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Abstract

:

Simple Summary


Antimicrobial peptides (AMPs) are major components of the insect innate immune system and are involved in multiple antimicrobial and antiviral responses. The black soldier fly is an insect that has received substantial attention in recent years; however, few functional studies on its antimicrobial peptides have been performed. In this study, we specifically induced the expression of the antimicrobial peptide genes HiCG13551 and Hidiptericin-1 of the black soldier fly in the midgut of silkworms. Hidiptericin-1 expression in the midgut of silkworms helped to enhance its immune response and imparted superior resistance against Staphylococcus aureus infection, while HiCG13551 expression in silkworms tended to weaken the antimicrobial effect. In addition, we performed transcriptome sequencing of midgut tissues after S. aureus infection to explore the expression of immune-related genes in the overexpressed strain and found that endogenous antimicrobial peptides, reactive-oxygen-species-related genes, pattern recognition receptors, and immunomodulatory factors were up-regulated in the silkworms due to the transgenic overexpression of Hidiptericin-1. All these results indicated that the ov-AMP49 had better antibacterial activity.




Abstract


Antimicrobial peptides are molecules with strong antimicrobial activity and are of substantial interest for the immunization of insects. As a type of dipteran insect that can turn organic waste into animal feed, the black soldier fly (BSF) can “turn waste into treasure”. In this study, we investigated the antimicrobial activity of the antimicrobial peptide genes, HiCG13551 and Hidiptericin-1, of BSF in silkworms, by overexpressing the genes specifically in the midgut. Changes in the mRNA levels of the transgenic silkworms after infection with Staphylococcus aureus were evaluated using transcriptome sequencing. The results showed that Hidiptericin-1 had stronger antimicrobial activity than HiCG13551. KEGG enrichment analysis showed that the differentially expressed genes in the transgenic overexpressed Hidiptericin-1 silkworm lines from the D9L strain were mainly enriched in the starch and sucrose metabolism, pantothenate and CoA biosynthesis, drug metabolism (other enzymes), biotin metabolism, platinum drug resistance, galactose metabolism, and pancreatic secretion pathways. In addition, immune-related genes were up-regulated in this transgenic silkworm strain. Our study may provide new insights for future immune studies on insects.
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1. Introduction


The silkworm is an important model insect and is sensitive to multiple Gram-negative and Gram-positive bacteria and viruses [1]. Antimicrobial peptides (AMPs) have a range of antibacterial, antifungal, and antiviral activities [2]. It has been reported that the antimicrobial peptides in the silkworm mainly include Cecropins, Attacins, Lebocins, Gloverins, Moricins, and Defensins [3]. Furthermore, it has been reported that the AMP family of silkworm has better antimicrobial activity than those of Drosophila [3].



The black soldier fly (BSF), Hermetia illucens (L.) (Diptera: Stratiomyidae), can effectively exploit organic wastes that can be used as feed for many aquaculture species and poultry [4]. Since the larvae of BSF inhabit humid and dark environments that are likely to harbor bacteria, scholars have hypothesized that the species’ immune system is well developed and contains a variety of antimicrobial peptide genes [5]. In 2020, a number of genes involved in the immune system and digestive system were analyzed in a high-quality BSF genome. Among them, 50 antimicrobial peptide genes were observed, a total which is much larger than the number of antimicrobial peptide genes in the silkworm itself [5,6]. To verify that the expression of antimicrobial peptide genes from BSF in the silkworm can enhance its immunity, a transgenic silkworm strain combining three antimicrobial peptide genes from BSF was obtained and found to have enhanced resistance to both Gram-positive and Gram-negative bacteria [7].



The midgut of the silkworm plays important roles in aiding digestion and defending against pathogens. The midgut is the first line of defense against invading pathogens; epithelial cells produce reactive oxygen species (ROS) and AMPs to protect the host from pathogenic microorganisms and ensure homeostasis of the symbiotic microbial community and normal gut functioning [8,9,10]. In 2015, the P3P + 5 UI promoter was obtained via cloning in the midgut of the silkworm and proved to be a midgut-specific promoter [11].



In this study, we used the P3P + 5UI promoter to specifically overexpress antimicrobial peptide genes from BSF in the silkworm midgut in order to investigate immunity in silkworms. Transgenic silkworm strains with strong antibacterial activities were obtained. The common silkworm and transgenic silkworm were infected with Staphylococcus aureus and Escherichia coli, and it was found that S. aureus stimulated a stronger immune response. Transcriptome sequencing analyses were then performed on midgut tissues taken from the two strains of silkworm 12 hours after infection with S. aureus to investigate the effects of the exogenous genes HiCG13551 and Hidiptericin-1 on the immune system of the silkworms on the RNA level. KEGG enrichment analysis showed that the differentially expressed genes in the transgenic overexpressed HiCG13551 silkworm lines were mainly enriched in the pancreatic secretion, starch and sucrose metabolism, and protein digestion and absorption pathways, while the differentially expressed genes in the transgenic overexpressed Hidiptericin-1 silkworm lines were mainly enriched in the starch and sucrose metabolism, pantothenate and CoA biosynthesis, drug metabolism (other enzymes), biotin metabolism, platinum drug resistance, galactose metabolism, and pancreatic secretion pathways.




2. Materials and Methods


2.1. Black Soldier Fly and Silkworm Strains


Black soldier fly (Hermetia illucens) eggs were purchased from Nanjing Hei Shui Meng (Nanjing, Jiangsu, China). The rearing methods and environmental conditions followed those used in a previous study [12]. The D9L silkworm strain was provided by the State Key Laboratory of Silkworm Genome Biology (Southwest University, Chongqing, China).




2.2. RNA Extraction and cDNA Synthesis


Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and the concentration and purity of the RNA samples were verified using a spectrophotometer. First-strand cDNA was synthesized via reverse transcription of RNA using the M-MLV Reverse Transcriptase (M1701, Promega, Madison, WI, USA).




2.3. Cloning of the AMP Genes


Two BSF genes, HiOGS03714 and HiOGS01149, have been shown to contribute to the antimicrobial activity of silkworms. These two genes were annotated as CG13551 and diptericin, respectively [7]. Therefore, we subsequently renamed HiOGS03714 and HiOGS01149 as HiCG13551 and Hidiptericin-1, respectively.



HiCG13551 and Hidiptericin-1 were cloned via PCR using TransTaq® High Fidelity (HiFi) DNA Polymerase (TransGen Biotech, Beijing, China). The cycling parameters were as follows: 94 °C for 4 min, followed by 30 cycles of 94 °C for 40 s, 55 °C at the appropriate annealing temperature for 40 s, and 72 °C for 30 s. The PCR products were recycled and cloned into the PEASY-T5 ZERO vector. Two positive clones were selected for each gene and sequenced by the Beijing Genomics institution (BGI, Beijing, China).




2.4. Recombinant Vector Construction and Transgenic Silkworm Generation


HiCG13551 and Hidiptericin-1 ORF PCR products with a length of 258 bp and 546 bp, respectively, were cloned into the pEASY-T5 Zero vector. The constructed plasmids were named HiCG13551-T5 and Hidiptericin-1-T5, respectively. P3P + 5UI is a specific promoter with activity throughout the entire silkworm midgut [11]. To verify the regulatory roles of HiCG13551 and Hidiptericin-1 genes in midgut immunity in silkworms, we combined the HiCG13551-T5 and Hidiptericin-1-T5 plasmids with pSL1180-P3P + 5UI after digestion with NotI and BamHI and named the resulting vectors as pSL1180 [P3P + 5UI-HiCG13551-SV40] and pSL1180 [P3P + 5UI-Hidiptericin-1-SV40], respectively. Finally, the target gene was ligated with P3P + 5UI and inserted into the transgenic vector piggyBac [13]. The transgenic silkworm vectors, piggyBac-HiCG13551 [3 × P3-Red-SV40, P3P + 5UI-HiCG13551-SV40] and piggyBac-Hidiptericin-1 [3 × P3-Red-SV40, P3P + 5UI-Hidiptericin-1-SV40], were successfully constructed to obtain transgenic silkworms.



The constructed transgenic vector was mixed in equal proportions with pHA3PIG helper plasmids maintained in our laboratory, and freshly laid D9L embryos were injected using a microinjector. The injected silkworms were referred to as the G0 generation, and after normal hatching, they continued to feed the next generation, G1. When the eggs of the G1 generation had developed up to the seventh day, they were screened using a fluorescent microscope (OLYMPUS, Tokyo, Japan) under red wavelength excitation. Samples with red light reflected from the eyes of the silkworm embryos were regarded as positive individuals and were maintained until the moth stage and screened again to confirm the red light. The G1 generation moths were mated with wild-type moths, forming the G2 generation. On approximately day 7, the G2 generation embryos were screened for red fluorescence, and positive individuals were reared to the fifth larval instar for three days and dissected for subsequent experiments. The transgenic overexpressed HiCG13551 silkworm line was named ov-AMP14, and the transgenic overexpressed Hidiptericin-1 silkworm line was named ov-AMP49.




2.5. Quantitative Real-Time PCR (qRT-PCR) Analysis


In order to detect the expression of exogenous antimicrobial peptide genes in the transgenic strains, we conducted real-time fluorescence quantitative PCR to detect the relative expression levels of HiCG13551 and Hidiptericin-1. According to the manufacturer’s instructions (Total RNA Kit., OMEGA, Biel, Switzerland), we extracted total RNA from each tissue of the day 3 fifth-instar silkworms, including the midgut, head, epidermis, testis, ovary, fat body, silk gland, and Malpighian tubule. The experiment was performed in three biological and technical replicates. The transgenic silkworm was used as the experimental group, and the wild-type (WT) silkworm was used as the control group.



First-strand cDNA was synthesized via reverse transcription using the PrimesciptTM RT reagent kit with gDNA Eraser (TaKaRa, Shiga, Japan). The specific primers for qPCR are shown in Supplementary Table S1. The reference gene was BmSW (GenBank accession number: XM_028181535.1). The synthesized cDNA was diluted to 200 ng/μl as the qPCR template, and quantitative PCR was performed using NovoStart® SYBR qPCR Super Mix Plus (Novoprotein, Shanghai, China). The qPCR experiments were carried out using an ABI7500 Real-Time PCR machine (Applied Biosystems, Foster City, CA, USA). All procedures with instruments and kits were performed according to the manufacturers’ instructions and protocols. The PCR mixture (10.0 µL 2 × SYBR Green Realtime Master Mix, 0.8 µL qPCR forward primer, 0.8 µL qPCR reverse primer, 6.4 µL ultrapure H2O, and 2.0 µL Template) was added to the qPCR reaction plate. The cycling parameters were as follows: 95 °C for 30 s, followed by 30 cycles of 95 °C for 3 s and 60 °C for 30 s. The qPCR experiment was repeated more than three times. After the reaction, we exported the data from the ABI7500 Real-Time PCR machine and analyzed these data using the 2−ΔΔCT method.




2.6. Pathogenicity Assays of Transgenic Silkworms


Staphylococcus aureus and Escherichia coli were maintained in our laboratory. To verify that the antimicrobial peptide genes of BSF were able to enhance the immunity of silkworms after overexpression in the midgut, S. aureus and E. coli were injected into the newly molted fifth-instar larvae at a concentration of 1 × 108 CFU. The bacterial concentration was determined with reference to the reported methods [14]. Each time 15 silkworms were treated, three groups of replicates were set up. The wild-type (WT) was used as the control group, and silkworms injected with PBS were regarded as the non-infectious treatment group. The three treatment groups were used to calculate the daily mortality of the larvae, and the data were analyzed using GraphPad Prism 9.5.1. The experiment was repeated again to detect the expression of endogenous antimicrobial peptides and important immune factors in the silkworms after infection with pathogenic bacteria.




2.7. Transcriptome Sequencing Analysis


Twelve hours after the ov-AMP14 and ov-AMP49 strains were infected with S. aureus, their midgut tissues were sampled. The wild type was used as the control, and we took three replicates of the midgut tissue from three individuals as one sample, for a total of twelve samples. The samples were sequenced and analyzed by Majorbio (Shanghai, China) using the Illumina Novaseq 6000 platform.



The RNA-seq transcriptome library was prepared using a TruSeqTM RNA sample preparation Kit from Illumina (San Diego, CA, USA) with 1 μg of total RNA. The synthesized cDNA was subjected to end-repair, phosphorylation, and ‘A’ base addition according to the Illumina library construction protocol. The libraries were size-selected for cDNA target fragments of 300 bp on 2% Low Range Ultra Agarose, followed by PCR amplification using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantification with TBS380, the paired-end RNA-seq sequencing library was sequenced using an Illumina HiSeq xten/NovaSeq 6000 sequencer (2 × 150 bp read length).



The raw sequencing data were submitted to the NCBI SRA database with the following accession numbers: PRJNA839509 and PRJNA839217.




2.8. Differential Expression Analysis and Functional Enrichment


To identify the DEGs (differential expression genes) between two different samples, the expression level of each transcript was calculated according to the transcripts per million reads (TPM) method.



RSEM (http://deweylab.biostat.wisc.edu/rsem/ (accessed on 10 February 2022)) [15] was used to calculate the gene expression abundance. Differential expression analysis was performed using the DESeq2 [16]/DEGseq [17] Q value ≤ 0.05. DEGs with a |log2FC| > 1 and Q value ≤ 0.05(DESeq2)/Q value ≤ 0.001(DEGseq) were considered to be significantly differentially expressed genes. GO functional enrichment and KEGG pathway analyses were carried out using Goatools (https://github.com/tanghaibao/Goatools (accessed on 15 February 2022)) and KOBAS (http://kobas.cbi.pku.edu.cn/home.do (accessed on 26 February 2022)) [18].




2.9. Data Analysis


Data analysis and mapping were performed with the GraphPad Prism 9.5.1. All data are expressed as the mean ± standard deviation. An unpaired two-tailed Student’s t-test was used to determine statistical significance. p < 0.05 was considered to indicate a significant difference (* p < 0.05, ** p < 0.01, and *** p < 0.001).





3. Results


3.1. Construction of Recombinant Vectors and Acquisition of Transgenic Silkworms


The constructed transgenic vectors, piggyBac-HiCG13551 [3 × P3-Red-SV40, P3P + 5UI-HiCG13551-SV40], were injected into eggs in equal proportions with the helper plasmid (Figure 1A). Of the injected eggs, 180 (33.3%) hatched, and 146 (24.3%) survived to the adult stage. In addition, the transgenic vectors, piggyBac-Hidiptericin-1 [3 × P3-Red-SV40, P3P + 5UI-Hidiptericin-1-SV40], were injected into eggs, of which 198 (30.9%) hatched, and 164 (25.6%) survived to the adult stage (Table 1).



The G0 moths were self-crossed and produced the G1 generation. Positive individuals were screened using a fluorescent microscope, and those with red fluorescence in the eyes, compared to the control group, were considered positive (Figure 1B).



The two transgenic strains were named ov-AMP14 and ov-AMP49, respectively, and the expression of the HiCG13551 and Hidiptericin-1 genes was detected through fluorescence quantitative PCR. The results showed that both HiCG13551 and Hidiptericin-1 were significantly up-regulated in the midgut tissue of the transgenic silkworms compared to the control silkworms. To verify that the heterologous antimicrobial peptide genes in the ov-AMP14 and ov-AMP49 strains were expressed only in the midgut tissues, fluorescent quantitative PCR was performed on the midgut and all other tissues. The results showed that the HiCG13551 and Hidiptericin-1 genes were only expressed in high amounts in the midgut tissues (Figure 1C). The above results indicated that we successfully obtained transgenic silkworm lines with specific overexpression in midgut tissues.




3.2. Pathogenicity Assays of AMPs


To test the effect of the antimicrobial peptide genes of BSF on the regulation of silkworm immunity after expression in the midgut, we conducted pathogenicity assays using the newly molted fifth instar larvae. After feeding the injected silkworms with mulberry leaves, the survival rate of the silkworms was calculated daily until the silkworms started to spin silk. We found that the transgenic silkworm strains showed a different health status from the wild-type silkworm. Among them, the transgenic strain ov-AMP49 showed no significant differences in appearance after infection with these two pathogenic bacteria, while the ov-AMP14 showed strong individual differences. We found that the experimental and control silkworms exhibited loss of appetite, slow movement, thinness, and epidermal blackening in appearance after infection with S. aureus. These lesions were most pronounced in the transgenic strain ov-AMP14, followed by the wild-type silkworm, and least pronounced in the transgenic strain ov-AMP49. In contrast, these silkworms exhibited only a yellowing of the tail after E. coli infection (Figure 2A). These results indicated that S. aureus exhibited greater pathogenicity relative to E. coli and that the transgenic strain ov-AMP49 exhibited greater antimicrobial activity.



After infection with S. aureus, the wild-type silkworms started to die at 3 d.p.i, and the transgenic strains ov-AMP14 and ov-AMP49 started to die at 1 d.p.i and 5 d.p.i after injection, respectively. After infection with E. coli, the wild-type silkworms did not die until they began to spin silk, while both the transgenic strains ov-AMP14 and ov-AMP49 started to die at 2 d.p.i. In addition, we found that the final survival rates after infection with S. aureus and E. coli were 75% and 94.5% for the transgenic strain ov-AMP49 and 30.5% and 80.5% for ov-AMP14, respectively. It was shown that the transgenic strain ov-AMP49 displayed higher survival rates (Figure 2B). Notably, upon infection with both pathogenic bacteria, S. aureus showed stronger pathogenic effects on the transgenic strains. the log-rank test showed that there were significant differences in both the survival time prolongation and survival rate enhancement. These results are consistent with our observation of the ov-AMP49 phenotype after infection with the pathogenic bacteria (Figure 2A).



Those data indicated that S. aureus caused higher mortality among the silkworms than E. coli, and ov-AMP49 had stronger antibacterial activity.



It has been reported that there are six different types of antimicrobial peptides in silkworms. Among them, Cecropins have activity against both Gram-negative and Gram-positive bacteria, and Cecropin is an antimicrobial peptide with a stable structure [19]. Gloverins are found only in Lepidoptera [20], such as silkworms (B. mori) [21,22]. Therefore, in this study, the expressions of Cecropin and Gloverin in silkworms were selected as indicators to detect the endogenous antibacterial peptides in the silkworm after infection with S. aureus. The IMD (immune deficiency) signaling pathway is an important signal transduction pathway regulating the humoral immune response of silkworms [23]. Therefore, we also detected the expression of imd in this study.



The results showed that the expression of Gloverin, Cecropin and imd in the transgenic line ov-AMP14 was significantly lower than that in the WT in the uninfected group, while the expression of the Gloverin, Cecropin, and imd in ov-AMP49 was significantly higher than that in the WT (Figure 3A). In addition, after infection with S. aureus, Cecropin was up-regulated in ov-AMP14 and down-regulated in ov-AMP49, while Gloverin was down-regulated in ov-AMP14 and up-regulated in ov-AMP49. The expression of imd was not significantly different in between ov-AMP14 and ov-AMP49 (Figure 3B).



The results showed that the expression of Cecropin in the transgenic line ov-AMP14 was significantly down-regulated after 6 h of injection and up-regulated after 12–24 h, while Gloverin expression was significantly down-regulated after 3–12 h of injection and up-regulated after 24 h (Figure 3C). After treatment with S. aureus, the expression of Cecropin in the transgenic line ov-AMP49 was significantly down-regulated 12 h after injection, up-regulated after 24 h, and equal to wild-type after 48 h, whereas the expression of Gloverin was significantly down-regulated 6 h after injection, equal to wild-type after 12 h, and up-regulated after 24–48 h (Figure 3D). These results suggest that Hidiptericin-1 may enhance the expression of endogenous antimicrobial peptides and immune-related genes in silkworms, while HiCG13551 may weaken immunity and immune-related genes.




3.3. Transcriptome Sequencing and Identification of Differentially Expressed Genes


PCA analysis shows that the contribution of principal component 1 (PC1) to the sample in the two-dimensional plot was 36.56%, and the contribution of principal component 2 (PC2) to the sample in the two-dimensional plot was 20.40% (Figure 4). Therefore, these results indicate that the repeatability of the same silkworm strain is good, and an independent population was formed among the different strains.



To better understand the changes in gene expression between the wild-type and the transgenic silkworms after infection with S. aureus, we analyzed the differentially expressed genes (DEGs). A total of 288 DEGs were found in the midgut of the WT2 vs. ov-AMP49 group, of which 111 genes were down-regulated and 177 genes were up-regulated (Figure S1C). Transcriptome analyses of the WT1 vs. ov-AMP14 group identified 476 DEGs, of which 208 genes were up-regulated, and 268 genes were down-regulated. As shown in Figure S1, there were 213 genes specific to the WT2 vs. ov-AMP49 group and 401 genes specific to the WT1 vs. ov-AMP14 group, with 75 genes shared between the two groups. All DEGs of the experimental and control groups were clustered into one category.




3.4. Functional Classification by GO Enrichment Analysis


The results of the GO enrichment analyses showed that the functions of the DEGs were divided into three categories, including biological process (BP), cellular component (CC), and molecular function (MF) categories. As shown in Figure 5A, there were five, ten, and five GO terms with the most abundant DEGs in the BP (175 DEGs), CC (150 DEGs), and MF (180 DEGs) categories, respectively, in the WT1 vs. ov-AMP14 group. Moreover, the top GO terms in the MF category were “catalytic activity” (88 DEGs); in the CC category, they were “cell part” (41 DEGs) and “membrane part” (41 DEGs); and, in the BP category, they were “metabolic process” (80 DEGs).



As shown in Figure 5B, 98, 53, and 116 DEGs were distributed in the BP (eight GO terms), CC (eight GO terms), and MF (five GO terms) categories, respectively, in the WT2 vs. ov-AMP49 group. The top three GO terms in the BP, CC, and MF categories were similar to those found in the WT1 vs. ov-AMP14 group.




3.5. Functional Classification by KEGG Analysis


As shown in Figure 6A, 40 KEGG pathways were assigned and divided into six categories, including metabolism (50 DEGs), genetic information processing (35 DEGs), environmental information processing (12 DEGs), cell processes (29 DEGs), and organic systems (52 DEGs). The six categories contain 9, 4, 2, 4, 10, and 11 metabolic pathways, respectively. The KEGG enrichment analysis showed that the WT1 vs. ov-AMP14 group was mainly enriched in the pancreatic secretion, starch and sucrose metabolism, protein digestion and absorption, and other pathways (Figure 6C).



As shown in Figure 6B, 35 KEGG pathways were assigned and divided into six categories, among which, eight pathways belonged to metabolism (26 DEGs), two pathways were related to genetic information processing (three DEGs), three pathways were connected to environmental information processing (19 DEGs), four pathways associated with cellular processes (21 DEGs), and eight pathways were related to organic systems (32 DEGs). The KEGG enrichment analysis showed that the WT2 vs. ov-AMP49 group was mainly enriched in the starch and sucrose metabolism, pantothenate and CoA biosynthesis, drug metabolism (other enzymes), biotin metabolism, platinum drug resistance, galactose metabolism, pancreatic secretion, and other pathways (Figure 6D).




3.6. Analysis of the Expression of Immunity-Related Genes in the Silkworms Following Bacterial Infection


To identify the expression of intestinal immunity-related genes in the transgenic and wild-type silkworms under bacterial infection conditions, an expression heat map was drawn using TBtools (Figure 7). The results were as follows:



The expression of endogenous antimicrobial peptides was increased in ov-AMP49, among which DefensinA, Lebocin3, and Gloverin2 exhibited significant differences (log2(foldchange) > 1). In contrast, down-regulated expressions of Moricin2, Attacin2, and Gloverin2 were observed in ov-AMP14, while only DefensinA was significantly up-regulated (Figure 7B). In the transgenic strain, ov-AMP49, the pattern recognition receptors were all up-regulated. Among them, the expression of PGRP-S2 was highest in the transgenic line ov-AMP49 (Figure 7A) was significantly up-regulated after infection with S. aureus (Figure 7B). In addition, the immunomodulatory factors, Tollip, Dorsal, Jun-D, and Lap2, were up-regulated in ov-AMP49 and down-regulated in ov-AMP14. The reactive-oxygen-related genes NOS1-like, SOD1, and peroxidase were up-regulated in ov-AMP49 and down-regulated in ov-AMP14. NOS1 and SOD3 were up-regulated in the two transgenic strains, while only NOS1-like was significantly differentially expressed (Figure 7B).



The above results showed that the expression of most of the immune-related genes was up-regulated in ov-AMP49 and down-regulated in ov-AMP14. This suggests that we obtained a more immune transgenic line, namely, ov-AMP493.7. Validation of differentially expressed genes was performed using qRT-PCR.



To verify the accuracy of the RNA-seq data, seven differentially expressed genes in the WT1 vs. ov-AMP14 and WT2 vs. ov-AMP49 groups were randomly selected for qRT-PCR analysis (Figure 8). The significance analysis of the qPCR data is shown in Supplementary Figure S1E. The expression patterns of 10 genes obtained via qPCR are consistent with the RNA sequencing data. These results indicate that the transcriptome sequencing data are accurate.





4. Discussion


The antimicrobial peptides of insects are one of the components of the innate immune system. Antimicrobial peptides are usually comprised of 12–50 amino acids [20] and exhibit antibacterial, antifungal, and antiviral activities [24]. In recent years, an increasing number of antimicrobial peptide genes have been cloned in different insects. The immune system of BSF has important research value because of the complex living environment of BSF. It has been reported that there are more antimicrobial peptide genes in BSF than in other insects [25,26,27].



In this study, two transgenic silkworm strains were obtained by initiating the expression of the antimicrobial peptide genes of BSF in silkworms using a midgut-specific promoter. To investigate the antimicrobial activity of the transgenic silkworm strains, we selected S. aureus and E. coli for antibacterial experiments on silkworms. The results showed that the ov-AMP49 strain had good antibacterial activity against S. aureus, while the ov-AMP14 strain had lower antibacterial activity than WT (Figure 2).



In 2009, researchers found that the antimicrobial peptide gene, CG13551, had antibacterial activity against Gram-positive bacteria in Drosophila melanogaster [28]. In contrast, the antimicrobial peptide gene, BSF AMP HiCG13551, a homologue of Drosophila CG13551, had a broader effect, with good antimicrobial activity against E. coli and S. aureus [7]. Hidiptericin-1 belongs to the diptericin structural family of antimicrobial peptides. In 2001, a study found that diptericins had antibacterial activities against some Gram-negative bacteria, such as E. coli, while antibacterial activity against Gram-positive bacteria has not been reported [29]. In the present study, the antimicrobial effect of the ov-AMP49 strain against S. aureus was greater than that of the ov-AMP14 strain. This result may be due to the fact that the entry of exogenous genes reacted with the endogenous antimicrobial peptide of the silkworms, thus enhancing the resistance of the silkworms to Gram-positive bacteria. To further explore the roles of HiCG13551 and Hidiptericin-1 in immunization, the temporal expression profiles of the endogenous antimicrobial peptides Cecropin and Gloverin, after infection with S. aureus, were analyzed by qRT-PCR. It was reported that Gloverins are mainly active against E. coli [21], while Cecropins have a broad spectrum of activity against Gram-negative and Gram-positive bacteria [30]. Thus, after infection with S. aureus, the expression of Gloverin was up-regulated in ov-AMP49, which has a better antibacterial effect, and it was down-regulated in ov-AMP14. Notably, the Cecropin and Gloverin showed opposite trends in the two overexpression lines. It is hypothesized that the endogenous antimicrobial peptide Cecropin is required to respond to immune expression because ov-AMP14 is less antimicrobial, whereas ov-AMP49 is more antimicrobial at a level sufficient to respond to immune expression by the exogenous antimicrobial peptide Hidiptericin-1.



In this study, following the specific expression of antimicrobial peptide genes from BSF in the midgut of silkworms, the overexpression strains were infected with S. aureus. Wild-type silkworms served as the control group, and the midgut tissues were obtained and separated after 12 h for transcriptome sequencing. The transcriptome sequencing results revealed a total of 288 DEGs in the WT2 vs. ov-AMP49 group, while 476 DEGs were found in the WT1 vs. ov-AMP14 group (Figure S1). The WT1 vs. ov-AMP14 group was mainly enriched in the pancreatic secretion, starch and sucrose metabolism, protein digestion and absorption, and other pathways (Figure 6C). The WT2 vs. ov-AMP49 group was mainly enriched in the starch and sucrose metabolism, pantothenate and CoA biosynthesis, drug metabolism (other enzymes), biotin metabolism, platinum drug resistance, galactose metabolism, pancreatic secretion, and other pathways (Figure 6D). The functional annotation results of the differentially expressed genes showed that ov-AMP49 was more active in immune metabolic pathway responses and that the strain was more responsive to bacterial infection and external damage.



Six antimicrobial peptide genes are present in silkworms, which are produced by the Toll and IMD signaling pathways [31]. The innate immune system of insects includes a number of antimicrobial peptides, antiviral factors, and functions operating through a number of pattern recognition receptors (PRRs) [32], such as Toll-like receptors, the peptidoglycan recognition protein (PGRP) [33,34], and scavenger receptors (SRs) [35]. Such PRRs were all highly expressed in ov-AMP49, suggesting that Hidiptericin-1 enhances innate immunity in silkworms (Figure 7B). Among the PRRs, PGRP-S5 was significantly up-regulated in the transgenic line ov-AMP49 after infection with S. aureus (log2(foldchange) = 2.42) and had a high expression level (Figure 7). This may be related to the role of PGRP-S5 as a regulator in the humoral immune system of the silkworm [3]. In this study, the expression of scavenger receptors and antimicrobial peptides was up-regulated in ov-AMP49 after infection with S. aureus (Figure 7B). This finding is consistent with the conclusion that scavenger receptors can enhance bacterial clearance and promote AMP production in vivo [36].



It has been shown that the midgut immune system of silkworms is capable of producing reactive oxygen species and antimicrobial peptides and that AMPs and ROS play synergistic roles in defense against microorganisms [37]. By analyzing endogenous antimicrobial peptides in silkworms, we found that DefensinA (log2(foldchange) = 2.72), Lebocin3 (log2(foldchange) = 1.75), and Gloverin2 (log2(foldchange) = 2.59) were significantly up-regulated in the transgenic line ov-AMP49 (Figure 7B). Gloverin is found only in Lepidoptera, such as B. mori [21]. Lebocin3 was reported to have a synergistic effect on Cecropin D, and their combination greatly increased the antimicrobial activity of Cecropin D in the silkworm [31]. The BmDefensinA of the silkworm is thought to be associated with insect Defensins [38]. Therefore, we suggest that, in the transgenic line ov-AMP49, the Hidiptericin-1 gene may resist S. aureus infection by promoting the expression of DefensinA, Lebocin3, and Gloverin2.



Although the antibacterial peptides of the silkworm have prevented infection with some pathogenic bacteria, we are still committed to introducing exogenous genes into silkworm cells in order to obtain better antibacterial effects. In this way, the immunity of silkworms could be improved. However, there are some limitations of the present study. The silkworm strain used in this study was the experimental line D9L, and, in order to better apply the resistant silkworm strain in production, we would need to use the production silkworm strain for the experiments. In addition, we only used E. coli and S. aureus in the pathogenic bacteria infestation experiments, and the pathogenic bacteria species were not rich or diverse enough. In order to better apply the resistant silkworm strains in this study, we should also test the transgenic silkworm for its cocoon and silk qualities and other economic benefits. In this study, the effect of the overexpression of exogenous antimicrobial peptides on the immune system of silkworms was investigated by specifically expressing the antimicrobial peptide genes of BSF in the silkworm midgut. We also identified some pathways that may be related to the immune response of silkworms through transcriptome sequencing analysis in the hope of elucidating the mechanism of action of the antimicrobial peptides of BSF on the endogenous immune response in silkworms. In the future, we could screen other important antimicrobial peptide genes in BSF for overexpression in the silkworm. Notably, we could overexpress not only antimicrobial peptide genes, but also other immune pathway factors of BSF in silkworm to obtain more antimicrobial strains of silkworm. This study provides new insights for the study of silkworm disease resistance in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/insects14050443/s1, Figure S1: Cloning of target genes and expression levels in DEGs; Table S1: Primers used in this study.





Author Contributions


Conceptualization, X.D. and X.Z.; methodology, X.D. and X.Z.; software, J.D.; validation, X.D.; formal analysis, X.D. and L.L.; investigation, X.D. and L.L.; resources, X.D.; data curation, X.D. and J.D.; writing—original draft preparation, X.D.; writing—review and editing, L.L., J.D. and X.Z.; visualization, X.D. and L.L.; supervision, X.Z.; project administration, X.Z.; funding acquisition, X.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Chongqing Talent Program, grant number cstc2021ycjhbgzxm0049, and a grant from the Fundamental Research Funds for the Central Universities (XDJK2019B044).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jiang, L.; Xia, Q. The progress and future of enhancing antiviral capacity by transgenic technology in the silkworm Bombyx mori. Insect Biochem. Mol. Biol. 2014, 48, 1–7. [Google Scholar] [CrossRef]

	



Lavine, M.D.; Strand, M.R. Insect hemocytes and their role in immunity. Insect Biochem. Mol. Biol. 2002, 32, 1295–1309. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.; Zhou, L.; Chen, F.; Peng, Y.; Lu, Z. Peptidoglycan recognition protein-S5 functions as a negative regulator of the antimicrobial peptide pathway in the silkworm, Bombyx mori. Dev. Comp. Immunol. 2016, 61, 126–135. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.T.; Tomberlin, J.K.; Vanlaerhoven, S. Ability of Black Soldier Fly (Diptera: Stratiomyidae) Larvae to Recycle Food Waste. Environ. Entomol. 2015, 44, 406–410. [Google Scholar] [CrossRef]

	



Zhan, S.; Fang, G.; Cai, M.; Kou, Z.; Xu, J.; Cao, Y.; Bai, L.; Zhang, Y.; Jiang, Y.; Luo, X.; et al. Genomic landscape and genetic manipulation of the black soldier fly Hermetia illucens, a natural waste recycler. Cell Res. 2020, 30, 50–60. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; Li, X.; Wang, Z. APD3: The antimicrobial peptide database as a tool for research and education. Nucleic Acids Res. 2016, 44, D1087–D1093. [Google Scholar] [CrossRef]

	



Xu, J.; Luo, X.; Fang, G.; Zhan, S.; Wu, J.; Wang, D.; Huang, Y. Transgenic expression of antimicrobial peptides from black soldier fly enhance resistance against entomopathogenic bacteria in the silkworm, Bombyx mori. Insect Biochem. Mol. Biol. 2020, 127, 103487. [Google Scholar] [CrossRef]

	



Bae, Y.S.; Choi, M.K.; Lee, W.J. Dual oxidase in mucosal immunity and host-microbe homeostasis. Trends Immunol. 2010, 31, 278–287. [Google Scholar] [CrossRef]

	



Ha, E.M.; Lee, K.A.; Seo, Y.Y.; Kim, S.H.; Lim, J.H.; Oh, B.H.; Kim, J.; Lee, W.J. Coordination of multiple dual oxidase-regulatory pathways in responses to commensal and infectious microbes in drosophila gut. Nat. Immunol. 2009, 10, 949–957. [Google Scholar] [CrossRef]

	



Ryu, J.H.; Ha, E.M.; Lee, W.J. Innate immunity and gut-microbe mutualism in Drosophila. Dev. Comp. Immunol. 2010, 34, 369–376. [Google Scholar] [CrossRef]

	



Jiang, L.; Huang, C.; Sun, Q.; Guo, H.; Cheng, T.; Peng, Z.; Dang, Y.; Liu, W.; Xu, G.; Xia, Q. The 5′-UTR intron of the midgut-specific BmAPN4 gene affects the level and location of expression in transgenic silkworms. Insect Biochem. Mol. Biol. 2015, 63, 1–6. [Google Scholar] [CrossRef]

	



Zhang, J.; Huang, L.; He, J.; Tomberlin, J.K.; Li, J.; Lei, C.; Sun, M.; Liu, Z.; Yu, Z. An artificial light source influences mating and oviposition of black soldier flies, Hermetia illucens. J. Insect Sci. 2010, 10, 202. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, T.; Thibert, C.; Royer, C.; Kanda, T.; Abraham, E.; Kamba, M.; Komoto, N.; Thomas, J.L.; Mauchamp, B.; Chavancy, G.; et al. Germline transformation of the silkworm Bombyx mori L. using a piggyBac transposon-derived vector. Nat. Biotechnol. 2000, 18, 81–84. [Google Scholar] [CrossRef]

	



Herigstad, B.; Hamilton, M.; Heersink, J. How to optimize the drop plate method for enumerating bacteria. J. Microbiol. Methods 2001, 44, 121–129. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinform. 2011, 12, 323. [Google Scholar] [CrossRef]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Feng, Z.; Wang, X.; Wang, X.; Zhang, X. DEGseq: An R package for identifying differentially expressed genes from RNA-seq data. Bioinformatics 2010, 26, 136–138. [Google Scholar] [CrossRef]

	



Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L. KOBAS 2.0: A web server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [Google Scholar] [CrossRef]

	



Fu, H.; Björstad, A.; Dahlgren, C.; Bylund, J. A bactericidal cecropin-A peptide with a stabilized alpha-helical structure possess an increased killing capacity but no proinflammatory activity. Inflammation 2004, 28, 337–343. [Google Scholar] [CrossRef] [PubMed]

	



Yi, H.Y.; Chowdhury, M.; Huang, Y.D.; Yu, X.Q. Insect antimicrobial peptides and their applications. Appl. Microbiol. Biotechnol. 2014, 98, 5807–5822. [Google Scholar] [CrossRef]

	



Kawaoka, S.; Katsuma, S.; Daimon, T.; Isono, R.; Omuro, N.; Mita, K.; Shimada, T. Functional analysis of four Gloverin-like genes in the silkworm, Bombyx mori. Arch. Insect Biochem. Physiol. 2008, 67, 87–96. [Google Scholar] [CrossRef] [PubMed]

	



Mrinal, N.; Nagaraju, J. Intron loss is associated with gain of function in the evolution of the gloverin family of antibacterial genes in Bombyx mori. J. Biol. Chem. 2008, 283, 23376–23387. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, J.; Ren, M.; Ma, S.; Liu, X.; Chen, K.; Xia, H. Peptidoglycan recognition protein-S1 acts as a receptor to activate AMP expression through the IMD pathway in the silkworm Bombyx mori. Dev. Comp. Immunol. 2021, 115, 103903. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.; Patočka, J.; Kuča, K. Insect Antimicrobial Peptides, a Mini Review. Toxins 2018, 10, 461. [Google Scholar] [CrossRef] [PubMed]

	



Elhag, O.; Zhou, D.; Song, Q.; Soomro, A.A.; Cai, M.; Zheng, L.; Yu, Z.; Zhang, J. Screening, Expression, Purification and Functional Characterization of Novel Antimicrobial Peptide Genes from Hermetia illucens (L.). PLoS ONE 2017, 12, e0169582. [Google Scholar] [CrossRef]

	



Park, S.I.; Kim, J.W.; Yoe, S.M. Purification and characterization of a novel antibacterial peptide from black soldier fly (Hermetia illucens) larvae. Dev. Comp. Immunol. 2015, 52, 98–106. [Google Scholar] [CrossRef]

	



Vogel, H.; Müller, A.; Heckel, D.G.; Gutzeit, H.; Vilcinskas, A. Nutritional immunology: Diversification and diet-dependent expression of antimicrobial peptides in the black soldier fly Hermetia illucens. Dev. Comp. Immunol. 2018, 78, 141–148. [Google Scholar] [CrossRef]

	



Feng, Z.; Liu, H.; Lang, J.; Li, Y.; Shu, M.; Chen, Z. SK66-his, a novel glycine-rich peptide derived from Drosophila with antibacterial activity. Biosci. Biotechnol. Biochem. 2009, 73, 769–771. [Google Scholar] [CrossRef]

	



Cudic, M.; Bulet, P.; Hoffmann, R.; Craik, D.J.; Otvos, L., Jr. Chemical synthesis, antibacterial activity and conformation of diptericin, an 82-mer peptide originally isolated from insects. Eur. J. Biochem. 1999, 266, 549–558. [Google Scholar] [CrossRef]

	



Cavallarin, L.; Andreu, D.; San Segundo, B. Cecropin A-derived peptides are potent inhibitors of fungal plant pathogens. Mol. Plant-Microbe Interact. 1998, 11, 218–227. [Google Scholar] [CrossRef]

	



Nesa, J.; Sadat, A.; Buccini, D.F.; Kati, A.; Mandal, A.K.; Franco, O.L. Antimicrobial peptides from Bombyx mori: A splendid immune defense response in silkworms. RSC Adv. 2019, 10, 512–523. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Antony, V.; Wang, Y.; Wu, G.; Liang, G. Pattern recognition receptor-mediated inflammation in diabetic vascular complications. Med. Res. Rev. 2020, 40, 2466–2484. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.N.; Li, C.T.; Ren, F.F.; Ye, M.Q.; Deng, X.J.; Yi, H.Y.; Cao, Y.; Yang, W.Y. Functional characterization of short-type peptidoglycan recognition proteins (PGRPs) from silkworm Bombyx mori in innate immunity. Dev. Comp. Immunol. 2019, 95, 59–67. [Google Scholar] [CrossRef] [PubMed]

	



Pal, S.; Wu, L.P. Pattern recognition receptors in the fly: Lessons we can learn from the Drosophila melanogaster immune system. Fly 2009, 3, 121–129. [Google Scholar] [CrossRef]

	



Dong, Z.P.; Chai, C.L.; Dai, F.Y.; Pan, M.H.; Huang, P.; Wang, W.; Liao, P.F.; Liu, M.; Lu, C. Expression pattern and tissue localization of the class B scavenger receptor BmSCRBQ4 in Bombyx mori. Insect Sci. 2015, 22, 739–747. [Google Scholar] [CrossRef]

	



Zhang, K.; Hu, X.; Zhao, Y.; Pan, G.; Li, C.; Ji, H.; Li, C.; Yang, L.; Abbas, M.N.; Cui, H. Scavenger receptor B8 improves survivability by mediating innate immunity in silkworm, Bombyx mori. Dev. Comp. Immunol. 2021, 116, 103917. [Google Scholar] [CrossRef]

	



Hu, X.; Yang, R.; Zhang, X.; Chen, L.; Xiang, X.; Gong, C.; Wu, X. Molecular cloning and functional characterization of the dual oxidase (BmDuox) gene from the silkworm Bombyx mori. PLoS ONE 2013, 8, e70118. [Google Scholar] [CrossRef]

	



Wen, H.; Lan, X.; Cheng, T.; He, N.; Shiomi, K.; Kajiura, Z.; Zhou, Z.; Xia, Q.; Xiang, Z.; Nakagaki, M. Sequence structure and expression pattern of a novel anionic defensin-like gene from silkworm (Bombyx mori). Mol. Biol. Rep. 2009, 36, 711–716. [Google Scholar] [CrossRef]








[image: Insects 14 00443 g001 550] 





Figure 1. Transgenic silkworm construction. (A) Schematic diagram of the construction of overexpression vectors for two AMP genes. DsRed: reporter marker. SV40: polyadenylation signal. P3P + 5UI: midgut-specific promoter. (B) Fluorescent images of transgenic silkworms in the embryonic and moth stages. (C) The left panel shows the relative mRNA levels of HiCG13551 and Hidiptericin-1 in the midgut in overexpressing individuals and wild-type individuals, which were investigated via qRT-PCR. The graph on the right represents the relative mRNA levels of HiCG13551 and Hidiptericin-1 in the midgut and other tissues from the overexpression silkworms. All data are shown as the mean ± s.e.m. of three independent experiments. The expression of antimicrobial peptide genes in the midgut of the wild-type silkworms was normalized. p-values were determined using Student’s t test. *** p < 0.001. Other tissues represent mixing of the head, epidermis, testis, ovary, fat body, silk gland, and Malpighian tubule. ov-AMP14-1 and ov-AMP14-2 represent two transgenic lines that overexpress the HiCG13551 gene; ov-AMP49-1 and ov-AMP49-2 represent two transgenic lines that overexpress the Hidiptericin-1 gene. 
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Figure 2. Pathogenicity assays of the AMP-overexpressing transgenic silkworms. (A) Phenotypic observations of the wild-type and overexpression strains infected with S. aureus. (B) Survival statistics after injection of S. aureus into the wild-type and overexpressing silkworms. p-values were determined using the log-rank test. ns means not significant; * p < 0.05, ** p < 0.01. 
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Figure 3. qPCR analysis of the expression of endogenous antimicrobial peptides and immune-related genes in transgenic silkworms. (A,B) Relative expression of immune-related genes in the uninfected and S. aureus-infected groups. The relative expression of Cecropin in the midgut of the wild-type silkworms was normalized. (C,D) Expression trends of endogenous antimicrobial peptides in two transgenic silkworms after 3, 6, 12, and 24 h of infection with S. aureus. The relative expression of Cecropin or Gloverin was normalized to that of the wild-type silkworms in the uninfected group. Black bars represent WT, red bars represent ov-AMP49, and blue bars represent ov-AMP14. All data are shown as the mean ± s.e.m. of three independent experiments. p-values were determined using Student’s t-test. * p < 0.05, ** p <0.01, *** p < 0.001. ns means no significant difference. 
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Figure 4. Principal component analysis (PCA) of all RNA-Seq samples. The samples of ov-AMP49 are represented by the blue triangles, and the samples of the ov-AMP14 are represented by the red dots. The samples of WT1 are represented by the green diamond pattern, and the samples of WT2 are represented by the gray square. The distance between each sample point represents the distance of the sample. Closer distances indicate a higher level of similarity between samples. 
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Figure 5. Go enrichment analysis of DEGs: (A) Gene ontology annotation of DEGs in WT1 vs. ov-AMP14 samples. (B) Gene ontology annotation of DEGs in WT2 vs. ov-AMP49 samples. 
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Figure 6. KEGG classification analysis of DEGs. (A) KEGG classification analysis of DEGs in WT1 vs. ov-AMP14 samples. (B) KEGG classification analysis of DEGs in WT2 vs. ov-AMP49 samples. (C) KEGG enrichment analysis of DEGs in WT1 vs. ov-AMP14 samples. (D) KEGG enrichment analysis of DEGs in WT2 vs. ov-AMP49 samples. 
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Figure 7. Expression analysis of immune-related genes in the midgut of silkworms. (A) Heat map of expression of immune-related genes in silkworms. The FPKM values of immune-related genes were taken as logarithmic values with a base of 2 to plot the expression heat map. (B) Expression trends of immune-related genes in silkworms. In the figure, log2FC1 represents the log2(FPKM-ov-AMP14/FPKM-WT1) value; log2FC2 represents the log2(FPKM-ov-AMP49/FPKM-WT2) value. This indicates the trend of expression of these immune-related genes in the two groups of samples. 
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Figure 8. Verification of RNA-Seq results by qPCR. (A) qRT-PCR validation of partial genes in WT1 vs. ov-AMP14 samples. (B) qPCR validation of partial genes in WT2 vs. ov-AMP49 samples. Black bars represent RNA-seq data difference ploidy. The log2(FPKM-ov-AMPs/FPKM-WT) values were obtained by RNA-seq. Grey bars represent the qPCR difference ploidy. Three biological replicates were used to ensure statistical credibility. Student’s t-tests were used to detect differences between the transgenic and wild-type silkworms. 
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Table 1. Data on the numbers of embryos injected and larvae hatched.






Table 1. Data on the numbers of embryos injected and larvae hatched.





	Plasmid
	Injection Embryos
	Hatch
	G0 Adults
	Position G1





	pbac-HiCG13551
	600
	180 (33.3%)
	146 (24.3%)
	15 (10.3%)



	pbac-Hidiptericin-1
	640
	198 (30.9%)
	164 (25.6%)
	30 (18.3%)
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
S.aureus E.coli PBS
= 1004 e 0v-AMP14 PBS
E ] _» 0v-AMPI14 S.aureus
ov-AMP14 E ;[ ov-AMP14 E.coli

= : :E WT S.aureus
o 507 ;
o 4 WT E.coli
& o WTPBS

c 1 1 I 1

0 2 4 6 8
ov-AMP49 Days post infection (D.P.I.)
= 100 -~ 0v-AMP49 PBS
E . | ‘ -= 0ov-AMP49 S.aureus
= 3 -+ 0v-AMP49 E.coli
w2 L v
2 ] ¢ {«- ~+ WTPBS
g 507 ~ WT E.coli
WT 5

& - WT S.aureus

0 1 1 1 1

0 2 4 6 8

Days post infection (D.P.1.)





nav.xhtml


  insects-14-00443


  
    		
      insects-14-00443
    


  




  





media/file16.png
Log, Fold Change

m RNA-Seq
qPCR

%]
°D 10-
=
[~
=
O 5d
=
=
~ -+l I - -
on
)
— I
-5-
10 T T T I 1
A o) "a A \
,\b "-b é\ @\b @;» G'S’Q @:»
kS ©

m RNA-Seq
qPCR





media/file2.png
@m sv40 M sv40 W dsred M 3xp3 B PR

Flag
‘I!m—‘ SV40 B SV40 M dsRed B 3xP3 B PR

Flag

WT ov-AMP14 ov-AMP49

500um

) 2
Zinm Zmm 2mm

Hokk
= 150,000 < 10,000~ |
3 2z 8,000~ *kk
- > = > 6,000 | W Other tissues
< 2 100,000 < 80 4,000- )
Z = 100, = _ B Midgut
& = = 2,000]
= _c; = ; 80 T
S S 50000~ >SS 601 g ~
= = B 40-
g ==
nq:.a é 20
0 1
> g
& \u
K\ K\
Nag ot
& &
Rk
-~ 15,000 e 10,000
3 %skosk o 8.000- B Other tissues
2~ =2 = 6,000 ek Mid
<% B i Il Midgut
7 = 10,000 Z = 4000
e 2 S 20007 [
g © £ < 80 T+
o T koK B
= 2 5000~ = 2 607
- & | ; E/ 404 NS
g g 204 [ ]
0- 0 T
> ¢ >
L o 9 < N N
& 8 & $
S B
Q S N N





media/file5.jpg





media/file3.jpg
P

o

LRm—

[—

e

[






media/file1.jpg





media/file7.jpg
PC2(20.40%)

e
10

PCA analysis

ovAMPIS
. Wl
ov-AMPO
. . w2
-
.
- .
"
ETE 3 6 3 i & § 110

PCI(36.56%)





media/file10.png
GO annotations analysis (WT1 vs ov-AMP14)

membrane-enclosed lumen ]
virion part

supramolecular complex -
extracellular region -
protein-containing complex -

organelle part -

E cell part
i membrane part
cellular component organization or biogenesis-
8 biological regulation -
localization 4

cellular process
metabolic process
molecular transducer activity

transporter activity -
structural molecule activity -
bindi

ﬂ

catalytic activity

=
=
(=]
=

30 40 50 60 70 80 90
Number of genes

@ molecular_functior
M biological_process
M cellular_componer

cellular com

GO term

protein-containing complex

organelle part

extracellular region part

organelle

extracellular region

membrane

cell part

membrane part

ponent organization or biogenesis
biological regulation

response to stimulus+
localization
cellular process

GO annotations analysis (WT2 vs ov-AMP49) gmolecular functior
M biological _process
B cellular_componen

hol:
metabolic process
1 1 1 Ca)

transporter activity -
binding

catalytic activity

(=]

5 10 15 20 25 30 35 40 45 50 55 60 65 70

Number of genes





media/file12.png
W Genetic Information Processing

M Metabolism

Histogram of KEGG (WT2 vs ov-AMP49)

W Cellular Processes

W Organismal Systems
M Human Diseases

M Metabolism

Histogram of KEGG (WT1 vs ov-AMP14)

S ® © T @

$9ua3 Jo JaquINN

[ Cellular Processes

W Organismal Systems
W Human Discases

59ud3 Jo JoquinN

KEGG enrichment analysis (WT2 vs ov-AMP49)

KEGG enrichment analysis (WT1 vs ov-AMP14)

Fo 28 2
R m2479
El | Z.000
e~
=3
Lo
<
s 3
L
<
-~
s
L
® <
[} ~ _
® o ° rs
o 0°°°%0 *°%°4 oo°
re
TILELEELEES S TR
SEEEcEzdz iRviiil
£EE22255%2 F§E5¢
FoEtgso<8E552752283:
BBEwEREZEEEBES223%
Am,mmmm|nm gy o
-, B & - = 7]
] 2 £ 35 2. = > ] L = %
s E@M 588 £ B e £23F
5= S8%7 £ g 1=} =
s 8 mG S e 28258 23
£88 BE tE @
g = B = 5
= k =
A% ¥ 8 £°%
- 0
=] - 2
[-M N ¢ o
5 :
£
:
Aemyred DOTN
FLta= w
wooooo m ~ o~
.M u48||
PI Z-000
<
<
L
% .
L
=3
&
(s
Loy
<
. - .
wy
L] ™ s
L]
o .o =
e o . ©
.. [ ] @ Y
L ] IR
=1
s
—d
wy
<
FEELCEES b EEEEELEERES
EEs82SEEEEEEE e EEE
m.w.m,wmm;mw.m.hummm
ol £ E E ] s =2 &8
2EZ 528 688 2 aE8 28
s Bz SE8ERSELEES s EBRELE
= m.._h.,lbblr ==325 .5 9 -
g dSpRgTE N eg 2
cEBSecEc288: 88 5 =
22855885988, 7 E
aasE® ISM. e = e
e38<2832 228 22 E
g i g9 28 d 3 2F
53 8§
3! g 2 ] e
=
” 2R B
3
z

Kemyred DOTY

Rich Factor

Rich Factor





media/file9.jpg





media/file0.png





media/file14.png
[ N N N PGRP-S2 14.00
N I HGRPI 12.00
| PGRP-SI

- Serpin-5 10.00
I bGRP2 8.00

- Il 1ebocin3 o)

thiol_peroxiredoxin 4.00
/T Gloverin2 200
— I I I B \OS 1-like '
I N N B SCRB4 Lt
I I N B SCRB12
I N N Attacin2
A I N N Dorsal

caspase-4
Jun-D
peroxiredoxin
SOD3

bGRP3
Morlcm2

0.38
0.46
0.36
0.50
0.16
0.24

N
-
\OQO ¥

0.06

_ thiol peroxiredoxin
bGRP2

0.26

0.69
0.37
0.58
0.56

Vv
QCJ

\0%“

DefensinA
PGRP-S5
Lebocin3
NOS1-like
Gloverin2
Serpin-5
bGRP3
SOD1
Dorsal
SCRB3
PGRP-S2
SCRB4
Attacin2
Tollip
Jun-D
lap2
peroxiredoxin
Moricin2
Cactus
caspase-4
NOSI

PGRP-S1
SOD3
bGRP1
SCRB12

3.00
2.50
2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50





media/file8.png
PC2(20.40%)

PCA analysis

-2 0 2
PC1(36.56%)

ov-AMP14
WTI
ov-AMP49
WT2





media/file11.jpg
i I
y 7 7 TRy
ia e

e






media/file6.png
C

Relative mRNA level

Relative mRNA level

Relative mRNA level

Relative mRNA level

(Flod change)
()
(=]

kR

cecropin gloverin imd

151

-
=
|

(Flod change)
T

LRk

cecropin gloverin imd

500

400

(Flod change)
z 2 g
—] (—] (—)
1 ] ]

Gloverin

Ak ok

<

3000

2000

(Flod change)

1000 -

0 3 6 12

Infection time(hr)

Gloverin

ok ok
kK K
0 6 12 24

Infection time(hr)

24

Relative mRNA level Relative mRNA level

Relative mRNA level

Relative mRNA level
(Flod change)

140

1
1

(Flod change)

(Flod change)

(Flod change)

20
00—

o0
)
i
I

20 T

b
hh <o W
| I | |

—
|

R

Hok ok

cecropin gloverin imd

o)
n
|

o)
=
|

[a—
wn
|

ook g

1]

cecropin gloverin imd

400

W

=

—)
|

o

=

=]
|

100-

Cecropin

<) 6 12

Infection time(hr)

Cecropin

ns

Hoseock

ok

6 12 24

Infection time(hr)

mm WT
me ov-AMP14
Bl ov-AMP49

24

ns

48





media/file15.jpg
-rase
=S Sk

By

Loyt o

LogyFold Changs

ST S





