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Abstract

:

The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith; Lepidoptera: Noctuidae) is an invasive agricultural pest with a global distribution, causing major crop losses annually. Its control strategies largely rely on chemical insecticides and transgenic crops expressing Bacillus thuringiensis insecticidal proteins (Cry and Vip toxins); however, the development of high resistance poses a significant issue. The ATP-binding cassette transporter C2 (ABCC2) has been linked to Cry toxin pore formation, acting as a receptor of some Cry toxins. Recently detected mutations in the SfABCC2 gene in extracellular loop 4 (ECL4) have been associated with Bt toxin resistance in FAW. In the present study, we expressed the SfABCC2 gene in Drosophila melanogaster, a species normally unaffected by the Bt toxins. We demonstrate that susceptibility can be introduced by the ectopic and tissue-specific expression of wildtype SfABCC2. Next, we introduced mutations into ECL4—both individually and in combination—that have been recently described in Brazilian FAW and functionally validated by toxicity bioassays against the foliar Bt product Xentari. Our results provide an efficient demonstration of the suitability of transgenic Drosophila for validating FAW ABCC2 resistance mutations in ECL4 against Bt toxins, and potential cross-resistance issues between closely related proteins that use ABCC2.
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Key Contribution: Transgenic Drosophila expressing variants of the fall armyworm ABCC2 can be employed as a tool to test Bt toxins and to functionally validate ABCC2 mutations conferring resistance.










1. Introduction


The fall armyworm (FAW) Spodoptera frugiperda is one of the most destructive agricultural pest species, causing enormous annual production losses in major crops such as corn and soybean [1,2,3]. The distribution of FAW has been expanded since 2016 through its rapid global invasion from the tropical and sub-tropical Americas to Africa and the Asia–Pacific area [4,5,6,7]. As a result of the extensive use of chemical insecticides, the FAW has been ranked among the top 15 most insecticide-resistant insect species and has evolved resistance to many different chemical classes [8]. Other control strategies rely on the expression of insecticidal toxins derived from Bacillus thuringiensis (Bt)—hereafter referred to as Bt toxins—in transgenic crops including corn, cotton and soybean, or—alternatively—their foliar application as Bt toxin mixtures [4]. B. thuringiensis naturally produces crystalline (Cry) proteins during sporulation and the crystals are released at the end of the autolysis process. Bt toxicity is expressed after the crystal structures are solubilized in the alkaline environment of the caterpillar midgut. Here, the protoxin is activated through proteolytic cleavage, and finally triggers pore formation in midgut cells upon oligomerization through interactions with specific midgut receptors [9,10,11,12]. Several proteins have been proposed as Cry toxin receptors, including aminopeptidase N (APN), cadherin (CAD), alkaline phosphatases (ALP) and ATP-binding cassette (ABC) transporters. Bt resistance is typically conferred by the reduced binding of Cry toxins to their specific midgut receptor targets, because of altered expression levels and/or the presence of mutations [13]. Thus, a deeper understanding of these receptors is necessary to properly manage resistance to Bt toxins.



Many studies have pinpointed a major role of ABC transporter subfamily C2 (ABCC2) in mediating toxicity (pore-formation) [14,15,16], including functional proof in Chloridea virescens (Lepidoptera: Noctuidae), where a knockout of ABCC2 leads to high levels of Bt (Cry1Ac) resistance [17]. The role of ABCC2 in the FAW in Cry1F toxicity has been confirmed in vivo as well, based on a CRISPR/Cas9-mediated ABCC2 knockout [18]. ABCC2 mutations have also been recently associated with Bt (Cry1F) resistance in S. frugiperda—more specifically, a 2 bp insertion (GC) in the ABCC2 gene leading to a premature stop codon and a truncated protein associated with Cry1F resistance in FAW populations from Puerto Rico [19,20]. A more recent study identified alternative mutations in ABCC2 that are functionally linked to Cry1F resistance in Brazilian FAW populations, located in extracellular loop 4 (ECL4) [21]. Boaventura et al. (2020) described three mutated sites existing either in isolation or in combination: a GY deletion (positions 788–789) and a P799K/R amino acid substitution—identified in ECL4—and a G1088D amino acid substitution in the intracellular nucleotide binding domain (NBD). The importance of ECL4 ABCC2 mutations was functionally validated in vitro with recombinantly expressed ABCC2 variants in insect-cell lines, followed by the evaluation of their responsiveness against Cry1 toxins [21,22].



In the present, brief study, we aimed to design transgenic Drosophila lines expressing FAW ABCC2 for employment as a model for investigating Bt toxin efficacy and resistance. We ectopically expressed several alleles of the S. frugiperda ABCC2 gene, wild type susceptible variants and variants carrying previously described resistance mutations in isolation (GY deletion or P799K) or in combination (GY deletion and P799K), and assessed the susceptibility of the transgenic Drosophila lines against a commercial sprayable Bt formulation as a first step in toxicity bioassays.




2. Results


2.1. Expression of SfABCC2 in the Midgut of D. melanogaster Leads to Susceptibility against Bt Toxins


The ABCC2 gene of S. frugiperda was successfully introduced into Drosophila’s genome using the phiC31 integrase system. The integration was verified by PCR with two different primer pairs (Figure 1). Larval feeding bioassays were then conducted using the commercially available Bt toxin mixture Xentari, to examine the phenotype driven by the expression of SfABCC2 in Drosophila in either neurons (ELAV-GAL4), the midgut (MYO-GAL4) or a combination of the midgut, Malpighian tubules and fat body (HR-GAL4). As expected, flies that did not express any SfABCC2 were unaffected by any dosage of Xentari, regardless of which driver line was tested (Figure 2). Similarly, expression of SfABCC2 in the central nervous system (ELAV-GAL4) did not render flies susceptible to Xentari (Figure 2). However, expression of SfABCC2 either specifically in the midgut or in the midgut in combination with other tissues (MYO-GAL4 or HR-GAL4) caused significant mortality in Drosophila larvae at 10 and 100 ppm. The more discriminatory dose of 10 ppm showed a substantially larger effect from SfABCC2 expression using the HR-GAL4 driver.




2.2. Mutations in the ABCC2 Transporter Gene Confer Resistance to Xentari in Transgenic Flies


Several fly lines bearing mutations that are associated with resistance to Cry toxins in the SfABCC2 gene were generated using the phiC31 integrase system. Specifically, a line bearing a GY deletion in the SfABCC2, a line bearing the P799K substitution in SfABCC2 and a line which combines the two mutations were generated. Crossing these lines with the driver HR-GAL4 led to a substantial and synergistic contribution of each mutation to resistance (Table 1). Flies expressing SfABCC2 with the GY deletion and the P799K substitution show rather low, but significant resistance to Xentari in comparison to flies expressing wildtype SfABCC2 (RR 2.88-fold for the GY deletion and 4.69-fold for the P799K substitution). The combination of these two alterations in the gene of SfABCC2 led to higher Xentari resistance levels (RR: 15.2-fold).





3. Discussion


In this study, we generated transgenic fly lines expressing FAW ABCC2 variants, allowing an investigation of the effects of otherwise inactive Bt toxins against the model insect D. melanogaster. We quantified the contribution of two distinct mutations in the ABCC2 gene of S. frugiperda using the transgenic D. melanogaster against the commercial Bt spray product Xentari, as it includes Cry1A proteins that have been shown to be affected by ABCC2 mutations [13]. Xentari is a mixture of four Bt insecticidal proteins, which is advantageous for pest control, but has limitations over individual Bt toxins when testing the specific impact of mutations. Prior studies have also made use of D. melanogaster to investigate the role of ABCC2 in Bt toxicology, e.g., by ectopically expressing ABCC2 from the diamondback moth Plutella xylostella and demonstrating fly sensitivity against Cry1Ac [23]. Likewise, the expression of ABCC2 from the silkworm Bombyx mori conferred sensitivity to Cry1Ab in transgenic flies [24]. Here, we attempted to extend this model by firstly testing another ABCC2 orthologue (SfABCC2), but also by exploring the tissue-specific expression of ABCC2-mediated sensitivity. While—as expected—brain-specific ABCC2 expression (ELAV-GAL4) had no effect on Drosophila towards the Bt product Xentari, both MYO-GAL4 and HR-GAL4-driven ABCC2 expression conferred sensitivity, with HR-GAL4 having a larger effect. While it is possible that the addition of tubule and fat body expression of ABCC2 in the HR-GAL4 line is responsible, we find this unlikely, given the difficulty of large proteins crossing the midgut epithelial barrier [25]. A more likely explanation would be a difference in the expression strength of these two driver lines in the midgut. Future studies are warranted to systematically test how the location and strength of FAW ABCC2 expression influences the toxicity of individual Cry toxins in the Drosophila system.



Apart from model exploration, this study much more directly quantified the impact of two SfABCC2 mutations on a mixture of Cry toxins in Xentari—a commercial Bt formulation for foliar application often less affected by cross-resistance issues in Bt resistant strains, as shown for the FAW [26]. Previous work identified two mutations in ECL4 of FAW ABCC2, and both mutations were functionally validated in vitro and shown to confer Cry1F resistance to Sf9 cells expressing mutated ABCC2 when compared to wildtype ABCC2 [21,22]. The data presented here extends the validation to an in vivo system, transgenic Drosophila ectopically expressing pest genes, which has been recently reviewed [27]. Indeed, we successfully modified Drosophila with wildtype and mutated SfABCC2 variants and confirmed—for the first time in vivo and in a defined genetic background—that both mutations can confer low, but significant levels of resistance to Xentari, but that their combination triggers a significantly higher level of resistance. Previous work [21] analyzed 30 Brazilian FAW field samples by pooled population sequencing, and the predominant ABCC2 mutation was a GY deletion (position 788–789) in ECL4; however, the authors also detected a number of rare alleles which disrupted residues in ECL4, between sites 783–799. Some of these alleles were recently tested and validated in vitro by expressing mutant ABCC2 in Sf9 cells [22]. The in vivo system introduced here displays an excellent starting point to further explore the importance and involvement of ECL4 as well as other ECLs in mediating toxicity (pore formation) by testing individual Bt toxins rather than a mixture, as carried out here for proof of concept.



The fact that the combined mutations of SfABCC2 confer higher levels of Bt resistance than the individual mutation in transgenic flies further highlights a phenomenon often described in small molecule pesticide resistance, whereby distinct resistance alleles combine to generate resistance levels greater than the sum of their individual parts (synergism). This has been recently demonstrated functionally [28], and explains part of the gap that exists between the relatively small levels of resistance observed in laboratory settings compared to the field.



The ability to rapidly test such mutations in an in vivo system makes Drosophila a powerful model, sitting at the interface between cell-based in vitro models and the gold-standard CRISPR/Cas9-based modifications in the pests themselves. Although cell-based in vitro studies have demonstrated the predictive value of resistance levels [22], it is difficult to precisely relate these metrics to in vivo resistance ratios that would be the most relevant from an applied perspective. On the other hand, making CRISPR mutations directly in lepidopteran pests such as Helicoverpa armigera (Lepidoptera: Noctuidae) has also been used to measure the impact of Bt resistance alleles [29], but these studies are very time-consuming and of low throughput. Here, Drosophila might serve as an alternative model. However, it is important to note that the results may not fully represent the natural response of the FAW to Bt toxins. Inherent physiological or genetic differences between Drosophila and the FAW might affect the interpretation and extrapolation of the findings. An interesting future study would be one that could quantitatively compare these three systems (in vitro, heterologous Drosophila and in vivo lepidoptera) to correlate their predictive abilities and design a standardized system for testing field-derived ABC transporter mutations.




4. Conclusions


In the present study, we designed transgenic Drosophila lines expressing FAW wildtype and mutant ABCC2 transporters. These fly lines can be employed as FAW ABCC2 models to investigate lepidopteran Bt toxin efficacy and resistance. Our results provide an efficient demonstration of the suitability of transgenic Drosophila for the validation of FAW ABCC2 resistance mutations in ECL4 against Bt toxins, and as a potential screening tool to find Bt toxins lacking cross-resistance.




5. Materials and Methods


5.1. Drosophila Strains


All fly strains used in this study are shown in Table S1. Strain VK13 was used for the integration of the transgenes at the attP insertion point on the 3rd chromosome via embryonic injections. The balancer line yw; TM3 Sb e/TM6B Tb Hu e was used for genetic crosses in order to generate homozygous lines. The driver lines, HR-GAL4—previously described [30]—MYO-GAL4 (RRID: BDSC_83278) and ELAV-GAL4 (RRID: BDSC_8760) were used in order to express the transgene in different tissues (for details refer to Table S1). HR-GAL4 carries GAL4 expression in the midgut, Malpighian tubules and fat body, ELAV-GAL4 drove expression in the brain and MYO-GAL4 drove expression specifically in the midgut. All flies were kept at a temperature of 25 °C, a humidity of 60–70% and a 12: 12 h photoperiod on a standard fly diet.




5.2. Generation of Constructs for Drosophila Transformation


The coding sequence of SfABCC2 (KY646296.1) was synthesized de novo (Life Technologies GmbH, Darmstadt, Germany) and modified to minimize DNA secondary structures and optimize codon usage for expression in Drosophila. The restriction sites of BstEII and AgeI were also introduced into the open reading frame (ORF) using synonymous sites, which allowed for downstream modifications. The 4067 bp length ORF was then cloned into the pUAST-attB vector. In order to introduce the GY deletion and the P799K substitution, alone and in combination, three fragments (488–489 bp length) were ordered as gBlocks from IDT (fragments’ sequences shown in Figure S1) with terminal BstEII and AgeI restriction sites. Each fragment was cloned into a pGEM T-easy vector (Promega, Madison, WI, USA). Subsequently, a BstEII/AgeI fragment encompassing the deletion and/or the substitution was cloned into pUAST-SfABCC2, which had been likewise digested with BstEII and AgeI so that the “wild type” sequence could be replaced by the mutant sequences. All plasmids were verified by sequencing (CEMIA).




5.3. Generation of Transgenic Flies


We used the phiC31 integrase system to introduce the ABCC2 gene of S. frugiperda into the Drosophila genome. Embryos of the D. melanogaster strain VK13 were injected with the recombinant plasmids. An injection mix which consists of 100 ng/µL plasmid DNA in injection buffer (2 mM sodium phosphate, pH 6.8–7.8, 100 mM KCl) was used. Injected G0 flies were outcrossed with VK13 adult flies and the G1 progeny were screened for w+ phenotypes (orange eyes in the heterozygous state) indicating integration of the plasmid. Independent transformed lines were crossed with a balancer strain for the third chromosome (yw; TM3 Sb e/TM6B Tb Hu e), and G2 flies with orange eyes and the Sb phenotype were selected and crossed among themselves to generate homozygous flies (red eyes), used to establish the transgenic responder line population. In order to molecularly confirm the integration, PCR amplification was conducted for each fly line with diagnostic primer pairs (Table S2; Figure 1).




5.4. DNA Extraction and PCR Amplification


Genomic DNA was extracted from flies using DNAzol (MRC, Cincinnati, OH), following the manufacturer instructions. In order to confirm the integration of the transgenes, PCR amplification was performed with Minotech Taq DNA Polymerase (Minotech Biotechnology) and diagnostic primer pairs (Table S2; Figure 1). The conditions used were 94 °C for 2 min, followed by 30–35 cycles of denaturation at 94 °C for 45 s, annealing at 54–58 °C for 30 s and extension at 72 °C for 30–45 s, followed by a final extension step for 5 min.




5.5. Toxicity Bioassays


Xentari (Bacillus thuringiensis var. aizawai—Bta, strain ABTS-1857, 54% w/w, Valent Biosciences)—a commercially available Bt-based insecticide which is composed of Cry1Aa, Cry1Ab, Cry1C and Cry1D—was used in larval toxicity bioassays.



The bipartite GAL4/UAS system was used to drive the expression of the SfABCC2 transgene in specific tissues, which were then tested for toxicity. More precisely, males harboring a GAL4 construct were crossed to transgenic responder line virgin females containing a UAS-SfABCC2 variant created using the methods described above. The progeny of these crosses was used in feeding bioassays, as previously described [31]. In brief, HR-GAL4 males crossed with transgenic responder virgin females were put in cages to lay eggs on cherry juice agar for 24 h. First, instar larvae were collected and transferred in batches of 20 into new vials containing fly food supplemented with different Xentari concentrations. After a period of 10 days, the number of pupae were scored. Five to six insecticide concentrations that represented the full range of mortality (5–95%) in susceptible individuals were chosen and tested in triplicate, together with relevant negative (no insecticide) controls. Dose-dependent mortality curves were constructed from dose–response data, and LC50 values were calculated using PoloPlus 2.0 (LeOra Software LLC, Parma, MO, USA).
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Figure 1. Experimental flow of the current study. (a) The wild type allele of SfABCC2 and the mutant alleles (bearing the GY deletion and P799K substitution, alone and in combination) were cloned into pUAST-attB vectors. The four recombinant plasmids were injected into VK13 Drosophila embryos, which carry an attP landing site on the 3rd chromosome. Injected G0 flies were outcrossed with VK13 adult flies and G1 progeny was screened for w+ phenotypes, indicating the integration of the plasmid. The homozygous fly lines were established after a series of crosses. (b) PCR screening followed to test integration into the transgenic fly lines. Primer pair A (black and green arrows—3xP3_RFP_F and VK13_R) gives product when integration has not occurred, whereas Primer pair B (red and green arrows—SV40_F and VK13_R) gives product when integration has occurred. m: molecular weight marker, 1: ABCC2_GYdel, 2: ABCC2_P799K, 3: ABCC2_combo, 4: ABCC2_GYdel/+ (heterozygous), 5: ABCC2, 6: VK13, 7: no template control (NTC). (c) Eye phenotype of the VK13 line, the heterozygous state after transgene integration and the homozygous state. 
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Figure 2. Discriminating dose larval bioassay. Comparison of the mortality (±SEM) at different Xentari doses of flies expressing the SfABCC2 transporter in different tissues (x ABCC2) and others not bearing the transporter (x VK13). ELAV-GAL4 is a neuronal cell specific driver, Myo-Gal4 drives expression in the midgut cells, while HR-GAL4 drives expression in the midgut, Malpighian tubules and fat body. Flies that do not carry the transporter (progeny of elav-GAL4 × VK13, Myo-GAL4 × VK13 and HR-GAL4 × VK13) are not affected by the Cry toxin mixture. The expression of he SfABCC2 transporter in the midgut renders the fly susceptible to the Cry toxin mixture, whereas the flies expressing it in their neuronal cells are not affected by the toxins—even in concentrations as high as 100 mg/L. 
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Table 1. Log-dose probit-mortality for Xentari in larval bioassays with different strains of transgenic flies expressing SfABCC2 (wildtype and mutants).
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	Strain
	LC50 (mg/L)
	95% CI a
	Slope (±SE)
	RR b





	VK13 × HR-GAL4 (no ABCC2)
	>1000
	
	
	



	ABCC2 × HR-GAL4 (wildtype)
	9.4
	7.3–11.3
	6.07 (1.24)
	1



	GYdel × HR-GAL4 (mutant)
	27.1
	24.1–30.2
	5.35 (0.69)
	2.88



	P799K × HR-GAL4 (mutant)
	44.1
	32.7–51.6
	6.01 (1.03)
	4.69



	Combined × HR-GAL4 (mutant)
	143
	127–171
	5.22 (1.12)
	15.2







a Confidence interval, 95%; b Resistance ratio (LC50 of ABCC2 mutant strain divided by LC50 of ABCC2 wildtype strain).
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