D. melanogaster was identified (58), but its function remains to be further studied. Transcriptomic data show that genes for both peritrophic membrane metabolism and mucus production are altered in the midgut of Erwinia carotovora subsp. carotovora 15 (Ecc15) infected flies, suggesting that both barriers are remodeled during infection (61).




4.2 Gut immunity

Current research on gut immunity mainly focuses on the IMD signaling pathway and the ROS production. The production of reactive oxygen species (ROS) is the first immune response against pathogens in gut, and activated by dioxygenase (DUOX), a member of the nicotinamide adenine dinucleotide phosphate oxidase (NADPH) family (62). Bacterial-derived uracil can induce the formation of calcineurin 99C (Cad99C)-containing endosomes that serve as a phospholipase Cβ (PLCβ)-dependent calcium mobilization platform that is critical for DUOX activation (63). In the midgut, the production of AMPs is regulated by the IMD pathway. The IMD pathway in the gut is activated by two upstream receptors, the cell membrane surface-bound receptor PGRP-LC which acts in the foregut, midgut and hindgut and the intracellular receptor PGRP-LE acts only in the midgut (64, 65). PGRP-LC and PGRP-LE can recognize diaminopimelic acid (DAP) type peptidoglycans present on cell walls of most Gram-negative bacteria and some Gram-positive bacteria (66, 67). When the IMD pathway in the gut is triggered by pathogenic bacteria, intestinal enteroblast ECs release humoral immune factors such as AMPs (47).




4.3 Regulation of gut’s immunometabolism caused by pathogenic bacteria

The pathogenic bacteria can affect gut homeostasis by directly disrupting epithelial tissue, or indirectly by altering the structure of gut microbial populations (58, 68). Therefore, maintenance of gut homeostasis requires the synergy of antimicrobial and metabolic responses in order to fight pathogenic infection. Recently, the link between the production of ROS and metabolism have been reported by Lee et al. (69). Their study found that the activation of DUOX is depended on tumor necrosis factor (TRAF3). Further, the activation of TRAF3 can inactivate AKT and activate AMPK, and the inactivation of AKT leads to decrease TOR activity then influence the activity of downstream kinases S6K and ATG1 (69). ROS production can lead to S6K inactivation and ATG1 activation, inactivated S6K resists anabolism, and activated ATG1 promotes catabolism, thereby regulating the transition from lipogenesis to lipolysis in the gut epithelia (69). The maintenance of DUOX activity relies on lipolysis to increase NADPH production, thus, the interaction of lipolytic signaling with host immune signaling ensures an effective antimicrobial response (69). When insect-pathogenic bacteria Pseudomonas entomophila infects D. melanogaster, the production of bacterial’s toxins and host’s ROS can inhibit TOR pathway and cause complete termination of protein synthesis, thereby preventing tissue repair and antimicrobial peptide production, ultimately accelerating infection to hosts death (70). Wang et al. showed that Plasmodium falciparum, the deadliest parasite in humans, could induce activation of P38-MAPK in the midgut of its insects vector Anopheles stephensi to weaken the insect’s immune system including inhibition the production of mitochondrial ROS and in turn, enhancing protein synthesis and metabolism (71). Therefore, the triggered p38-MAPK signal in the gut of A. stephensi contributes to both the survival of the parasite and avoids the damage of the host by immune overreaction (71).

The two-component system of Vibrio cholerae contains carboxylic acid regulator and sensor CrbRS which activates transcription of gene acs1 encoding Acetyl-CoA synthase (ACS-1) to deplete acetate in the gut (72, 73). Oral infection with Vibrio cholerae induces intestinal acetate depletion in D. melanogaster, systemically inhibits the insulin pathway, promotes fat accumulation in intestinal ECs cells, and accelerates infection-induced host death (73). IMD mutant flies have significantly improved survival after oral infection with V. cholerae compared to wild-type, and this phenotype is dependent on the interaction of V. cholerae’s type 6 secretion system (T6SS) and the gut commensal bacteria Acetobacter pasteurianus to cause immune hyperactivity of wild-type hosts (74). The systemic infection by non-pathogenic bacteria Escherichia coli, the extracellular bacterial pathogen Photorhabdus luminescens, and the facultative intracellular pathogen Photorhabdus asymbiotica cause accumulation of lipid droplets in the midgut of D. melanogaster (75). The specific mechanism is that systemic infection leads to mediate the midgut IMD activation through the receptor PGRP-LC, which in turn leads to a decrease in the synthesis of tachykinin TK, which ultimately leads to an increase in midgut fat anabolism; Deliberately reducing TK synthesis in gut can increase the survival time of host under P. asymbiotica infection, but make host more sensitive to P. luminescens infection (75). In addition, oral infection with V. cholerae can also cause lipid metabolism disorders in the host gut and accumulation of triacylglycerols (TAGs) and sterols in intestinal epithelial cells of enterocytes (44).

In Anopheles gambiae, phenylalanine hydroxylase (PAH) which is involved in the conversion of phenylalanine to tyrosine, is a key pathway in amino acid metabolism, and it has been found that silencing of PAH destroys phenylalanine metabolism, resulting in a decrease in tyrosine content, leading to a marked impairment of the gut melanin-dependent encapsulation response to the rodent malaria parasite Plasmodium berghei (76, 77). These studies indicate that when pathogenic microorganisms invade the gut, the energy demand for immune responses increases to resist microbial invasion by coordinating with the IIS and TOR pathways.




4.4 Effects of gut commensal microbiota on host immunity and metabolism

The animal gut plays vital role to interact with the microenvironment. Gut-microbe interactions can have important effects on the host, both through microbial-associated molecular patterns (MAMPs) on microbial surfaces and through the metabolites they produce (78, 79). Although members of the microbiota are often referred to as commensals, symbiosis between the microbiota and its host encompasses various forms of relationship, including mutualistic, parasitic, or commensal (80). The presence of gut commensal microbes is essential for establishment and maintenance of immune system of multicellular organisms (80–82). Moreover, gut microbes also have important effects on the metabolic processes of their host animals, such as directly providing the host with essential nutrients (such as vitamins B and K) or indirectly fermenting indigestible carbohydrates, as well as enhancing the activity of host metabolic pathways (78, 79, 83, 84). The study showed that germ-free mouse epithelial cells expressed fewer metabolic key enzymes than normal mice, and significantly down-regulated nicotinamide adenine dinucleotide (NADH)/NAD+ and ATP levels illustrating gut microbes affect epithelial metabolism (85). Several studies using 16S rRNA analysis to determine the common bacterial diversity of D. melanogaster showed that both wild and laboratory-raised populations exhibited low bacterial diversity (1-30 species) in the gut (48, 86–88). Furthermore, these bacteria are not essential for host development or survival, as germ-free D. melanogaster can be maintained for generations under adequate dietary conditions in the laboratory (89).

The recognition of gut commensal bacterium Lactobacillus plantarum (WJL) by the IMD pathway induces intestinal peptidase expression, and elevated levels of intestinal peptidase promote the body to digest proteins, increase the host’s amino acid levels, and promote the TOR pathway in D. melanogaster larvae (90, 91). In line with this, transcriptional studies on germ-free, IMD mutants and enteric IMD-constitutively activated D. melanogaster confirmed the effects of IMD on intestinal metabolic processes, including the expression of digestive peptidase (92–95). In addition, L. plantarum can promote host growth by secreting N-acetyl-glutamine as a byproduct, and hosts in turn improve the environmental adaptability of their symbionts (96, 97). The studies found that the intestinal innate immune NF-kB/Relish transcription factor is a key point for coupling nutrition-immunity-metabolism, Relish regulates the association between diet and host-Lactobacillus by restricting 4E-BP/Thor, adjusting the species composition of gut microbes (96–98). Acetobacter pomorum, another major gut commensal bacterium of D. melanogaster, could promote the growth of larval and adult by increasing the insulin signaling (IIS) pathway (99). Specifically, A. pomorum produces acetic acid via alcohol dehydrogenase (PQQ-ADH), a bacterial-derived short-chain fatty acid that affects health and homeostasis in many biological models (100–104). The increase in intestinal acetate levels activate signaling through the host IIS cascade, affecting host growth, energy metabolism, and intestinal stem cell activity (99). Additionally, microbial-derived acetate can activate the IMD pathway of enteroendocrine cells, and the enhancement of IMD signaling can promote the expression of tachykinin (TK) gene to increase the content of TK (105). TK plays an important role in larval growth and development, lipid metabolism and insulin signal transduction (105–107). Sannino et al. showed that the essential vitamin thiamine provided by A. Pomorum is essential for the growth and development of D. melanogaster (108). Previous work showed that germ-free D. melanogaster store more triglyceride than conventionally reared flies and this phenotype can be rescued by recolonization of Acetobacter fabarum or Lactobacillus brevis (109, 110). The population structure of symbionts in wild Drosophila species are further complicated by differences in geographical populations and food sources (88, 111–114). A study showed that Acetobacter bacteria isolated from wild D. melanogaster can stably colonize in the gut of lab stock and promote larval growth (115). Therefore, the gut commensal microbes, as an additional source of systemic or local immune signals, may be directly involved in regulating the energy homeostasis and growth metabolism of the organism.

Microbe-associated molecular patterns (MAMPs) also exist in commensal microorganisms, and can be recognized by the host immune system (116). The cell walls of both Acetobacter and Lactobacillus, which dominate the gut flora of D. melanogaster, contain DAP-type peptidoglycan, therefore, can be recognized by the gut immune responses (86). Moreover, it was found that the expression AMPs was significantly reduced in germ-free D. melanogaster gut, suggesting that commensal microbiota can induce the IMD pathway (68, 86). PGRP-SC2 is a negative regulator of the D. melanogaster IMD pathway and is homologous to the vertebrate anti-inflammatory proteins PGLYRP1-4 (117, 118). A study reveal that decreased expression of PGRP-SC2 leads to activation of the IMD transcription factor Relish, resulting in altered commensal microbial community composition and increased division of ISCs (119). These studies demonstrate the importance of IMD pathway activity for the composition of gut commensal microbiota.

Duox is a member of the NADPH oxidase family whose activity can be partially activated in the gut by commensal microorganisms and food-derived yeasts, respectively (62, 120). In the presence of gut commensal microbiota, the activity of p38-MAPKs is down-regulated by MAPK phosphatase 3 (Mkp3), thus attenuating Duox activity and maintaining it at a low-level (121). Interestingly, the intestinal epithelial cells of Drosophila contain a second NADPH oxidase, the nitrogen oxidase (Nox), which can be activated by gut commensal bacteria Lactobacillus to produce ROS as a local signaling molecule, which had no deleterious effects on both bacteria and intestinal epithelium cells (122).

Although commensal and pathogenic microorganisms involve in activation of similar gut immune mechanisms, the level of immune response activated by the intestinal commensal microbiota and the degree of damage to intestinal epithelial cells were much lower than that of pathogenic microorganisms (61). Gut commensal microbiota can induce innate immune signals in intestinal epithelial cells, while negative feedback mechanisms limit the expression of immune factors such as AMPs and ROS that regulate bacterial composition in the gut lumen (86, 121, 123). Honeybee (Apis mellifera) exposure to a certain concentration of neonicotinoid insecticide (nitenpyram) causes imbalance of gut microbiota that leads to the alternation of metabolism and immune-related genes in the gut (124). These findings reveal that the insect gut immune system not only eliminate pathogenic microbes but also maintain commensal microbes to regulate metabolism. Therefore, the gut commensal microbes properly coordinate with the host’s immunity and metabolism establishing a long microbiota-insect evolutionary interaction.





5 Cross-talk of humoral immunity with metabolism in fat body

Insect fat body is the major organ that provide energy for metabolism and induce humoral immune responses. On the one hand, it is responsible for storing energy including glycogen, triglycerides etc., on the other hand, it provides energy essential for all life activities including immune responses (33, 125). Under the influence of a pathogenic infection, the fat body initiates humoral immune responses including production of AMPs and other immune molecules, restricting energy flow to other processes including anabolism (126).

The fat body’s function of D. melanogaster is analogous to mammalian liver, adipose tissues and immune organs (127, 128), it provides a simple and accessible system for studying molecular integration of immune and metabolic pathways in the presence of microorganisms. In D. melanogaster, metabolism and growth is regulated by insulin-like peptides that bind to insulin receptors on the fat body cells, activate AKT and TOR, and promote protein synthesis and storage of sugar as triglycerides and glycogen in the fat body (125). Fat body responds to systemic infection of different pathogens through Toll and IMD pathways, driving expression of AMPs to eliminate pathogens (34, 35). Additionally, Eiger/TNF-α, JNK and JAK-STAT are also important immune signals in the fat body in response to various immune stimuli (129). These immune signaling pathways are activated upon infection and regulate a wide range of immune response as well as affect metabolism at various levels. Therefore, they can be considered as key components of immune-metabolism integration. Keeping in view the significance of fat body in immunometabolism, several key pathways are discussed below.



5.1 IMD and Toll

IMD pathway is an important NF-κB signaling pathway in the fat body immune regulation. Over-expression of the IMD transcription factor Relish in the fat body does not affect insulin activity (130). However, over-expression of the active form of IMD protein in the fat body suppresses systemic IIS activity and exhibits many phenotypes similar to insulin loss-of-function (131). MEF2 (Myocyte enhancer factor 2) plays a bidirectional regulatory role in fat body anabolism and catabolism through phosphorylation and dephosphorylation (132). MEF2 mediates a metabolic switch under conditions of Gram-negative bacterial infection, shifting the fat body from anabolism to activation of IMD signaling (131). Under normal condition, phosphorylated MEF2 can activate the expression of genes involved in anabolic processes, however, infection leads to dephosphorylation of MEF2, which reduces anabolic processes, while dephosphorylated MEF2 can activate the expression of AMPs (131).

DiAngelo et al. performed selective activation of the Toll signaling pathway in the fat body using genetics and infection to induce immunity and energy redistribution in D. melanogaster (130). The study revealed that activation of Toll signaling in the fat body not only decrease the levels of AKT phosphorylation and attenuated insulin signaling in the fat body, but also suppresses insulin signaling throughout the body resulting in decreased nutrient storage and growth retardation (130). Overexpressing the antimicrobial peptide Drosomycin that responds to the Toll pathway reduced glycogen and triglyceride storage of D. melanogaster (133), and this suggests that inducing the expression of AMPs may indeed cause the body’s energy burden. Activation of Toll in the fat body reduces triglyceride storage and has systemic effects on body growth, suggesting that immune activation in the fat body can lead to a systemic metabolic switch by reducing insulin signaling (129, 132). Roth et al. further showed that growth inhibition induced by overexpression of Toll in the fat body could be rescued by the expression of phosphorylated AKT (134). Activation of Toll signaling in the fat body of D. melanogaster larvae can cause a shift in lipid metabolism, shifting fatty acids from neutral lipid storage to phospholipid synthesis, a shift that supports immune responses in the short term but increases host mortality in the long term (135). Furthermore, the activation of fat body Toll signaling by genetic or bacterial stimulation results in not only tissue-autonomous reductions in triglyceride storage, but the membrane phospholipid synthesis is induced, as manifested by increased levels of phosphatidylcholine and phosphatidylethanolamine in the fat body, this shift facilitates the synthesis and secretion of AMPs (134). Additionally, Toll activation has also been shown to block S6K-mediated phosphorylation of MEF2, leading to a switch from anabolism to immunity in the fat body (132).

From Drosophila to mammals, Hippo signaling pathway plays a vital role in regulating tissue growth, organ size and homeostasis (136–138). In mammals, the Hippo signaling pathway is involved in the regulation of islet cells. Inactivation of Hippo in islet cells can damage islet cells and promote their apoptosis, thereby affecting insulin secretion, causing metabolic disorders and dysfunction, and leading to the occurrence of diabetes (139, 140). Liu et al. demonstrated that the Hippo signaling pathway has an important role in response to Gram-positive bacterial infection in D. melanogaster and that Hippo activation in the fat body can promote the expression of AMPs (141). Activation of the hippo-Yorkie signaling pathway through the Toll-Myd88-Pelle cascade can induce the degradation of the subunit Cka of the Hpo-inhibitory complex, and then Warts-mediated Yorkie inactivation increases Dif activity by limiting Cactus levels and enhances AMPs gene expression (141). Aforementioned results manifest a strong relationship between the Toll signaling pathway and the growth metabolism pathway: IIS and hippo pathway in the immune metabolism of the fat body.




5.2 JNK

JNK (c-Jun N-terminal kinase) signaling can affect metabolism and immunity in many different ways (43). As a stress and inflammatory signaling pathway, JNK signaling can systemically antagonize IIS by activating FoxO to down-regulate the expression of Dilp2 in IPCs (insulin-producing cells), promoting stress tolerance and prolonging lifespan (71). Moderate JNK signaling activity facilitates the management of energy resources under stressful conditions, but excessive JNK activity in vertebrate adipose tissue has been found to cause type II diabetes (142–144). Therefore, tight regulation of the interaction between the stress signal JNK and the insulin signal (IIS) is necessary for the body to ensure its own homeostasis to adapt environmental challenges. Activation of JNK signaling in the fat body can compensate for the cytoplasmic retention of FoxO caused by IIS overexpression, allowing FoxO to enter the nucleus to regulate target gene expression and antagonize IIS-mediated cell overgrowth (145). Drosophila NLaz is a secreted protein homologous to vertebrate apolipoprotein D (ApoD) and retinol binding protein 4 (RBP4) (146). Oxidative stress or activation of JNK can induce the transcription of NLaz gene. NLaz mediates the antagonism between JNK and Insulin signaling to negatively regulate insulin signaling, thereby improving hunger tolerance and regulating metabolism and growth, enabling the body to respond to environmental challenges (147). The study found that NLaz is not important for immune resistance to gram-positive E. faecalis infection, but another lipocalin, Karl, released from blood cells, helps the host resist E. faecalis infection (147).




5.3 Eiger

Eiger is the homolog of tumor necrosis factor (TNF) in D. melanogaster, and members of the TNF family are important pleiotropic cytokines that play important roles in regulating infection, inflammation, autoimmune disease, and tissue homeostasis (148, 149). Evidence show that Eiger affect immune responses and metabolism and is a link between immune activation and systemic metabolism (128, 150, 151). Under low-protein diet conditions, Eiger is released from the fat body into the hemolymph and then into the brain, where it inhibits Dilp2 and Dilp3 expression by activating JNK signaling in IPCs by binding to the tumor necrosis factor receptor (128). Under immune stimulation, Eiger can be expressed in both blood cells and fat bodies, and influence the immune response under infection. The release of Eiger from the fat body under the condition of low protein diet can inhibit the expression of Dilp2-3 in IPCs (128), and the release of Eiger possible has the same effect under the condition of infection, which can change the body from anabolism to anti-infection by inhibiting IIS. Eiger expression in the fat body has a positive effect on host survival against extracellular pathogen infection, but loss of Eiger improves host survival when infected with intracellular pathogens, and this difference may stem from Eiger being required for phagocytosis (152, 153). Tang et al. showed that infected housefly Musca domestica by Escherichia coli or Staphylococcus aureus increased Eiger like gene (Mdeiger) expression resulting in decreased mortality, and knockdown of Mdeiger expression by RNAi downregulate expression of JNK and Dorsal, but upregulate the expression of Relish (154). These studies demonstrate that Eiger can enhance Toll-mediated immune responses, but in contrast to the IMD-Relish-mediated immune response, Eiger inhibits Relish activity by activating JNK, a result that is consistent with the Eiger mutant producing more IMD-regulated AMPs than wild-type (153, 154).




5.4 JAK

Cytokine Unpaire-dependent (Upd) activation of JAK-STAT signaling in Drosophila is similar to JAK-STAT signaling activated by type 1 cytokines such as IL-6 in mammalian systems (155, 156). In D. melanogaster adults, a high-fat diet stimulated blood cells to secrete Upd3, which in turn activated JAK-STAT signaling in muscle and gut and caused decreased insulin sensitivity (156). Deletion or specific silencing of the Upd3 gene in blood cells reduces JAK-STAT activation and increases insulin sensitivity and lifespan of D. melanogaster under high-fat diet conditions, while fat storage is not affected (156). The release of Upd from blood cells on a high-fat diet can cause decreased insulin sensitivity in peripheral tissues, similar to the role of its mammalian homolog, the proinflammatory cytokine IL-6, in insulin resistance (157, 158). Previous research showed that activation of JAK-STAT in muscle by cytokines Upd2 and Upd3 released from blood cells helps D. melanogaster to resist parasitic wasp infection (159). At the same time, this parasitic wasp infection can cause decreased insulin signaling in the muscle and fat body (160). However, the relationship between JAK-STAT and IIS is not well understood. The study on high-fat diet seems to provide insights into the relationship between Upd-JAK-IIS under infection condition (156), that is, under infection of parasitic wasps, Upd3 released by blood cells may reduce insulin sensitivity of the muscle and fat body by activating JAK/STAT, thus reducing the anabolism of the muscle and fat body and saving energy for blood cell’s cellular immunity to against parasitic wasp infestation. Agaisse et al. found that bacterial infection can also trigger blood cell-specific expression of Upd3, which in turn activates TotA-mediated fat body immune responses via JAK-STAT-Rrelish (161). However, specific downregulation of the JAK-STAT pathway transcription factor Stat92E in the fat body did not affect the body’s triglyceride storage, suggesting that JAK-STAT does not autonomously regulate energy metabolism in the fat body (162). The roles of Upd cytokines and JAK-STAT on insulin signaling and their relationship with metabolism in Drosophila immune response remain to be further elucidated.




5.5 Others

As the main component of insect blood sugar, trehalose is synthesized by trehalose-6-phosphate synthase (TPS) and trehalose phosphatase in insect fat body. Studies in houseflies Musca domestica show that trehalose-6-phosphate synthase (TPS) is involved in immune defense against pathogens by regulating the synthesis of trehalose (163). Studies have shown that systemic infection of pathogenic bacteria E. coli or Staphylococcus aureus can cause the increase of TPS transcription and trehalose content in the host, and the reduction of TPS content by RNA interference can lead to the increase of mortality of the host under infection condition, and this phenotype can be partially compensated by feeding trehalose (163).

Female parasitic wasps introduce various virulence factors into host insects during oviposition and realize parasitism by influencing host immunity and physiology. Recent studies have shown that female parasitic wasps Pachycrepoideus vindemiae use a novel venom protein, glucose-6-phosphate dehydrogenase (PvG6PDH), which affects carbohydrate metabolism by inhibiting the activity of glucose-6-phosphate (G6P) in host Drosophila to help achieve parasitism (164). However, the effect of PvG6PDH on the immune response of host insects during parasitism needs further study.

The fat body is an important site for energy reserves in insects, and infection with Mycobacterium marinum leads to progressive depletion of fat and glycogen in Drosophila, in part due to systemic AKT inactivation and FoxO dysregulation (14). Metabolic depletion phenotype similar to that described above after infection with Listeria monocytogenes (11). These metabolic phenotypes imply that the occurrence of systemic immunity will have an important impact on the body’s energy metabolism. These studies of core immune pathways demonstrate a direct link between metabolism and immune responses in the fat body energy redistribution at the molecular level (Figure 2).




Figure 2 | Systematic molecular regulation of immune and metabolic pathways in Drosophila. The red line represents metabolic regulation under normal conditions; The black lines represent signal regulation in the state of immune activation. Within pathways activity regulation, the arrow represents facilitation and the Bar represents inhibition roles. Refer to the text for the interaction of each pathway.







6 Hemolymph



6.1 Hemolymph immune cell types and functions

In contrast to mammals which contain the closed circulatory system, the body cavity of insects is an open space filled with hemolymph (165). Insect hemolymph contains hemocytes and plasma, hemocytes are mainly macrophage-like plasmatocytes, which are involved in the cellular immune response (166). Insect hemocytes can be classified according to functional characteristics. In D. melanogaster hemocytes can be divided into three types: (1) plasmatocytes, the most abundant cell type in hemolymph, have phagocytosis and further differentiate into two other subtypes; (2) crystal cells that produce phenoloxidase (PO) and are involved in melanization; (3) Lamellocytes, flat adherent cells responsible for encapsulation of large foreign particles (16, 167–170). In some insects, granulocytes have the ability to adhere to foreign surfaces, similar to the Lamellocytes of D. melanogaster; in addition, spherulocytes have been found to transport components of the stratum corneum (171).

In D. melanogaster larvae, about 10% of the body’s glucose is needed to maintain quiescent hemocytes, and when cellular immunity is triggered, such as phagocytosis, the hemocytes expends more energy (8, 172). Immunometabolism mechanisms in vertebrate blood cells is not the focus of this review, and have been extensively discussed elsewhere (173–175). It is well understood that activated immune cells often need to switch from fatty acid oxidation to glycolysis, a phenomenon known as the Warburg effect, providing energy for rapid cellular proliferation and synthesis of antimicrobial effectors (173, 174). Once the physical barrier such as insect skin or intestinal membrane is compromised, and pathogens enter into insect body cavity, blood cells eliminate the invading pathogens through encapsulation, phagocytosis, nodulation, and melanization (176).




6.2 Immune cells and immunometabolism interactions



6.2.1 Mammalian immune cells

To gain a clear understanding of cellular immunity in insects, it is necessary to understand the metabolic reorganization of mammalian immune cells. In mammals, when immune cells are activated, it results in a metabolic switch within immune cells that is dependent on the supply of large amounts of glucose and glutamine (177). When immune cells are inactivated, they use glycolysis to produce pyruvate which enters the mitochondria and converted to aceytyl-CoA. Acetyl-CoA is also produced by β-oxidation of fatty acids used in the tricarboxylic acid (TCA) cycle linked to oxidative phosphorylation (OXPHOS) to generate ATP in the most efficient manner. Thus, glycolysis and β-oxidation synergies with oxidative phosphorylation (OXPHOS) to produce ATP for energy supply to quiescent immune cells (178). While this is a very metabolically efficient form of ATP production, the rate at which is too slow to meet cellular energy demands in an immune-activated state. Upon immune stimulation, immune cells switch from a state of low nutrient uptake to an optimized metabolic state, rapidly producing ATP and synthesizing a large number of new molecules, ATP production is mainly through glycolysis, albeit not very efficiently (only 2 ATP per glucose molecule), but produces ATP much faster than the glycolysis-TCA-OXPHOS (43). Glucose carbons which produced through glycolysis are used to a greater extent by activated immune cells to produce new immune-effector macromolecules, and are less lost as carbon dioxide (CO2) through the oxidative phosphorylation pathway (OXPHOS). The pentose phosphate pathway (PPP) is a branch of glycolysis that generates ribose for nucleotide synthesis and NADPH for ROS (179–181). But mitochondrial metabolism is significantly altered in activated immune cells, pyruvate is diverted from the TCA cycle, which is disrupted in the citrate step, and glutamine is metabolized by the interstitium in mitochondria, replenishing TCA intermediates, thus become another important metabolite of activated immune cells (181, 182). In short, massively increased glycolysis (supplying PPP, lipid synthesis, and leading to lactate production) following immune cell activation is associated with rewired mitochondrial metabolism (breaking the TCA cycle and inhibiting OXPHOS), which makes activated immune cells dependent on high-dose glucose and glutamine supply (177).




6.2.2 Metabolic remodeling in insect blood cells

Metabolic reprogramming of activated immune cells has been studied primarily in mammalian systems, and although the bactericidal function of insect macrophages (hemocytes) is highly conserved with mammals, the metabolic remodeling of insect macrophages remains poorly understood. Nevertheless, the Warburg effect has also been found in insect cancer cells as well as in activated immune cells (183–186). Myc is an important regulator of immune cell metabolic remodeling, and in mammals, the metabolic reorganization of proliferating T lymphocytes is associated with Myc activation (187, 188). In insects, Myc is strongly expressed in blood cells of the highly proliferating Hop lethal mutant line (hop tuml) (189). Hypoxia-inducible factor 1α (HIF-1α) was originally found to regulate cellular metabolism by participating in mitochondrial oxidative phosphorylation under hypoxia (190). In mammals, activation of Toll-like receptors and NF-κB signaling leads to increased expression and enhanced stability of HIF-1α (191, 192). Krejčová et al. used adult D. melanogaster to study the metabolic changes of macrophages during the acute and remission phases of Streptococcus-induced sepsis and found that macrophage activation, bactericidal and fighting infection depends on the help of HIF-1α and lactate dehydrogenase homologues (193). This demonstrate the existence of a cellular metabolic mechanism in insects that is conserved with mammals, namely that macrophages induce systemic metabolic changes through aerobic glycolysis (193). Metabolic pathway studies during D. melanogaster plasmatocytes activation revealed that peroxisomes, an organelle related to lipid metabolism and oxidation reactions in plasmatocytes, are required for phagosome formation and antimicrobial peptide production, and this role conserved with mouse macrophages (194). Wasps such as Leptopilina boulardi parasitize D. melanogaster larvae by laying eggs that are too large to be phagocytosed (195). The D. melanogaster kill the invading parasite’s eggs by encapsulation them with lamellocytes, a type of differentiated hemocytes (196). During parasitoid infestation of Drosophila larvae, lamellocytes proliferation and differentiation are associated with increased blood cell-specific glycolytic gene expression, accompanied by increased glucose consumption and lactate production (8). In addition, similar findings have been made in other insects. For example, activation of phagocytes in Blaberus giganteus produces metabolic changes similar to the Warburg effect (172). The transcriptome analysis of immune-activated hemocytes in mosquitoes and Spodoptera exigua also revealed associations with glycolytic and LDH genes (150, 197–200). At present, studies based on a variety of insects have found that activated immune cells can significantly increase glucose consumption, glycolysis and lactic acid production, but the relationship between insect immunity and metabolism is still not as clear as that of mammals, and further investigation is needed.

During the immune response, metabolic regulation ensures that sufficient energy is available for an effective immune response, but since energy is finite, so immune responses must be properly regulated to accommodate the energy demands of other physiological characteristics. Like many immune responses, activation of lamellocyte requires reallocation of resources to fuel the differentiation and activation of blood cells (7). To this end, blood cells secrete extracellular adenosine (e-Ado), which enables other tissues to release stored glucose to provide energy for the activation of lamellocyte (8). However, the release of e-Ado must be regulated because the increased energy (glucose) of the blood body cavity is also available to pathogens. Later in infection, immune cells express the adenosine deaminase (ADGF-A) to regulate e-Ado levels and prevent pathogens from exploiting host resources (9). Interestingly, high levels of e-Ado were detected in human sepsis, suggesting that e-Ado has a similar effect in mammals (201, 202). Lin et al. found that adenosine receptor signaling (AdoR) is involved in the regulation of metabolic remodeling after budding virus (AcMNPV) infection in silkworm Bombyx mori, which can promote virus clearance and antiviral protein gloverin production (203). The study on another lepidopteran insect model Spodoptera frugiperda Sf-21 cells proved that in the metabolic regulation of Sf-21 cells after infection with baculovirus, adenosine signal transduction activates the host’s energy synthesis, supporting the innate immune response against infection, showing that glycolysis regulated by adenosine signaling pathway is a conserved mechanism (203). Another study on the regulation of adenosine metabolism showed that the symbiotic virus (SmBV) of the parasitic wasp Snellenius manilae was able to downregulate the extracellular adenosine (e-Ado) of the host Spodoptera litura, thereby inhibiting host metabolic switching and attenuating its immune response (204). This study provides us with a new perspective that the parasitoid symbiotic virus regulates the host’s adenosine pathway, allowing the eggs and larvae of S. manilae to evade the immune response of the host Spodoptera litura (Figure 2).

PGRP-SA and Spätzle, produced by hemocytes, are critical for the activation of Toll in fat, and their expression increased in response to pathogen infection (129, 205, 206). Because Toll activation leads not only to the expression of AMPs but also to the inhibition of insulin signaling, it implies that blood cells play a role in the activation of humoral immunity associated with metabolic switches through the expression of PGRP-SA and Spätzle. Cytokines released by blood cells have also been implicated in the control of metabolic homeostasis in D. melanogaster raised on a high-fat diet increased the expression of the Upd3 cytokine in blood cells, leading to systemic activation of JAK/STAT and decreased sensitivity to insulin (207). Under infection conditions, blood cells can not only participate in immune regulation but also regulate body metabolism by releasing cellular factors such as Eiger and Upd (150, 159).




6.2.3 Immunometabolic regulation of insect hemolymph symbionts

The microbiota in insects is controlled by the host, i.e. the abundance, composition and location of microorganisms must all be within a certain range (208). For microorganisms, hemolymph is rich in nutrients, has a balanced ionic composition, and has a PH value close to neutral, which is very beneficial for their survival (208). However, the hemolymph is protected by the immune system, including blood cells and a variety of soluble effectors (antibacterial peptides, reactive oxygen species, phenoloxidases, etc.) that can kill, phagocytose, and encapsulate invading microorganisms to varying degrees (33). For a long time, research believed that in healthy insects, the hemolymph had little or no microorganisms (33). But recent studies have shown that various non-pathogenic microorganisms can stably or transiently inhabit within the hemolymph of a wide variety of insects (209). The most widely reported hemolymph microorganisms in insects are spiroplasmas of firmicutes, and these bacteria are mostly distributed in Hymenoptera, Hemiptera, Lepidoptera, Coleoptera and Diptera (209–211). Spiroplasmas are mainly found in the hemolymph or intestinal lumen, but can also be present in the fat body and ovary to cause intracellular infections (212). For example, the bacteria of spiroplasma in the hemolymph of D. melanogaster combine with yolk granules released from adipocytes and are transformed into developing oocytes through hemolymph to achieve vertical transmission (213). Moreover, a large number of bacterial members of the enterobacteriaceae (gamma-proteobacteria) are present in the hemolymph of insects, especially the three symbiotic bacteria found in aphids: Serratia Symbiotica and Hamiltonella defensa and Regiella insecticola, also known as secondary symbiotic bacteria (209). In some insects, the hemolymph microbiome also includes obligate intracellular symbiotic bacterial groups, such as Wolbachia and Rickettsia of the order Rickettsiales (alpha-proteobacteria), which are very common in insects (214, 215).

MAMPs of bacterial cell wall are target molecules recognized by insect immune receptors, and the interaction between hemolymph symbionts and the immune system depends on the extent of bacterial genome alterations. Genome sequencing of insect symbionts revealed that they suffer deletions in their gene sequences including virulence genes and bacterial cell wall element genes (216–219). Gene expression profiling of D. melanogaster with and without spiroplasma found no significant differences in the expression of various immune-related genes, including those expressing antimicrobial peptides (212, 220, 221). The reason behind this could be that Spiroplasma lacks the peptidoglycan cell wall of most bacteria and thus is not recognized by the host’s pattern recognition receptors to activate the insect’s immune response (33). Analysis of the hemolymph of D. melanogaster colonized with and without Spiroplasma showed increased amino acid concentrations and decreased lipid titers (triacylglycerol TAG and Diacylglycerol DAG), however, sugar and sterol levels and storage of the main carbohydrate glycogen were not significantly altered (213). This study further demonstrated that these host metabolic differences are mediated by Spiroplasma consumption of DAG, and reduced the production of insect lipoproteins (lipoproteins that transport DAG in hemolymph) by RNAi can significantly reduce the amount of DAG and Spiroplasma populations in insect hemolymph; Furthermore, in mutant flies that block fat mobilization from the fat body (specifically double mutations in the Brummer lipase and adipokinetic hormone receptor genes), Spiroplasma titers are not affected (213). These results suggest that DAG utilized by Spiroplasma are truncated dietary-derived lipids rather than stored lipids mobilized from the fat body and other organs. Spiroplasma has been shown to protect Drosophila melanogaster and Drosophila hydei from parasitic wasps (222, 223). Additionally, Spiroplasmas also protects Drosophila neotestacea from parasitic wasps and nematodes (Howardula aeronymphium), protecting the pea aphid (Acyrthosiphon pisum Harris) from pathogenic fungi (222–225). Among them, the protective effect of Spiroplasmas on host from parasitism was attributed to the influence of host metabolism, especially the competitive utilization of DAG by spiroplasmas in D. melanogaster (226).

To understand the metabolic effects of symbionts in host hemolymph of pea aphid, a comparative metabolomic analysis was conducted between aphid with secondary symbionts (Serratia symbiotica, Hamiltonella, Regiella) and without them (227). The results showed that there were significant differences in metabolites between the aphid with and without symbiosis, but the metabolomics characteristics of the aphid with different species of secondary symbiosis were highly similar, and the levels of amino acids in aphid samples containing secondary symbiotic bacteria increased compared to controls, while the levels of sugars and sugar alcohols decreased (227). These results suggest that the hemolymph symbiotic bacteria can affect host metabolism of aphid. Research on the effects of secondary symbiotic bacteria on the immune system of aphid mainly focused on cellular immune response. Laughton et al. used Serratia symbiotica, Hamiltonella defensa and Regiella insecticola to colonize aphid respectively, demonstrating increased hemocytes density in hemolymph samples from aphid colonized with Hamiltonella defensa and enhanced hemocytes response of encapsulation to Sephadex beads from aphid hemolymph colonized with Regiella insecticola, suggesting that the innate immune system of host insects can recognize these hemolymph symbiosis bacteria (228, 229). These findings suggest that the symbiotic bacteria in aphid hemolymph can affect the metabolism and immunity of the host, but whether there is a direct link between immune-metabolism remains to be further investigated.

Wolbachia were first identified in the mosquito’s germline over a century ago, and as an endosymbiont, they are surprisingly diverse and can co-exist with up to 66% of insect species (230). It can be stably inherited in the host population and influence the evolution, immunity, physiology and development of the host (231). Three major surface proteins have been identified in Wolbachia: wsp and its two analogs, wspA and wspB, which are associated with important pathogenic bacteria such as Ehrlichia and Neisseria membrane proteins with antigenic function are homologous (232–234). Studies in vertebrates have shown that after infection with Wolbachia-containing Filarial nematodes, the host can elicit an immune response by recognizing the Wolbachia membrane protein wsp (235), suggesting that Wolbachia may play a role in redirecting immune responses in vertebrates. In D. melanogaster, Wolbachia infection is widespread. Research has compared the differences in IIS-related phenotypes in the presence and absence of Wolbachia in IIS mutant flies. They show the absence of Wolbachia in IIS mutant flies further reduces IIS activity and indicating the role of Wolbachia in normal could increase host IIS activity and promote grow of host flies (236). In conclusion, the presence of the endosymbiotic Wolbachia can improve the IIS activity of the host, contrary to the influence of the pathogenic pathogen on the host IIS activity (236). Meanwhile, studies on the Wolbachia surface protein Wsp in vertebrates also showed that the Wolbachia can induce the host immune response (235).






7 Regulation of immunometabolism in other tissues

Muscle is a major energy consuming organ, Zhao et al. found that feeding Pe (Pseudomonas entomophila) bacteria can induce differential expression of NF-κB signal in epidermal muscle tissue between individual D. melanogaster populations (237). D. melanogaster with restricted expression of NF-κB/IMD signal not only exhibited longer life span, but also showed increased defecation phenotype. In these individual’s muscle tissue, glutamate dehydrogenase (Gdh) expression is significantly upregulated in NF-κB signaling was mildly activated, leading to an increase in circulating glutamate content; glutamate can participate in vitamin metabolism mediated by sodium-dependent multivitamin transporter (svmt) after transported by glutamate transporter (dmGlut) into adipose tissue, ultimately leading to enhanced lipid mobilization and intestinal defecation response (237). These findings suggest that modest activation of NF-κB signaling in muscle tissue contributes to improved host survival under oral infection by mobilizing lipolysis in the fat body. Zhao et al. showed that oral bacterial infection can remotely regulate immune and metabolic reactions in the muscle and fat body to help the host eliminate bacteria (237), suggesting that such communication between organs is crucial to host homeostasis regulation under infection. Yang et al. also found multi-organ communication under oral bacterial infection, the IMD response of D. melanogaster is activated sequentially from the gut to the fat body under the mediating of the polyol pathway of sugar alcohols (238). The gut IMD activation leads to an increase in sorbitol concentration in the hemolymph, which in turn activates metalloproteinase 2 (Mmp2), and the activated Mmp2 cleaves PGRP-LC to activate the IMD response in the fat body (238).




8 Conclusion

Insects go through different developmental stages such as eggs, larvae, pupa, and adults throughout their lives. The interaction between microorganisms and insects exists in different developmental stages. Therefore, the coordinated regulation of immunity and metabolism is essential for the normal growth, development, and survival of insects. Toll, Imd, Eiger/TNF-α, JNK and JAK-STAT are the most important signals in the immune response, and they are activated by various immune stimuli. In addition to being critical for inducing immune responses, they also affect metabolism at various levels. Although immune-metabolism research in other invertebrates have not been extensively and comprehensively carried out, some existing examples are listed here (Table 1). At the same time, we summarized the molecular regulatory networks of immunity and metabolism in existing studies (Table 2).


Table 1 | Immune-metabolic interactions in insects.




Table 2 | The immunity and metabolism networks of host.



Although current research has clarified the relationship between immunity and metabolism, the specific physiological functions of the interaction between the two, the differences in the immune-metabolism interaction between different sexes of insects, the effect of the brain on vertebrates and invertebrates between different organs and signal coordination remains to be further explored (69). The brain has extensive regulation of the body’s eating behavior and metabolism (251, 252), and studies have also confirmed the coordination of the brain’s immune response (253). Therefore, the regulation of the brain’s immunity and metabolism cannot be ignored. The advancement of technology makes personalized medicine possible; the above research issues should be paid more attention in future research. Insect, as an ancient and simple research model, especially D. melanogaster is a convenient means of genetic manipulation, so that we can use insect model research, not only to provide guidance for the study of immunometabolic diseases in vertebrates including humans, but also to provide strategies from the perspective of immunometabolism for the control of agricultural insect pests. The more hypotheses and proposals for future are shown as the Table 3.


Table 3 | The hypotheses and proposals for future in our review.
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Primer name
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VgB-F
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VgR2-F
VgR2-R
LM-Actin-F
LM-Actin-R

Primer sequence (5°-3°)

CTTCAACTTTGCCCTCCGTG
GCTTCAACTTATCTGCCAATCGT
ATTAACGCCCTTTCACAGTCG
TTCCTGGAGGTATTCTTTGTTGG
GGGAGGACTTGATTTACTGGACT
GGGCTATTTCTGTTGGCTTTC
TGACTCCAAAGTGAAGAAGACC
ATTGCCCTGTAGCACCATT
CCTGCCTCATGCCATTCTCA
CTCGCTCGGCTGTGGTAGTG

Amplified fragment length

194 bp
153 bp
114 bp
196 bp

110 bp
110 bp

Annealing temperature
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Hypotheses and proposals for future

« It is necessary to further investigate the distribution and diversity of microbial species in insect hemolymph.

« Investigate the correlation between the abundance and proliferation rate of hemolymph microbes and the nutritional status and immune response intensity of insects.
« Investigate the effects of hemolymph microorganisms on core metabolic pathways such as insulin signaling pathways of host insects.

« Identify the molecular mechanisms of interactions between specific effectors and host receptors in bacteria and determine how these interactions translate into effects on
host insect immunometabolism.

« In addition to the core metabolic pathways, the convenient genetic manipulation techniques of Drosophila can be used to further explore the influence of specific
microbial effectors in specific downstream metabolic pathways.

« The mechanism of microbial regulation of host immunometabolism in other insects also needs to be further studied, providing reference for a more comprehensive
understanding of the effects of microorganisms on host physiology and biochemistry.

« Sex as an important factor should be given more attention in the future about immunometabolic studies.

« With the advancement of technology, it is more beneficial to explore the systematic coordination mechanism of immune metabolism regulation within and between
tissues by using cell sorting and metabolomics etc. technology in the future.

« Future immunometabolic studies should coordinate the regulation mechanism between nervous system with other tissues in both vertebrates and invertebrates.
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Microorganism/

Parasites hosts

Location in

Immune phe-
notype of hosts

Metabolic phenotype
of hosts

Reference

Sitophilus
zeamais
(Coleoptera:
Curculionidae)

Aphis gossypii
Glover
(Hemiptera:
Aphididae)

Helicoverpa
armigera
(Lepidoptera:
Noctuidae)

Pieris rapae
(Lepidoptera:
Pieridae)

Bombysx mori
(Lepidoptera:
Bombycidae)

Plagiodera
versicolora
(Coleoptera:
Chrysomelidae)

Hermetia
illucens
(Diptera:
Stratiomyidae)

Diaphorina
citri Kuwayama
(Hemiptera:
Psyllidae)

Glossina
fuscipes fuscipes
(Gf)
(Diptera:
Muscidae)

Aedes fluviatilis
(Diptera:
Culicidae)

Anopheles
stephensi
(Diptera:

Culicidae)

Bombyx mori
(Lepidoptera,
Bombycidae)

Spodoptera
litura
(Lepidoptera,
Noctuidae)

Sitophilus primary Bacteriocytes
endosymbiont (SPE) Oocytes
Lysiphlebia japonica

Ashmead
Hemocoel
(Hymenoptera:
Braconidae)
Microplitis mediator
(Hymenoptera: Hemocoel
Braconidae)
Pteromalus puparum
(Hymenoptera: Hemocoel
Pteromalidae)
Bomb i
omoyx mor. Systemic
nucleopolyhedrovirus o o
(BmNPV)
Gut microbiota Gut
Escherichia coli and Systemic
Staphylococcus aureus infection
Alimentary
canal/ Salivary
glands/
Candidatus Liveribacter | mONmP/
saticus (Clas) Filter chamber/
asiaticus s, Midgut
Fat body
Muscle
Ovary
Reproductive
Spiroplasma Digestive tissue
Hemolymph
Wolbachia pipientis Oocytes
Plasmodium falciparum Midgut
Aut ha californic
utographa cal lfor.mca Systemic
nucleopolyhedrovirus -
(AcMNPV)
Snellenius

manilae injected
Snellenius manilae egg and SmBVs
into hemocoel
of Spodoptera

litura

bracoviruses, SmBVs

“+” represents up-regulated; “-” represents down-regulated.

Endosymbionts

Endoparasitic

Endoparasitic

Endoparasitic

Pathogenic
‘microorganisms

Endosymbionts

Pathogenic
Microorganisms

Vector of CLas

Endosymbionts

Endosymbionts

Vector of P.
falciparum

Pathogenic
Microorganisms

SmBVs is symbiont
virus of S.manilae;
S.manilae is an
endoparasitic wasp
of Spodoptera litura

AMP-coleoptericin A
(ColA) (+)

Serine protease;
SerpinB (+); Two SOD
(+); Two lectins (+);
Two galectins (+)

Immune response (+)

Immune response (+)

Be killed

Immunity-related
genes (peptidoglycan-
recognition protein,
defensin, and
prophenoloxidase) in
larvaes gut (+)

Systemic immune
response (+)

Synthesize and release
immune-related
proteases (-)

Resistance to infection
with trypanosomes
(+);

Toll pathway activity
in the male gonads (+)

IMD and Toll
pathways activity in
the ovaries post blood
meal (+)

p38-MAPK pathway
activity (+); The
production of
mitochondrial reactive
oxygen species (-)

The production of the
antivirus protein and
gloverin (+)

SmBVs inhibited the
expression of immune
gene of 8. litura.

Nutrient acquisition (-);
Energy metabolism (-)

Biosynthes of proteins (+);
Glutamine metabolism (+);
Energy and carbohydrate
production (+); Lipid metabolism

(+)

Carbohydrate, fatty acid, amino
acid metabolism (6 h post-
parasitism) (+)

Alanine, aspartate, glutamate,
starch, sucrose, arginine and
proline metabolism pathway in
hemolymph of host were changed
after PpAmy3 injection.

Expression of BmFoxO (-)

The glycometabolism metabolism
in larvae (-)

Alanine, aspartate, glutamate,
arginine, proline, purine and
pyruvate metabolism were
impacted.

The vitamin B6,
glycerophospholipid and purine
metabolism pathway (+);
The pantothenate, CoA
biosynthesis, cysteine and
methionine metabolism pathways

©)

Circulating level of TAG in
females hemolymph (-)

Proteolysis and cytosolic PEPCK
transcript levels in the ovaries
between 24 h and 48 h post
blood meal (+)

Mitochondrial biogenesis,
oxidative phosphorylation
(OXPHOS), antioxidant
biosynthesis, and protein
translation (+)

Adenosine signaling activity (+);

The level of ATP production(+);

The level of hemolymph glucose
at 48 h post infection (-).

SmBVs inhibited the content of
the extracellular adenosine of S.
litura; Glycolysis and
carbohydrate mobilization in the
hemocyte of infected larvae were
inhibited;
Carbohydrate mobilization,
glycogenolysis, and ATP synthesis
).

(239, 240)

(241)

(242)

(243)

(244)

(245)

(246)

(247, 248)

(249)

(250)

(71)

(203)

(204)
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Primer name

BJSP-1 (forward)
BJSP-1 (reverse)
EF1 (forward)
EF1 (reverse)

Sequence (5" to 37)

CCGCCTCAACCACCACAACTTC
ACCATGTCGAGCCTCTTGTCATTG
GCCTCCCTACAGCGAATC
CCTTGAACCAGGGCATCT
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Target gene Primer name Sequence (5°-3’)

Primers used for hemolin cDNA cloning

Hemolin Forward CAGCCCGTGGAGAAGCTGCCGGT
Reverse CTAATTAACTTGGACCAAGGTCTCGACGTATTCGT
Primers used for dsRNA synthesis
Hemolin Forward TAATACGACTCACTATAGGGTTGCAAGAACATAACGTTGCCC
Reverse TAATACGACTCACTATAGGGGATGTACTGTGGAACAGGCTCACC
EGFP Forward TAATACGACTCACTATAGGGGCAAGGGTGAGGAACT
Reverse TAATACGACTCACTATAGGGACAGCTCGTCCATGCCG
Primers used for Real-time PCR
Hemolin Forward TATGATGGCGAAGGCTGGT
Reverse AGGTTCTATTGTGGCGGGTG
Defensin Forward TAACCATCAGCGGCAATA
Reverse GTTCTCCACAGTCCAAGA
Attacin Forward TGGATTGGCTTATGATAATGTC
Reverse GGTTGTCGTTGTGGAATAG
Moricin Forward ATCGGATGTTAATATACAGTAAGT
Reverse ACACAATAAAGCACAGCAA
Spétzle Forward AAATTGGGCTTCTGCGAAT
Reverse TCTGGTGTGTCAGGTAAATCCA
Fadd Forward TCAGAATACTCTCAACTTAA
Reverse GAGGTGCTACATTATCTTC
18S rRNA Forward CGATCCGCCGACGTTACTAC
Reverse GTCCGGGCCTGGTGAGATT

T7 promoter sequences were underiined.
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Primers Sequence (5'-3')

Gene cloning and recombinant expression

MSTAT-exF TACTCAGGATCCATGTCGTTGTGGAACAGAGC
MJSTAT-exR TACTCAGGATCCATCAGCCGGCCAGC

MjPrx4-exF TACTCACTCGAGTGTACTGGTAACCAGTGATG

MjPrx4-exR TACTCACTCGAGCTGGTTGGCTTTCTTGA

dmMjPrx4exF CACGGAGAGGTCTCCCCTGCCGGTTGG

dmMjPrx4exR CCAACCGGCAGGGGAGACCTCTCCGTG

MjDome1-exF TACTCAGAATTCTTGTTTCCCGCAACCATT

MjDome1-exR TACTCACGCCGGCGGACCTGGAAACGACTTGG
MjDome2-exF TACTCAGAATTCGTGAACAAAGTAGGCCGA

MjDome2-exR TACTCACGCCGGCGATTCGTGGTCTCCTTCAA
MjDome1-1-exF TACTCAGAATTCTTGTTTCCCGCAACCATT
MjDome1-1-exR TACTCAGCGGCCGCCTGAACATCCTGTGGTGG
MjDome1-2-exF TACTCAGAATTCGAGAGGAAAGTCAACATTGG
MjDome1-2-exR TACTCAGCGGCCGCCACATTCTCATAAACACTGAT
MjDome1-3-exF TACTCAGAATTCCCAAAACCAGCTGAGGAA
MjDome1-3-exR TACTCAGCGGCCGCTGGAAACGACTTGGGAAC
Quantitative Real-time PCR

MPrx4RTF CTATGGGGTCTACCTGGAG

MPrx4RTR TGCTGGTCTGTGAACTGG

MjActinRTF GCATCATTCTCCATGTCGTCCCAGT

MActinRTR TACGGCTGCGAGAAGACGACAGAA

MAIDTRTF GGCGAAAGGG AAATGTTTGGAC

MAIDTRTR CCTTTCGCCGTTTTTCCACAA

MAIFATRTF CGCTTCAAGGGTCGGATGCG

MAIFATRTR CGAGCCTCTTCCTCCGTGATG

MAIFCTRTF CTGGTCGGTTTCCTGGTGGC

MAFCTRTR CCAACCTGGGCACCACATACTG

MIAIFC2RTF TCCTGGTGGTGGCAGTGGCT

MIAIFC2RTR TGCGGGTCTCGGCTTCTCCT

MjCrustinl-1RTF ATTCGCCCATAATCTTCC

MCrustinl-1RTR GCAGCACTTGTCGTCCC

MjCrustinl-6RTF GTTGGCAGCCGTGTCTCG

MjCrustinl-5RTR TGGGGTTGAATCTGGGTTTG

MjDomeRTF TGTTTCCCGCAACCATTA

MjDomeRTR TGATTCTTAGGGCAACGAGT

RNA interference

DomeRNAIF GCGTAATACGACTCACTATAGGCTGGGTATGTTGCTGTTGCG
DomeRNAIR GCGTAATACGACTCACTATAGGGGGCAATGAATCCTGAGA
GFPRNAIF GCGTAATACGACTCACTATAGGTGGTCCCAATTCTCGTGGAAC
GFPRNAIR GCGTAATACGACTCACTATAGGCTTGAAGTTGACCTTGATGCC
MjPrx4RNAIF GCGTAATACGACTCACTATAGGATCAGCCGGCCAGCCCCAGAG

MPrx4RNAIR GCGTAATACGACTCACTATAGGAGTATTTGAGCTTCTCCTCTG
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Chromosome/genome ChromStart ChromEnd Name Score Strand Sizes

L33180.1 57541 57675 Orf_61 0.022 - 134
L33180.1 91856 91999 Orf_95 0.0018 = 143
1.33180.1 85439 85584 he65 6.60E-05 = 145
1.33180.1 78238 78383 bro-c 0.00025 + 145
L.33180.1 82971 83117 Orf_87 5.60E-07 = 146
L33180.1 9016 9163 Orf_9 0.00095 + 147
L33180.1 71601 71748 Orf_76 0.11 + 147
L33180.1 127894 128041 lef-2 0.00018 # 147
L33180.1 72394 72394 odv-e25 0.49 2 148
1L33180.1 122464 122612 pe38 1.30E-66 + 148
1.33180.1 11024 11172 arif-1 0.0036 = 148
1.33180.1 25369 25517 39k 0.0098 - 148
L.33180.1 26006 26154 39k 0.97 - 148
L.33180.1 121197 121345 ie-2 2.20E-07 = 148
L33180.1 121636 121784 ie-2 2.20E-07 . 148
L.33180.1 14226 14375 Orf_14 0.00052 + 149
L33180.1 30886 31035 gta 0.033 + 149
L33180.1 52237 52386 Orf_54 0.037 + 149
1.33180.1 83635 83784 vp80 0.018 + 149
1.33180.1 93966 94115 Orf_97 1.00E-05 + 149
1.33180.1 80205 80355 lef-5 7.90E-10 + 150
L.33180.1 36040 36190 lef-8 1.80E-05 - 150
L.33180.1 125383 125533 bro-d 0.00071 = 150
L33180.1 108994 109144 p74 7.90E-06 . 150
L33180.1 106072 106223 p35 0.00098 + 151
L33180.1 4708 4854 Orf_5 0.0035 = 151
1.33180.1 61422 61610 Orf_67 0.0017 - 188
L33180.1 56767 56957 Orf_60 2.90E-05 s 190
1.33180.1 16947 17139 dbp 0.001 & 192
1.33180.1 108182 108376 p26 2.10E-05 + 194
L.33180.1 53267 53461 lef-3 0.004 - 194
L.33180.1 53797 53991 lef-3 0.01 = 194
L33180.1 78756 78950 38k 0.0021 - 194
1L33180.1 19447 19643 Orf_21 6.60E-05 = 196
1L33180.1 31475 31672 gta 0.0012 + 197
1.33180.1 71903 72100 odv-e25 0.0093 + 197
L.33180.1 90186 90383 Orf_94 0.0043 b 197
L.33180.1 8263 8461 bv/odv-e26 0.0021 + 198
L.33180.1 23755 23955 fof 6.30E-18 + 200
L.33180.1 86801 87002 Orf_90 6.30E-19 + 201
L.33180.1 111302 111545 me53 0.00025 & 243
1L33180.1 9435 9679 Orf_10 0.0034 = 244
1L33180.1 112889 113136 ie-0 0.03 + 247
1.33180.1 866 1113 orf1629 2.00E-05 - 247
1.33180.1 46527 46774 gp37 0.00019 = 247
L.33180.1 5301 5550 Orf_5 0.003 o= 249
1.33180.1 70170 70449 Orf_74 3.20E-07 = 279
L33180.1 17751 18045 iap1 0.00055 + 294
L33180.1 84525 84823 vp80 0.0017 + 298
L33180.1 80936 81234 Orf_85 0.00048 - 298
L33180.1 87150 87451 Orf_90 6.30E-19 + 301
L33180.1 15729 16053 pkip 0.00013 - 324
1.33180.1 38589 38925 Orf_40 2.00E-96 + 336
L.33180.1 32541 32881 Orf_36 0.0021 + 340
L33180.1 115589 115929 odv-ec27 0.002 + 340
L.33180.1 120710 121052 ie-2 2.20E-07 = 342
L.33180.1 101807 102150 p24 0.0017 + 343
1L33180.1 42816 43191 Orf_47 0.021 s 375
1.33180.1 57051 57432 Orf_60 2.90E-05 - 381
1L33180.1 118211 118602 ie-1 0.0024 + 391
L.33180.1 52483 52879 Orf_54 1.10E-05 + 396
1.33180.1 58288 58685 vif-1 0.0018 = 397
L.33180.1 45981 46402 Orf_51 6.30E-08 + 421
L33180.1 17432 117871 ie-1 0.0029 + 439
L33180.1 1458 1903 orf1629 1.40E-05 - 445
L.33180.1 43802 44248 fp 0.0019 = 446
L33180.1 103057 103507 pp34 0.00022 + 450
L33180.1 103556 104030 Orf_109 0.01 + 474
L33180.1 66807 67281 p30 4.00E-04 7= 474
1.33180.1 122855 123345 pe38 1.30E-66 + 490
1.33180.1 51448 51942 Orf_54 1.10E-05 + 494
L.33180.1 95815 96354 Orf_101 9.10E-08 + 539
L.33180.1 96473 97059 lef-7 2.50E-17 b 586

L.33180.1 100092 100690 gp64/67 4.20E-05 - 598
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A and -B KOVs could produce infectious viruses, but type-C and -D did not produce any
infectious virions in KOV-transfected cells.
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