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The dimeric cytokine ligand Spätzle (Spz) is responsible for Toll pathway activation and antimicrobial peptide (AMP) production upon pathogen challenge in Tenebrio molitor. Here, we indicated that TmSpz5 has a functional role in response to bacterial infections. We showed that the highest expression of TmSpz5 is induced by Candida albicans. However, TmSpz5 knockdown reduced larval survival against Escherichia coli and Staphylococcus aureus. To evaluate the molecular mechanism underlying the observed survival differences, the role of TmSpz5 in AMP production was examined by RNA interference and microbial injection. T. molitor AMPs that are active against Gram-negative and -positive bacteria, including Tmtenecins, Tmattacins, Tmcoleoptericins, Tmtaumatin-like-proteins, and Tmcecropin-2, were significantly downregulated by TmSpz-5 RNAi in the Malpighian tubules (MTs) following a challenge with E. coli and S. aureus. However, upon infection with C. albicans the mRNA levels of most AMPs in the dsTmSpz5-injected group were similar to those in the control groups. Likewise, the expression of the transcription factors NF-κB, TmDorX2, and TmRelish were noticeably suppressed in the MTs of TmSpz5-silenced larvae. Moreover, E. coli-infected TmSpz5 knockdown larvae showed decreased antimicrobial activity in the MTs and hindgut compared with the control group. These results demonstrate that TmSpz5 has a defined role in T. molitor innate immunity by regulating AMP expression in MTs in response to E. coli.
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Introduction

Insects have been the largest and most diverse class over millions of years of evolution and have adapted to survive in a vast range of ecological territories (1–3). Owing to their exposure to various pathogen sources including bacteria, fungi, parasites, and viruses, they have evolved several multifunctional defense mechanisms, making them an exceptional model for immunity studies (4, 5). Unlike mammals, insects do not have an adaptive immunity (2). However, they do possess a functional innate immune system, involving both humoral and cellular immune responses (6). Cellular immunity, mediated by hemocytes (insect blood cells), involves nodulation (7), encapsulation (8), and phagocytosis (9). Humoral immune response, on the other hand, is mainly mediated by fat bodies (the equivalent of the mammalian liver) and soluble plasma proteins. The production of antimicrobial peptides (AMPs) is the main determinant of humoral immunity (6). Following invader recognition, AMP production is stimulated by the activation of two major signaling pathways, the immune deficiency (Imd) and Toll pathways (6, 10).

The Toll signaling pathway was initially identified as a dorso-ventral axis establishment regulator during embryonic development in Drosophila melanogaster (11). Since then, extensive molecular and mapping studies have provided insight into the roles of the Toll pathway and its components in the Drosophila immune system. The key activator of the Toll transmembrane-associated receptor is the endogenous cytokine-like polypeptide Spätzle (Spz) (12). Invader detection by peptidoglycan recognition proteins (PGRPs) or β-1,3-glucan recognition protein (βGRP)/Gram-negative-binding proteins (GNBPs) in Drosophila leads to a proteolytic cascade that eventually results in Spätzle cleavage and activation. Spätzle can then bind to the Toll receptor and activate downstream signaling pathways, leading to AMP production (10, 13, 14). In addition to its role in D. melanogaster, Spätzle has been shown to have significant roles in different species and taxa, including mosquitoes (15–17), Manduca sexta (18), Bombyx mori (19), shrimp (20), and Tenebrio molitor (21).

Comprehensive biochemical studies of innate immunity claim for a relatively large insect model to enable the collection of sufficient hemolymph samples. Thus, in the last two decades, T. molitor has become a common model for biochemical and molecular studies on innate immunity pathways and their components (22).

Toll signaling in T. molitor is activated when PGRP-SA and GNBP1 recognize meso-diaminopimelic acid (DAP)-type peptidoglycan (PGN) of Gram-negative bacteria and some Bacillus species, and the lysine-type peptidoglycan of Gram-positive bacteria (21, 23–26). However, in Drosophila, the PGRP-SA/GNBP1 complex solely recognizes Gram-positive bacterial and fungal infections, whereas Gram-negative bacteria can be sensed by the alternative receptors PGRP-LC and PGRP-LE and triggers the Imd signaling pathway (6, 27–31). Following recognition, a proteolytic cascade activation, including modular serine protease (MSP), Spz-processing enzyme (SPE)-activating enzyme (SAE), and SPE, leads to the cleavage of Spätzle zymogen, and eventually, mature Spätzle recruitments to the Toll receptor (32, 33). Upon Spz–Toll association in T. molitor, an intracellular cascade is activated, resulting in the engagement of myeloid differentiation factor 88 (MyD88), tube, pelle, pellino, and tumor necrosis factor receptor associated factor (TRAF). This ultimately leads to the binding of cactin to cactus, a dorsal-related immunity factor (Dif) and dorsal inhibitor (34, 35). These transcription factors translocate to the nucleus (36, 37), where they bind to NF-κB-response elements and induce AMP genes transcription (38–43). We have identified nine Spätzle genes (TmSpz-like, -1b, -3, -4, -5, -6, -7, -7a, and -7b) in T. molitor. However, the functional importance of these isoforms is poorly understood. To date, only two T. molitor Spätzle genes (TmSpz4 and TmSpz6) have been functionally characterized (44, 45). In this study, we focused on the immunological significance of TmSpz5 against microbial infection (Supplementary Table 1).



Materials and Methods


Insect Rearing

T. molitor larvae were reared under dark conditions at 26 ± 1°C and 60 ± 5% relative humidity in an environmental chamber established in the laboratory. Larvae were fed an artificial diet consisting of 1.1 g sorbic acid, 1.1 ml propionic acid, 20 g bean powder, 10 g brewer’s yeast powder, and 200 g wheat bran in 4,400 ml distilled water. The feed was autoclaved at 121°C for 15 min and fed to healthy 10th–12th instar larvae for all experiments.



Microorganism Preparation

The Gram-negative bacterium Escherichia coli (strain K12), Gram-positive bacterium Staphylococcus aureus (strain RN4220), and fungus Candida albicans (strain AUMC 13529) were used as pathogenic invaders. E. coli and S. aureus were cultured in Luria–Bertani (LB) broth, and C. albicans was cultured in Sabouraud’s dextrose broth overnight at 37°C. The microorganisms were harvested and washed twice in phosphate-buffered saline (PBS; pH 7.0) and then centrifuged at 3,500 × g for 15 min. Subsequently, the samples were suspended in PBS, and concentrations were measured at 600 nm (OD600) by spectrophotometry (Eppendorf, Hamburg, Germany). E. coli and S. aureus were diluted to 1 × 106 cells/µl, and C. albicans was diluted to 5 × 104 cells/µl for immune challenge studies.



Computational Sequence Analysis of TmSpz5

The TmSpz5 gene sequence (accession number: MW916536) was obtained from the T. molitor RNAseq analysis (unpublished) and NCBI Expressed Sequence Tag (EST) database. The Tribolium castaneum Spz5 amino acid sequence (accession number: XP_008193940.1) was used as the query for identification by local-tblastn searches. The full-length open reading frame (ORF) and deduced amino acid sequences of TmSpz5 were analyzed using BLASTp (NCBI; https://blast.ncbi.nlm.nih.gov/Blast.cgi). The domain architectures of the protein sequences were retrieved using InterProScan (https://www.ebi.ac.uk/interpro/search/sequence-search). Signal peptides were predicted using the SignalP 5.0 server (http://www.cbs.dtu.dk/services/SignalP/).

A multiple-sequence alignment of the TmSpz5 amino acid sequence with representative Spätzle amino acid sequences from other insects (retrieved from GenBank) was generated using ClustalX 2.1 (46). Estimation of the percent identity and phylogenetic analyses were performed using ClustalX 2.1 (pim as the output file) and MEGA version 7.0 (47), respectively. Evolutionary relationships were inferred using the neighbor-joining method (48), and the bootstrap consensus tree was inferred from 1,000 replicates. Several protein sequences were used to generate the phylogenetic tree, including those of TcSpz5, Tribolium castaneum spätzle 5 isoform X1 (XP_008193940.1); TcSpz5, Tribolium castaneum spätzle 5 isoform X2 (XP_015836109.1); AtSpz5like, Aethina tumida spätzle 5-like (XP_019879590.1); SoSpz5like, Sitophilus oryzae spätzle 5-like (XP_030767938.1); MsSpz5, M. sexta spätzli 5 (XP_037299529.1); BmSpz5, B. mori spätzli 5 (XP_004924790.1); AaSpz5like, Anopheles albimanus spätzle 5-like (XP_035790066.1); DmeSpz5, D. melanogaster spätzle5 (NP_647753.1); DmaSpz5, Drosophila mauritiana spätzle 5 (XP_033160799.1); ArSpz5, Athalia rosae spätzli 5 (XP_012261687.1); PgSpz5, Pseudomyrmex gracilis spätzle 5 isoform X3 (XP_020284715.1); and PvSpz4, Penaeus vannamei spätzle 4 (ANJ04742.1).



Analysis of TmSpz5 Expression and Induction

The protocols for the developmental stage- and tissue-specific analyses have been reported previously (44, 45, 49). Briefly, total RNA was isolated from different developmental stages (eggs, young larvae (instars 10–12), late larvae (instars 14-15), pre-pupae, 1- to 7-day-old pupae, and 1- to 5-day-old adults) and tissues [integument, gut, fat bodies, Malpighian tubule (MT), hemocytes of last instar larvae and 5-day-old adults, and ovary and testis of 5-day-old adults] of T. molitor.

To analyze the induction of TmSpz5, suspensions containing 1 × 106 cells/µl of E. coli and S. aureus and 5 × 104 cells/μl of C. albicans were injected into T. molitor larvae at instars 10–12 (n = 20). PBS-injected T. molitor larvae were used as the control group. Samples were collected at 3, 6, 9, 12, and 24 h post-microbial challenge.

Total RNA was isolated using the Clear-S Total RNA Extraction Kit (Invirustech Co., Gwangju, South Korea) according to the manufacturer’s instructions. Then, 2 μg of total RNA was used as the template to synthesize cDNA using the Oligo (dT)12–18 primers under the following reaction conditions: 72°C for 5 min, 42°C for 1 h, and 94°C for 5 min. The MyGenie96 Thermal Block (Bioneer, Daejeon, Korea) and AccuPower® RT PreMix (Bioneer) were used according to the manufacturer’s instructions. cDNA was stored at -20°C until further use.

Relative quantitative PCR (qRT-PCR) was performed using AccuPower® 2X GreenStar qPCR Master Mix (Bioneer) with synthesized cDNAs and specific primers (TmSpz5_qPCR_Fw and TmSpz5_qPCR_Rv), as depicted in Table 1, with an initial denaturation of 95°C for 20 s, followed by 40 cycles at 95°C for 5 s and 60°C for 20 s. T. molitor ribosomal protein L27a (TmL27a) was used as an internal control, and the results were analyzed using the 2-ΔΔCt method (50). The results are presented as means ± standard error (SE) of three biological replicates.


Table 1 | Sequences of the primers used in this study.





RNA Interference

To synthesize the double-stranded RNA (dsRNA) of the TmSpz5 gene, primers containing the T7 promoter sequence at their 5′ ends were designed using SnapDragon-Long dsRNA Design (Table 1). PCR was performed using AccuPower® Pfu PCR PreMix with the TmSpz5_Fw and TmSpz5_Rv primers (Table 1) and according to the developmental expression pattern of TmSpz5, cDNA synthesized from pre-pupae (whole bodies) as a template under the following cycling conditions: an initial denaturation step at 94°C for 2 min followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 30 s, with a final extension step at 72°C for 5 min. PCR products were purified using the AccuPrep PCR Purification Kit (Bioneer), and dsRNA was synthesized using the AmpliScribe T7-Flash Transcription Kit (Epicentre Biotechnologies, Madison, WI, USA) according to the manufacturer’s instructions. After synthesis, the dsRNA was purified by precipitation with 5 M ammonium acetate and 80% ethanol, followed by quantification using an Epoch spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). The dsRNA for enhanced green fluorescent protein (dsEGFP) was synthesized for use as a control and was stored at -20°C until use.



Effect of TmSpz5 Gene Silencing on Larval Mortality Against Microbial Challenge

To study the importance of TmSpz5 in the T. molitor immune response, dsTmSpz5 (1 µg/µl) was first injected into early-instar larvae (instars 10–12; n = 30) using disposable needles mounted onto a micro-applicator (Picospritzer III Micro Dispense System; Parker Hannifin, Hollis, NH, USA). An equal amount of dsEGFP was injected in the larvae at the same stage as the negative control. The efficiency of TmSpz5 knockdown was evaluated by qRT-PCR, and over 86% knockdown was achieved at 4 days postinjection. The TmSpz5-silenced and dsEGFP-injected larval groups were challenged with E. coli (106 cells/µl), S. aureus (106 cells/µl), or C. albicans (5 × 104 cells/µl) in triplicate experiments. The challenged larvae were maintained for 10 days, and the number of surviving larvae was recorded. The survival rates of TmSpz5-silenced larvae were compared with those of the control larvae. Relevant analysis was performed using Kaplan–Meier plots (51).



Effect of dsTmSpz5 on AMP Expression in Response to Microbial Challenge

To evaluate the functional properties of TmSpz5 in the regulation of AMP gene expression in response to pathogens, RNAi was used for TmSpz5 gene silencing, followed by the injection of larvae with E. coli, S. aureus, or C. albicans. dsEGFP and PBS were used as the negative and injection controls, respectively. At 24 h postinjection, the hemocytes, fat body, gut, and MTs were dissected, total RNA was extracted from each tissue, and cDNA was synthesized as described above. Next, qRT-PCR was performed with specific primers (Table 1) to analyze the temporal expression patterns of 14 AMP genes: TmTenecin-1, -2, -3, and -4 (TmTene1, 2, 3, and 4), TmAttacin-1a, -1b, and -2 (TmAtt1a, 1b and 2), TmDefensin (TmDef), TmDefensin-like (TmDef-like), TmColeoptericin-A and -B (TmColeA and B), TmCecropin-2 (TmCec-2), and TmThaumatin like protein-1 and -2 (TmTLP1 and 2).



Effects of dsTmSpz5 on NF-κB Gene Expression

To study the effects of dsTmSpz5 on the expression of NF-κB genes, including TmDorsal isoform X2 (TmDorX2) and TmRelish (TmRel), TmSpz5 was silenced in early-instar larvae and E. coli, S. aureus, and C. albicans were injected at 4 days post-double-strand treatment. At 24 h after pathogen injection, the MTs, hemocytes, gut, and fat bodies were dissected. Total RNA extraction and cDNA synthesis were performed as described above.



Effects of TmSpz5 RNAi on Antimicrobial Activity Against E. coli

The AMPs and NF-κB gene expression patterns led us to perform colony-forming unit (CFU) assay to assess the in vitro AMP activity against Gram-negative bacteria. Therefore, TmSpz5 dsRNA-treated young instar larvae of T. molitor were injected with E. coli (106 cells). At 48 h post–pathogen injection, the hemolymph, midgut, hindgut, and Malpighian tubules were isolated in 100 μl 1× PBS. PBS and dsEGFP were injected as uninfected and dsRNA control groups, respectively. Tissue samples were homogenized and centrifuged at 15,000 rpm at 4°C for 10 min, and then the supernatants were boiled at 100°C for 10 min and centrifuged again at 15,000 rpm at 4°C for 10 min. Consequently, the protein content of extracted peptides has been measured by an Epoch machine and 50 ng of tissue samples was assayed with 106 cells of E. coli in 1× PBS at 37°C for 2 h (52). Eventually, 2,000-fold serial dilutions were performed, and 100 μl of the resulting mixture was plated onto LB agar, followed by incubation at 37°C for 16 h. The colony numbers of assayed plates were then counted.



Data Analysis

Statistical analyses were performed using SAS 9.4 (SAS Institute, Inc., Cary, NC, USA), and cumulative survival was analyzed by Tukey’s multiple-comparison test, with a significance level of p < 0.05. Fold change in expression of the AMP genes compared to the levels of the internal control (TmL27a) and external control (PBS) was calculated using the 2-ΔΔCt method.




Results


In Silico Analysis of TmSpz5

To acquire the full-length cDNA sequence of TmSpz5, a local blast search of the T. molitor RNAseq database was performed using the T. castaneum Spätzle5 protein sequence as the query. The TmSpz5 full-length ORF consisted of 1,062 bp, encoding a polypeptide of 353 amino acid residues (Figure 1). As determined using InterProScan, the TmSpz5 amino acid sequence contained a cystine-knot domain at the C-terminus (which binds to the Toll receptor), one cleavage site predicted to be processed by SPE, and a predicted signal peptide at the N-terminus (Figure 1). Additionally, the conserved domains in TmSpz5 were compared at the amino acid level using ClustalX 2.1 and multiple-sequence alignment. TmSpz5 sequences were conserved at the protein level among insect species (Figure 2A). A phylogenetic analysis illustrated that TmSpätzle5 in the order Coleoptera formed a group with other isoforms of Spätzle5 from T. castaneum (Figure 2B).




Figure 1 | Nucleotide and deduced amino acid sequences of T. molitor Spätzle5 (TmSpz5). The TmSpz5 full-length open reading frame (ORF) consisted of 1,062 bp, encoding a polypeptide of 353 amino acid residues. The cystine-knot domain is shown in a yellow box, and the signal peptide region and cleavage site are indicated by red and blue arrows, respectively. The stop codon is shown with an asterisk.






Figure 2 | Multiple-sequence alignment (A) and phylogenetic analysis (B) of T. molitor Spätzle5 (TmSpz5). A domain analysis was performed using ClustalX2, and the phylogenetic tree was constructed using MEGA7 with the maximum likelihood method and 1,000 bootstrap replicates (where numbers at nodes indicate bootstrap support). The representative Spätzle 5 protein sequences showed high homology at the conserved domains marked in blue boxes, and the red arrows indicate conserved cystine-knot domain scores between groups. A neighbor-joining (NJ) tree was constructed based on the protein sequences of TcSpz5, Tribolium castaneum spätzle 5 isoform X1 (XP_008193940.1); TcSpz5, Tribolium castaneum spätzle 5 isoform X2 (XP_015836109.1); AtSpz5like, A. tumida spätzle 5-like (XP_019879590.1); SoSpz5like, S. oryzae spätzle 5-like (XP_030767938.1); MsSpz5, M. sexta spätzle 5 (XP_037299529.1); BmSpz5, B. mori spätzle 5 (XP_004924790.1); AaSpz5like, A. albimanus spätzle 5-like (XP_035790066.1); DmeSpz5, D. melanogaster spaetzle5 (NP_647753.1); DmaSpz5, D. mauritiana spätzle 5 (XP_033160799.1); ArSpz5, A. rosae spätzle 5 (XP_012261687.1); PgSpz5, P. gracilis spätzle 5 isoform X3 (XP_020284715.1); and PvSpz4, P. vannamei spätzle 4 (ANJ04742.1) which was used as the outgroup. Colored lines indicate different insect orders; red: Coleopteran, green: Lepidopteran, blue: Dipteran, purple: Hymenopteran. PvSpz4, illustrated black, belongs to the Crustacean class.





Temporal and Spatial Expression of TmSpz5

TmSpz5 mRNA expression patterns were evaluated by qRT-PCR at different developmental stages and in various tissues in larvae and adults. TmSpz5 was observed at essentially all developmental stages (Figure 3A). However, the highest expression levels were seen in embryos and pupae. The mRNA levels decreased at the larval stage, and in late larvae, it shows the lowest expression. We observed fluctuations in the expression pattern during pupal stages with a plateau phase in late pupae. Overall, increased TmSpz5 mRNA levels were observed during molting and each ecdysis, with a gradual fall across each individual stage.




Figure 3 | Developmental stage- and tissue-specific expression patterns of TmSpz5 measured by qRT-PCR. (A) Relative TmSpz5 mRNA levels in eggs (EG), young larvae (YL), late-instar larvae (LL), pre-pupae (PP), 1- to 7-day-old pupae (P1–P7), and 1- to 5-day-old adults (A1–A5) are illustrated. Expression levels were the highest in the eggs and the pupae. The mRNA levels decreased in the larval stage and were lowest in the late larval stage. Increases in TmSpz5 transcript levels were detected during molting and in each ecdysis with a gradual decrease across each individual stage. TmSpz5 tissue expression patterns in late instar larvae (B) and adults (C) were also examined. Total RNA was extracted from different tissues, including the integument (IT), Malpighian tubule (MT), gut (GT), hemocytes (HC), and fat bodies (FB) of late instar larvae and the integument (IT), Malpighian tubule (MT), gut (GT), hemocytes (HC), fat bodies (FB), ovary (OV), and testis (TE) of 5-day-old adults. Total RNA was isolated from 20 mealworms and T. molitor 60S ribosomal protein 27a (TmL27a) primers were used as internal control (N = 3). One-way ANOVA and Tukey’s multiple-range test at a 95% confidence level were used for comparisons. Bars with the same letter are not significantly different by Tukey’s multiple-range test (p < 0.05).



With respect to tissue expression patterns (Figures 3B, C), TmSpz5 expression levels were highest in MTs, followed by (in decreasing order) the hemocytes, fat bodies, integument, and gut in larvae. Contrarily, in adults, the mRNA expression of TmSpz5 was low in MTs and highest in the gut.



Patterns of TmSpz5 Induction

TmSpz5 expression in immune-challenged T. molitor larvae was examined after E. coli, S. aureus, and C. albicans injections (Figure 4), using PBS injection as the control. Four tissues, including the fat bodies (Figure 4A), hemocytes (Figure 4B), gut (Figure 4C), and MTs (Figure 4D), were collected at 3, 6, 9, 12, and 24 h post-pathogen injection for total RNA extraction. TmSpz5 expression was considerably upregulated in response to bacterial and fungal infections. TmSpz5 expression varied in tissue- and time-dependent manners. The highest expression levels were seen in the gut at 12 and 24 h and in the fat bodies at 9 and 24 h after infection (in that order), in response to all three pathogens. Of note, in the fat bodies, the expression of TmSpz5 was lowest at 12 h, possibly due to fluctuations in mRNA expression after infection as also reported earlier (35, 44, 49, 53). In MTs, there was also a noticeable upregulation in response to C. albicans and E. coli at 3 h post injection and in response to S. aureus at 9 h postinjection. C. albicans also induced TmSpz5 expression in the hemocytes at 12 h postinjection.




Figure 4 | Temporal expression patterns of TmSpz5 in immune-challenged T. molitor larvae. Levels of TmSpz5 mRNA in the fat bodies (A), hemocytes (B), gut (C), and Malpighian tubules (D) were examined by qRT-PCR 3, 6, 9, 12, and 24 h after infection with E. coli (106 cells/µl), S. aureus (106 cells/µl), and C. albicans (5 × 104 cells/µl). TmSpz5 expression was highly induced in the presence of C. albicans and S. aureus in various tissues. PBS was used as an injection control, and T. molitor 60S ribosomal protein 27a (TmL27a) primers were used as internal control (n = 3). Asterisks indicate significant differences between infected and PBS-injected larval groups by Student’s t-test (p < 0.05). Vertical bars indicate means ± SD (n = 20).





Effect of TmSpz5 RNAi on T. molitor Survival

Considering our observation that TmSpz5 expression is induced by different pathogens, we further examined the survival rate of TmSpz5-silenced larvae using the RNAi technique. TmSpz5 mRNA levels were decreased by 86% 4 days after dsTmSpz5 injection (Figure 5A), confirming the efficiency of the RNAi.




Figure 5  | Effect of TmSpz5 gene silencing on the survival of T. molitor larvae. The silencing efficiency of dsTmSpz5 was measured by qRT-PCR at 4 days postinjection (A). TmSpz5-silenced larvae were injected with E. coli (B), S. aureus (C), and C. albicans (D), and survival rates were studied over 10 days post-pathogen injection (n = 10 per group). Larval survival rates at 10 days post-microbial injection were 33% after E. coli injection, 58% after S. aureus injection, and 90% after C. albicans injection compared with the levels in the dsEGFP-injected control group. The data are reported as averages of three biologically independent replicates. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-injected groups. The survival analysis was performed using Kaplan–Meier plots (log-rank chi-squared test; *p < 0.05).



Subsequent to confirmation of RNAi efficiency, pathogens of interest were injected. Survival rates of TmSpz5-silenced larvae were then evaluated over 10 days following microbial infection. dsEGFP was used as the control group for dsTmSpz5. PBS-injected larvae showed no statistically significant differences in survival between the dsTmSpz5 and dsEGFP groups (data not shown). dsTmSpz5 larvae showed considerable reductions in survival in response to E. coli and S. aureus (survival rates of approximately 33% and 58%, respectively) (Figures 5B, C). Interestingly, C. albicans-injected larvae showed similar survival rates to those of the PBS group (Figure 5D).



Effect of TmSpz5 Gene Silencing on Antimicrobial Peptide Production

The survival analysis indicated that TmSpz5 gene silencing accelerated the vulnerability of larvae challenged with E. coli and S. aureus, but not C. albicans. We further evaluated the induction of AMPs following challenge with E. coli, S. aureus, and C. albicans in TmSpz5-silenced T. molitor larvae. In particular, we knocked down TmSpz5 and evaluated the levels of 14 AMP genes 24 h after the microbial challenge.

According to the results of the survival analysis, we expected TmSpz5 silencing to lead to AMP downregulation in response to E. coli and S. aureus. Our data illustrated that following confirmation of the TmSpz5 knockdown efficiency (Supplementary Figure 1), 10 out of 14 AMP genes were significantly downregulated in the MTs of TmSpz5-silenced larvae after E. coli and S. aureus injections but not after fungal infection. In particular, the E. coli challenge resulted in reductions in the levels of TmTene1, TmTene2, TmTene3, TmTene4, TmColeA, TmColeB, TmAtt1a, TmAtt1b, TmAtt2, TmTLP1, and TmTLP2 and the S. aureus challenge resulted in substantial reductions in the levels of TmTene2, TmTene4, TmColeA, TmColeB, TmAtt1a, TmAtt1b, TmAtt2, TmTLP1, and TmTLP2 (Figure 6). In the gut, silencing of TmSpz5 suppressed the E. coli-induced upregulation of TmColeA, TmAtt1a, and TmAtt1b as well as the S. aureus-induced regulation of TmTene2, TmTene4, TmColeB, TmAtt1a, and TmAtt1b (Figures 7B, D, H–K). In the hemocytes, TmTene1, TmDef, and TmAtt2 were downregulated in response to E. coli and TmDef and TmAtt2 were downregulated in response to S. aureus (Figures 8A, E, L). Moreover, in response to C.albicans, mRNA levels of TmTen3 and TmCec2 were downregulated (Figures 8C, G). In the fat bodies, only the levels of TmTene4, TmDef, and TmTLP1 were reduced in response to E. coli infection (Figures 9D, E, M). Surprisingly, dsTmSpz5 elevated the mRNA levels of some AMPs in response to pathogens in all dissected tissues, particularly the levels of the Cecropin, Attacin, and Tencin families in the gut, fat bodies, and hemocytes (Figures 7A, C, E–G, 8B, D, F, and 9A–C, F–L, N). Finally, mRNA levels of almost all AMPs did not differ between the dsTmSpz5 group and the control group in response to C. albicans.




Figure 6 | Induction of 14 AMP genes in the Malpighian tubules of TmSpz5-silenced T. molitor larvae infected with E. coli (Ec), S. aureus (Sa), and C. albicans (Ca) using PBS as control. At 24 h after microbial injection, AMP genes, including TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were examined by qPCR using dsEGFP as a knockdown control and T. molitor ribosomal protein (TmL27a) as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups determined by Student’s t-test (p < 0.05).






Figure 7 | Effect of TmSpz5 gene silencing on antimicrobial peptide (AMP) gene expression levels in the T. molitor gut. Four days after TmSpz5 RNAi treatment, pathogens including E. coli (Ec), S. aureus (Sa), and C. albicans (Ca) and PBS as control were injected. Levels of the AMP genes, including TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were evaluated by qRT-PCR at 24 h post-microbial injection. dsEGFP was injected as a negative control, and TmL27a expression was evaluated as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups when compared using Student’s t-test (p < 0.05).






Figure 8 | The mRNA expression levels of 14 antimicrobial peptide (AMP) genes after TmSpz5 gene silencing in the hemocytes of T. molitor. Four days after TmSpz5 dsRNA treatment, E. coli (Ec), S. aureus (Sa), and C. albicans (Ca) and PBS as a control were injected. At 24 h after injecting the microbes, the expression levels of TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were evaluated by qRT-PCR. dsEGFP was injected as a negative control, and TmL27a expression was measured as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups when compared using Student’s t-test (p < 0.05).






Figure 9 | Antimicrobial peptide expression patterns in the fat bodies of dsTmSpz5-treated T. molitor larvae in response to microbial challenge. At 24 h post-infection by E. coli (Ec), S. aureus (Sa), and C. albicans (Ca), the mRNA levels of TmTene1 (A), TmTene2 (B), TmTene3 (C), TmTene4 (D), TmDef (E), TmDef-like (F), TmCec2 (G), TmColeA (H), TmColeB (I), TmAtt1a (J), TmAtt1b (K), TmAtt2 (L), TmTLP1 (M), and TmTLP2 (N) were evaluated by qRT-PCR. PBS was administered to the non-infected control group. dsEGFP was injected as a negative control, and TmL27a expression was measured as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups determined using Student’s t-test (p < 0.05).



Following the same protocol used to evaluate the expression of AMP genes following knockdown, the NF-κB pathway genes TmDorX2 and TmRelish were examined (Figure 10). dsTmSpz5 considerably depleted TmDorX2 expression levels in MTs following E. coli and S. aureus infection (Figure 10A). A less substantial reduction in TmRelish expression was observed in MTs (Figure 10B). Moreover, following the microbial challenge, TmDorX2 was upregulated in the fat bodies and gut and TmRelish was upregulated in the fat bodies.




Figure 10 | Effect of Tmspz5 gene silencing on NF-κB gene expression patterns. dsTmspz5-treated T. molitor larvae were infected with E. coli, S. aureus and C. albicans and 24 h post-pathogen injection, mRNA levels of NF-κB genes, including TmDorX2 (A) and TmRel (B), were measured by RT-qPCR. EGFP dsRNA was assessed as a negative control and T. molitor ribosomal protein (TmL27a) was used as an internal control. All experiments were performed in triplicate. Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-treated groups determined using Student’s t-test (p < 0.05).





Loss of Antimicrobial Activity in dsTmSpz5-Treated Larvae

The AMP assay result clearly demonstrated that E. coli and S. aureus infection in dsTmSpz5-treated larvae induced AMP expression significantly in Malpighian tubules and partially in the gut. Thus, we examined whether this suppression would affect bacterial growth in the hemolymph, MTs, midgut, and hindgut by CFU assay. Following dsEGFP and dsTmSpz5 injection, larvae were exposed to E. coli, and the aforementioned tissues were dissected 48 h postinfection and cultured with E. coli on LB agar plates. Elevated antimicrobial activity was observed in all dissected tissues in E. coli-injected larvae compared with the PBS-injected group (Figures 11A, C, E, G). Moreover, it was found that E. coli growth was hindered in the dsEGFP-injected gut, compared to the dsTmSpz5-injected larvae in the MTs, hindgut, and midgut (in decreasing order) (Figures 11D, F, H). In contrast, in the hemolymph, no significant difference in proliferation inhibition was observed between the dsEGFP- and dsTmSpz5-injected larvae (Figure 11B). These results imply that the effect of TmSpz5 knockdown on AMP gene depletion in MTs causes suppressed antimicrobial activity against Gram-negative bacteria. Additionally, while antimicrobial activity in hemolymph remained indifferent, downregulation of AMP genes in MTs subsequent to TmSpz5 knockdown exhibits reduced antimicrobial activity in the hindgut.




Figure 11 | Antimicrobial activity against E. coli in TmSpz5-silenced larvae hemolymph, Malpighian tubules, midgut, and hindgut by CFU assay. (A, C, E, G) Antimicrobial activity evoked by E. coli (Ec) (106 cells/μl) elicitation. PBS-injected T. molitor was used as a negative control (Cont). E. coli-injected T. molitor hemolymph and Malpighian tubules had higher antimicrobial activity compared with control group (A, C). (B, D, F, H) E. coli (106 cells/μl) was injected into dsTmSpz5-treated T. molitor larvae. dsEGFP-treated larvae were used as a negative control. The result shows that the antimicrobial activity was decreased by treatment of dsSpz5 compared with the dsEGFP-treated group majorly in Malpighian tubules (D), hindgut (H), and midgut (F) in a depleting manner. E. coli proliferation remained indifferent in the dsTmSpz5-treated group compared with dsEGFP-treated larvae in hemolymph (B). Asterisks indicate significant differences between dsTmSpz5- and dsEGFP-injected groups.






Discussion

Drosophila is one of the most potent genetic model systems for characterization of the Toll and Imd signaling pathways (24, 54, 55). Nevertheless, the focus on this model limits our understanding of the biochemical mechanisms of the Toll proteolytic cascade. For instance, the activation protocol (i.e., developmental factors or infection) influences pathway activity, making it difficult to comprehensively characterize the underlying mechanisms (12, 31).

T. molitor Toll signaling activation by Gram-positive bacteria or fungi, its compartments, and its relevant AMPs have been well elucidated (24). Surprisingly, similar to Lys-type PGN, TmPGRP-SA can recognize polymeric DAP-type PGN of Gram-negative bacteria, subsequently leading to activation of a three-step proteolytic cascade and the production of mature Spätzle (53, 56).

During Drosophila developmental stages, expression of the Spätzle gene is regulated by hormonal alteration. Radio-immunoassays have illustrated that ecdysone activity is high during prepupal and pupal stages (57). Likewise, cross talk between the steroid hormone 20-hydroxyecdysone (20E) and immune-regulatory genes in Drosophila has been reported (57, 58). Additionally, Drosophila MTs do not undergo histological alterations during pupal metamorphosis and therefore play an important role in innate immunity during this process (59, 60). Our developmental stage- and tissue-specific gene expression data revealed that TmSpz5 levels are high during the embryonic stage as well as at each ecdysis, consequently increasing susceptibility to possible attacks, showing that TmSpz5 contributes to both insect dorso-ventral axis formation during development and immune responses, respectively (11). The fact that TmSpz5 expression is the highest in larval MTs and in the adult gut supports its important role in epithelial defense organs.

Toll signaling is activated upon the recognition of Gram-positive bacteria and fungi by the cleavage of the cytokine-like polypeptide Spätzle (2, 6, 27). We detected a high and early expression of TmSpz5 following C. albicans and S. aureus challenge in descending order in all dissected tissues. The observed TmSpz5 expression in response to E. coli infection in MTs provides evidence for cross talk between the Toll and Imd signaling pathways. The unexpected results of the survival analysis demonstrated the importance of TmSpz5 in T. molitor immunity against E. coli and S. aureus, but not C. albicans. Consistently, TmSpz5 silencing leads to T. molitor vulnerability toward E. coli and S. aureus by decreasing AMP production in the presence of pathogens. Our results were predominantly consistent with those of previous studies on AMP production after treatment with dsTmSpz5. In Drosophila, attacin, diptericin, cecropin, and drosocin are active against Gram-negative bacteria, and metchnikowin and defensin act against Gram-positive bacteria (59, 61–65). In this study, TmCecropin-2 was also induced by Gram-positive bacteria and fungi. Surprisingly, the elevated mRNA levels of some AMPs in various tissues may suggest that there are alternative mechanisms to regulate gene expression. As it has been demonstrated previously, different T. molitor Späzle RNAi treatments (TmSpz4, TmSpz6, TmSpzlike) resulted in an increased expression of AMPs following microbial challenges (44, 45, 49). Additionally, the monomeric DAP-type peptidoglycan of Gram-negative bacteria activates TmIMD protein which triggers the expression of nine AMP genes (66). Likely, results of this study propose a possibility that the effect of TmSpz5 RNAi leads to the overexpression of other Späzle genes with a similar function. Overexpression of some AMP genes, mostly in hemolymph and fat bodies, maintains homeostasis. Moreover, other signaling pathways such as Imd can trigger an elevated expression of AMPs (35). Since the Imd signaling pathway has not been fully clarified, further studies regarding possible synergistic effects on induction of different AMPs are required to have a crystal understanding of Toll and Imd pathway association with regulation of AMP genes. Furthermore, the lack of change in mRNA levels of most AMPs in the dsTmSpz5 group in response to C. albicans appeared to be inconsistent with the induction data.

NF-κB family members in Drosophila, activated by the Toll and Imd pathways, regulate the expression of AMP genes (27). The Toll signaling pathway mediates activation of the transcription factors Dorsal and Dif and is predominantly actuated by the detection of Gram-positive bacteria and fungi (6, 40, 67, 68). In contrast, Gram-negative bacteria activate the Imd pathway, which triggers the NF-κB transcription factor Relish (6, 43, 69). In agreement with the AMP expression results, TmDorX2 was significantly suppressed in the MTs of TmSpz5-silenced larvae following challenges with E. coli and S. aureus, indicating that TmSpz5 is involved in regulating the expression of TmDorX2.

With respect to antimicrobial activity, AMPs extracted from all tissues except the hemolymph effectively inhibited E. coli growth. The effective inhibition of bacterial proliferation in the MTs and hindgut were consistent with the AMP mRNA expression and NF-κB results, suggesting that TmSpz5 acts as an immune component in the MTs and subsequently the hindgut. Further investigations are needed to verify these results.

Drosophila fat bodies are considered as the insect equivalent of the mammalian liver and are the main AMP-producing tissues, allowing an effective response to infection (6). Epithelial cells in the gut, MTs, genital tract, and trachea play important roles in systemic immunity by mediating the local response to invaders (70, 71). These epithelial tissues constitute the first line of defense toward possible invaders, and if pathogens invade these barriers, cellular and humoral immunity is induced (60, 71). Insect MTs form by hindgut–midgut joint invagination, and thus its secretions and hemolymph waste products are constantly transported to the hindgut (72). Thereupon, Drosophila MTs have osmoregulatory activity function as detoxification compartments in the hemolymph, acting as major innate immune organs (73). They are able to recognize pathogens and induce the production of high levels of AMPs (59, 60). They do not endure metamorphosis caused by ecdysone induction and are conveyed from larvae to adults. PGRP-LC expression is elevated by MT ecdysone production and has a marked effect on boosting host immunity (60). Additionally, PGRP-LE and PGRP-SC1 are immune elements predominantly functioning in the posterior midgut and anterior hindgut (74).

Our results show that MTs are critical immune organs in T. molitor, as has been observed in Drosophila. The radical shrinkage of the expression of almost all AMP genes and TmDorX2 in the MTs of TmSpz5-silenced larvae following E. coli infection suggests that DAP-type PGN is recognized by PRRs and the relevant proteolytic cascade leads to the activation of mature TmSpz5. Consequently, activated TmSpz5 binds to the Toll receptor and positively regulates the expression of the NF-κB response elements and AMP genes. In contrast to the lack of change in AMP expression in the gut of TmSpz5 knockdown larvae, the CFU results not only demonstrate the pivotal role of TmSpz5 in antibacterial activity of MT AMPs but also show that these AMPs act as hindgut disinfectants (Figure 12).




Figure 12 | A schematic summary of TmSpz5 positive regulation in antimicrobial peptide production in Malpighian tubules (MTs) of bacterial infected larvae. 10 AMP-encoding genes including TmTen-1, TmTen-2, TmTen-4, TmColA, TmColB, TmAtt-1a, TmAtt-1b, TmAtt-2, TmTLP-1, and TmTLP-2 are positively regulated by TmSpz5 upon bacterial infections in MTs and produced peptides along with rest of tubules content, eventually flow to hindgut.



Our molecular analyses deepen our current knowledge of T. molitor immunity. Notably, the role of MTs in the innate immunity of T. molitor against the Gram-negative bacteria, E. coli, supports the results of previous studies, showing that polymeric DAP-type PG can be sensed by PGRP-SA, and Toll pathway activation leads to TmSpz5 cleavage and AMP production. A comprehensive understanding of these proteolytic cascades could provide a basis for the development of diagnostic kits and novel clinical trials for innate immune system-related diseases.
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OEBPS/Images/table1.jpg
Primer name

Sequence (5'-3')

TmSpz5-gPCR-Fw
TmSpz5-qPCR-Rv
TmSpz5-T7-Fw
TmSpz5-T7-Rv
TmSpz5-cloning-Full ORF-Fw
TmSpz5-cloning-Full ORF-Rv
TmL27a-gPCR-Fw
TmlL27a-gPCR-Rv
dsEGFP-Fw

dsEGFP-Rv

TmTenecin-1_Fw
TmTenecin-1_Rv
TmTenecin-2_Fw
TmTenecin-2_Rv
TmTenecin-3_Fw
TmTenecin-3_Rv
TmTenecin-4_Fw
TmTenecin-4_Rv
TmDefensin_Fw
TmDefencin_Rv
TmDefencin-like_Fw
TmDefencin-like_Rv
TmColeoptericinA_Fw
TmColeoptericinA_Rv
TmColeoptericinB_Fw
TmColeoptericinB_Rv
TmAttacin-1a_Fw
TmAttacin-1a_Rv
TmAttacin-1b_Fw
TmAttacin-1b_Rv
TmAttacin-2_Fw
TmAttacin-2_Rv
TmCecropin-2_Fw
TmCecropin-2_Rv
TmThaumatin-like protein-1_Fw
TmThaumatin-like protein-1_Rv
TmThaumatin-like protein-2_Fw
TmThaumatin-like protein-2_Rv

CAGTACGATGCACGAGAGGA
AACTGGGAAACCAGAACACG
TAATACGACTCACTATAGGGTCAGTACGATGCACGAGAGGA
TAATACGACTCACTATAGGGTAACTGGGAAACCAGAACACG
CGCACATGTTGATGCATATTGAC
TCTTTGTCTAACCGTTCGAGATG
TCATCCTGAAGGCAAAGCTCCAGT
AGGTTGGTTAGGCAGGCACCTTTA
TAATACGACTCACTATAGGGTCGTAAACGGCCACAAGTTC
TAATACGACTCACTATAGGGTTGCTCAGGTAGTGTTGTCG
CAGCTGAAGAAATCGAACAAGG
CAGACCCTCTTTCCGTTACAGT
CAGCAAAACGGAGGATGGTC
CGTTGAAATCGTGATCTTGTCC
GATTTGCTTGATTCTGGTGGTC
CTGATGGCCTCCTAAATGTCC
GGACATTGAAGATCCAGGAAAG
CGGTGTTCCTTATGTAGAGCTG
AAATCGAACAAGGCCAACAC
GCAAATGCAGACCCTCTTTC
GCGATGCCTCATGAAGATGTAG
CCAATGCAAACACATTCGTC
GGACAGAATGGTGGATGGTC
CTCCAACATTCCAGGTAGGC
CAGCTGTTGCCCACAAGTG
CTCAACGTTGGTCCTGGTGT
GAAACGAAATGGAAGGTGGA
TGCTTCGGCAGACAATACAG
GAGCTGTGAATGCAGGACAA
CCCTCTGATGAAACCTCCAA
AACTGGGATATTCGCACGTC
CCCTCCGAAATGTCTGTTGT
TACTAGCAGCGCCAAAACCT
CTGGAACATTAGGCGGAGAA
CTCAAAGGACACGCAGGACT
ACTTTGAGCTTCTCGGGACA
CCGTCTGGCTAGGAGTTCTG
ACTCCTCCAGCTCCGTTACA

Underline indicates T7 promotor sequence.





