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Abstract

:

Simple Summary


The CRISPR/Cas9 gene editing and biochemical analysis show that knocking out the Sf-FGFR or Sf-SR-C gene will not change the sensitivity of Spodoptera frugiperda to Vip3Aa.




Abstract


Vip3Aa is a novel insecticidal protein secreted by Bacillus thuringiensis (Bt) during its vegetative growth stages. It has high insecticidal activity against lepidopteran pests such as Spodoptera frugiperda, and has no cross-resistance with Cry insecticidal proteins. As a new type of insecticide, it plays an important role in controlling agricultural pests. However, the insecticidal mechanism of the Vip3Aa toxin, especially its definite receptors, have not been fully revealed. In this study, the previously reported Vip3Aa receptor genes Sf-FGFR and Sf-SR-C were knocked out separately using the CRISPR/Cas9 system. Bioassay results showed that the sensitivity of these two knockout strains to Vip3Aa were not significantly changed compared to that of the normal strain. The current results are not consistent with the previously reports that Sf-SR-C and Sf-FGFR were the receptors of Vip3Aa in vitro. This suggests that the Sf-SR-C and Sf-FGFR genes we tested may not be critical in the mode of action of Vip3Aa in vivo in Spodoptera frugiperda.
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1. Introduction


The fall armyworm, Spodoptera frugiperda, is one of the most devastating agricultural pests in the world and has more than 80 kinds of hosts, including maize, rice, sorghum, and cotton [1,2]. Though being native to tropical and subtropical America [3], S. frugiperda was successively discovered in Africa countries and Asia countries such as India, Thailand, and Myanmar, and caused serious economic losses [4,5,6,7]. At the end of 2018, S. frugiperda invaded Yunnan Province of China [8], and then spread rapidly to others provinces [9,10,11]. The rapid invasion of S. frugiperda seriously threatens global agricultural production security [12]. It is imperative to develop effective strategies for the management of S. frugiperda.



Since 1996, the use of transgenic crops expressing Bacillus thuringiensis (Bt) proteins has become an effective management method to control the devastating pest fall armyworm in many regions [13]. However, with the spreading cultivation of Bt crops, S. frugiperda has been reported to resist Cry proteins in some regions such as Puerto Rico, Florida, North Carolina, Brazil, and Argentina [14,15,16,17]. Vegetative insecticidal proteins (Vip) are produced by Bt and secreted during its vegetative stages. Although the activation mechanism of Vip3Aa have been elucidated, its insecticidal mechanisms is still unclear [18]. Moreover, the Vip3A protein is considered a novel insecticidal toxin as it does not share sequence or structural homology with known insecticidal crystal proteins [19]. As a novel toxin, the Vip3A protein shows higher insecticidal activity against a variety of lepidopteran pests such as S. frugiperda and have no cross-resistance to Cry proteins [20,21,22,23,24]. At present, Vip3A has been introduced into transgenic corn and cotton to expand the insecticidal spectrum and delay pest resistance to Cry toxins [25]. To data, S. frugiperda has not been observed to be resistant to Bt crops expressing the Vip3Aa protein in the field, but resistance alleles to Vip3A have been detected in the United States and Brazil [26,27]. Before pests develop widespread resistance to Vip3A, proactive implementation of resistance management strategies is particularly important to the sustainable use of Vip3A [28,29]. Therefore, analysis and confirmation of the unclear insecticidal mechanism and receptor of the Vip3A toxin will provide important information for resistance management strategies.



As for the receptor protein of Vip3A, analysis based on HPLC-MS/MS has shown that 70 proteins could bind to Vip3Aa in S. frugiperda (Sf9) cells, including scavenger receptor class C like protein (Sf-SR-C), fibroblast growth factor receptor-like protein (Sf-FGFR), and ribosomal S2 protein. Further analysis confirmed that the Sf-SR-C from Sf9 cells was a receptor protein of Vip3Aa through in vitro and in vivo biological experiments, and Sf-SR-C-mediated endocytosis of Vip3Aa was related to its insecticidal activity [30]. In addition, the study also found that Vip3Aa and Sf-FGFR can be internalized into Sf9 cells together, and downregulation of the Sf-FGFR gene can reduce the cytotoxicity of Vip3Aa. Therefore, Sf-FGFR from the membrane of Sf9 cells was identified as another receptor protein for Vip3Aa [31]. However, further verification is needed whether Sf-SR-C and Sf-FGFR are the receptor proteins of Vip3Aa in S. frugiperda.



In this study, we established knockout of the Sf-SR-C and Sf-FGFR genes of homozygous strains using the CRISPR/Cas9 gene-editing system, to investigate the role of the two genes in the insecticidal mechanism of Vip3Aa. Our data provide useful information for studying the insecticidal mechanism of Vip3Aa.




2. Materials and Methods


2.1. Insect Strains and Rearing


The DH19 susceptible strain of S. frugiperda in the study was initially collected from Dehong, Yunnan Province, China, in January 2019 [32]. The strain had been raised in laboratory conditions for more than two years without exposure to any toxins or pesticides, and is sensitive to both Bt toxins and chemical pesticides [33]. Two knockout strains of FGFR-KO and SRC-KO were established by using the CRISPR/Cas9 genome-editing tools to knock out the Sf-SR-C or Sf-FGFR genes of the DH19 strain. The larvae of all strains were fed with artificial diet based on wheat germ and soybean powder at 27 ± 2 °C, 75% ± 10% relative humidity, and a 14L:10D photoperiod. Adults were fed with a 10% sugar solution after emergence.




2.2. SgRNAs Design and Synthesis


The sgRNA of Sf-SR-C, Sf-FGFR gene was designed using sgRNA design software, and the off-target risk of sgRNA was evaluated using the whole genome of S. frugiperda as a reference sequence [34]. The N18NGG sequence with the highest score and no potential off-target sites was selected as the sgRNA target sequence. The Sf-FGFR target sequence (5′-TATGTGCAGCAGAAACATTGG-3′, the PAM sequence is underlined) at exon 1 of Sf-FGFR, and the Sf-SR-C target sequence (5′-TGTACTGTGATGGATCCAATTGG-3′, the PAM sequence is underlined) at exon 1 of Sf-SR-C. SgRNA was synthesized in vitro according to the instructions of the GeneArt™ Precision gRNA Synthesis Kit. Then the sgRNA was purified by the gRNA Clean Up Kit. Cas9 protein (GeneArt ™ Platinum ™ Cas9 Nuclease) was purchased from Thermo Fisher Scientific (Shanghai, China).




2.3. Collection and Injection of S. frugiperda Eggs


Eggs of S. frugiperda were collected and injected as described by Jin [32]. Briefly, fresh eggs were collected and soaked in a 1% sodium hypochlorite solution for 10 s before being washed with distilled water. The eggs were laid on a slide with double-sided tape. A 1 nL mixture of sgRNA (150 ng/μL) and Cas9 protein (50 ng/μL) was injected into a single egg using Nanoject III (Drummond, Broomall, USA). The injected eggs were placed in an incubator with a temperature of 25 °C and a relative humidity of 65% for incubation.




2.4. Genomic DNA Extraction and Mutagenesis Detection


Genomic DNA was extracted using the Multisource Genomic DNA Miniprep Kit. To determine the mutation types, specific primers of the Sf-FGFR gene (forward: 5’-GTGTGGCATGAAGCCCAGTA-3’, reverse: 5’-ATCCCCGATTCCCCAACAAC-3’) and Sf-SR-C gene (forward: 5’-TCGGGCTGCTCACAATTACA-3’, reverse: 5’-TGCAGAAAGGAACTCGGTGTC-3’) were designed. We then used PCR to amplify fragments flanking the CRISPR target sites. The PCR conditions were as reported by Jin [32]. PCR products were recovered, cloned, and sequenced by Sangon Biotech (Shanghai, China).




2.5. Bt Toxins and Bioassays


The Vip3Aa toxins used in this research were purchased from the Institute of Plant Protection, Chinese Academy of Agricultural Sciences (CAAS), Beijing, China. The sensitivity of two knockout strains and the DH19 strain to Vip3Aa toxin was determined by the diet overlay method. A gradient of concentrations of the Bt toxin solution was prepared with the Vip3Aa toxin dissolved in PBS solution with pH = 7 (3.125, 6.25, 12.5, 25, 50, 100, 200, and 400 ng/cm2). We added 900 μL of uncoagulated artificial diet to each well of the 24-well plate (surface area = 2 cm2). After the diet was cooled, we added 50 μL of the Bt toxin solution onto the surface of each well. A single newly hatched larvae was placed in each well after the toxin solution was dried at room temperature, and the mortality was recorded 7 days later. Apart from the larvae that died, those that weighed less than 5 mg at the end of the bioassay were also considered dead.



The median lethal concentration (LC50) and the corresponding 95% fiducial limits of each strain were calculated through probit analysis of the mortality data by DPS software. Two LC50 values were considered significantly different if their 95% fiducial limits did not overlap.





3. Results


3.1. Establishment of the Sf-FGFR Knockout Strain and Its Mutation Types


A total of 300 fresh eggs from S. frugiperda were sequentially injected with a mixture of Cas9 protein and the sgRNAs targeting exon 1 of the Sf-FGFR gene. About 15.3% (46/300) of the injected eggs hatched into larvae. The larvae were fed with artificial diet and 65.2% (30/46) of them successfully pupated. DNA was extracted from the exuvium of the larvae and PCR amplification assays revealed that 13.3% (4/30) of samples had deletion bands in the Sf-FGFR gene. These missing fragments were then sequenced to confirm the exact deletion genotype of the Sf-FGFR mutants. One mutant type with a deletion of 8-bp and an insertion of 2-bp at exon 1 of the Sf-FGFR gene was selected as the parent F0 generation to screen the homozygous line (Figure 1A), and the mutant individual was crossbred with the wild-type individual to produce the F1 progeny. F1 larvae were raised on artificial feed until pupation. Exuviae of 100 F1 generation larvae was used to extract DNA for mutation detection, and then 41 individuals containing the selected mutant gene were sibling-crossed to produce the F2 progeny. Homozygous mutation individuals were screened from 150 larval exuviae of F2 generation and then were sibling-crossed to establish the Sf-FGFR gene knockout strain FGFR-KO (Figure 2).



The FGFR (fibroblast growth factor receptor) consists mainly of three extracellular Ig-like domains and one intracellular tyrosine split kinase domain [35]. Our FGFR-KO strain deleted 8 bp and inserted 2 bp, resulting in two amino acids deletion in the Ig-like Ⅰ domain (Figure 3A). It should be mentioned that the mating and hatching rate of that the knockout strain FGFR-KO was decreased after rearing several generations.




3.2. Establishment of Sf-SR-C Knockout Strain and Its Mutation Types


Another sgRNA targeting exon 1 of the Sf-SR-C gene were mixed with Cas9 protein in a certain proportion, and then injected into 350 eggs of S. frugiperda. Among the injected eggs, 12.3% (43/350) hatched as larvae. Among 43 newly hatched larvae, 62.8% (27/43) developed into pupae. DNA was extracted from the exuvium of the larvae and PCR amplified analysis showed that 11.1% (3/27) of the samples had deletion bands in the Sf-SR-C gene. The exact mutation type of the Sf-SR-C gene was determined by sequencing. The mutant with a 10-bp deletion at exon 1 of the Sf-SR-C gene was selected as the parent F0 generation to screen the homozygous line (Figure 1B), and the knockout strain, named SRC-KO, was established as described in Section 2.1 (Figure 2).



The SR-C consists mainly of two extracellular N-terminal complementary control protein (CCP) domains, followed by an extracellular domain of the MAM family, a spacer, a Somatomedin B-like domain, a Ser/Thr-rich domain, a second spacer, a transmembrane domain, and finally a small intracellular cytolplasmic domain [36]. Our SRC-KO strain knocked out 10 bp in the second CCP domain (Figure 3B).




3.3. Susceptibility to Vip3Aa Toxins in FGFR-KO and SRC-KO


In order to determine whether the Sf-FGFR and Sf-SR-C genes are receptors for Vip3Aa in S. frugiperda, the sensitivity of the two knockout strains, FGFR-KO and SRC-KO, and the wild strain, DH19, to the Vip3Aa toxin was determined by diet overlay bioassays. The LC50 values of the knockout strains FGFR-KO and SRC-KO and the susceptible strain DH19 against the Vip3Aa toxin were 39.20 ng/cm2, 51.85 ng/cm2, and 36.64 ng/cm2, respectively, with no significant difference (Table 1). These results indicate that the sensitivity of S. frugiperda to the Vip3Aa toxin did not change significantly after the Sf-FGFR or Sf-SR-C genes were knocked out. Therefore, it was speculated that neither Sf-FGFR nor Sf-SR-C was the receptor for Vip3Aa to play an insecticidal role.





4. Discussion


Vip3A protein is a novel insecticidal protein produced by Bacillus thuringiensis at the vegetative growth stage, which does not have the same sequence homology and binding site as the Cry protein [19,37,38]. Compared with Cry1Ab and Cry1F, Vip3A showed higher insecticidal activity and high virulence to S. frugiperda. It was also reported that there was no cross-resistance between the Cry toxins and Vip3Aa [20,21,22,23]. Vip3Aa plays an important role in preventing and controlling agricultural pests and delaying the resistance of pests. Similar to the Cry protein, the Vip3A protein also needs to be activated by protease to exert its toxicity and bind to midgut cells, which, in turn, leads to cell apoptosis or pore formation [39]. However, so far, this complicated multi-step process has not been fully elucidated. In order to investigate the insecticidal mechanism of Vip3Aa in S. frugiperda, two genes of previously reported Vip3Aa receptors were knocked out from S. frugiperda by the CRISPR/Cas9 gene-editing system. Homozygous knockout strains of both genes were successfully obtained.



Fibroblast growth factor receptors (FGFRs) is an important member of the receptor tyrosine kinase (RTKs) family, which is mainly studied in mammalian cells [40,41]. It is composed of four members: FGFR1, FGFR2, FGFR3, and FGFR4. By combining with FGFs to perform biological functions, FGFRs have essential functions for maintaining normal cell growth, proliferation, and differentiation [42]. Relevant studies had found that the Sf-FGFR of S. frugiperda could be internalized into the Sf9 cells together with Vip3Aa. Sequence alignment revealed that SF-FGFR was most similar to FGFR1. Knockdown of the Sf-FGFR gene in Sf9 cells can reduce the cell’s mortality to Vip3Aa, indicating that Sf-FGFR was the receptor of Vip3Aa [31]. However, in our study, the sensitivity of the FGFR-KO strain to Vip3Aa was not significantly different compared with the susceptible strain DH19, which indicated that Sf-FGFR might not be the receptor of Vip3Aa in S. frugiperda. Compared with cultured cells, living worms have a more complex regulatory network [43]. Moreover, the Sf9 cells used in a previous study were derived from S. frugiperda ovary cells, whereas our in vivo results are testing the role of the two receptors in epithelial cells, which may have different functions. Another possibility is that FGFR is a gene family, and knockout of the Sf-FGFR gene in worms may cause other genes of the same family members to replace the function of the Sf-FGFR gene.



Another reported Vip3Aa receptor is the SR-C like protein Sf-SR-C from Sf9 cells and has been confirmed in Spodoptera exigua and Drosophila [30]. Scavenger receptors are a family of glycoproteins located on the surface of cell membranes and play an important role in host defense against pathogens [44]. According to the results of sequence alignment and protein domain characteristics, they were divided into ten subfamilies [45]. Scavenger receptor-C (SRC) has been identified only in a few invertebrates, and their role in the immune response is still poorly understood [46,47]. In mammals, SR proteins can trigger a series of signaling pathways through endocytosis [45,48]. Similarly, Sf-SR-C-mediated endocytosis was reported to be related to the toxicity of Vip3A to Sf9 cells [30]. In addition, the function of SR has been shown to be related to apoptosis of Sf9 cells, which agrees with the recent report that Vip3Aa can induce apoptosis of Sf9 cells [49,50,51,52,53,54]. However, our bioassay results showed that there was no significant change in susceptibility to Vip3Aa when the Sf-SR-C gene was knocked out from S. frugiperda, indicating that Sf-SR-C may not be involved in the toxicity of Vip3Aa in S. frugiperda. This result is contrary to previous studies that Sf-SR-C acts as a receptor for Bt vegetative insecticidal protein Vip3Aa, which may be because Vip3Aa receptors differ between species [55]. The fact that the receptors of insecticidal proteins differ between species has also been reported in Cry proteins. For example, cadherin was a toxic receptor for Cry1Ac in Heliothis virescens, Helicoverpa armigera, and Platyedra gossypiella, but not in Spodoptera litura and Trichoplusia ni [56,57,58,59,60,61].



To sum up, our results indicate that there was no significant change in sensitivity of S. frugiperda to Vip3Aa after knocking out the Sf-FGFR or Sf-SR-C gene, and thus that the mechanism of action of Vip3A is more complex. The reason for the inconsistencies between our in vivo and previously reported in vitro results may require further investigation.
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Figure 1. Sequence-specific mutation types of the Sf-FGFR and Sf-SR-C genes of S. frugiperda mediated by the CRISPR/Cas9 gene-editing system. (A,B) Schematic diagrams of sgRNA targeting sites and Sequence-specific mutation types of Sf-FGFR and Sf-SR-C genes. (C,D) Chromatograms of DNA sequences of selected homozygotes of Sf-FGFR and Sf-SR-C. 
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Figure 2. The procedures of FGFR−KO and SRC−KO establishment. 
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Figure 3. Basic structures of the FGFR (A) and SR-C (B). The figures were adapted from [34] and [35] respectively. 
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Table 1. Susceptibility of DH19, FGFR-KO, and SRC-KO strains to the Vip3Aa toxin.
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	Strain
	N a
	LC50 (ng/cm2) b
	Slope ± SE c
	Toxicity Ratio d





	DH19
	168
	36.64 (22.52–59.61)
	4.46 ± 0.65
	1



	FGFR-KO
	168
	39.20 (22.61–67.99)
	4.44 ± 0.75
	1.01



	SRC-KO
	168
	51.85 (24.80–108.38)
	4.80 ± 1.29
	1.42







a Number of larvae tested. b Concentration (ng/cm2) of Vip3Aa that kills 50% of larvae and its 95% fiducial limits. c Slope of the concentration-mortality line and its standard error. d Toxicity ratio = the LC50 of the knockout strain/the LC50 of the susceptible strain.
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