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Abstract

:

Prevention of mosquito-borne infectious diseases will require new classes of environmentally safe insecticides and novel mosquito control technologies. Saccharomyces cerevisiae was engineered to express short hairpin RNA (shRNA) corresponding to mosquito Rbfox1 genes. The yeast induced target gene silencing, resulting in larval death that was observed in both laboratory and outdoor semi-field trials conducted on Aedes aegypti. High levels of mortality were also observed during simulated field trials in which adult females consumed yeast delivered through a sugar bait. Mortality correlated with defects in the mosquito brain, in which a role for Rbfox1 as a positive regulator of Notch signaling was identified. The larvicidal and adulticidal activities of the yeast were subsequently confirmed in trials conducted on Aedes albopictus, Anopheles gambiae, and Culex quinquefasciatus, yet the yeast had no impact on survival of select non-target arthropods. These studies indicate that yeast RNAi pesticides targeting Rbfox1 could be further developed as broad-based mosquito larvicides and adulticides for deployment in integrated biorational mosquito control programs. These findings also suggest that the species-specificity of attractive targeted sugar baits, a new paradigm for vector control, could potentially be enhanced through RNAi technology, and specifically through the use of yeast-based interfering RNA pesticides.
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1. Introduction


Although vector control is the primary mechanism for mosquito-borne disease prevention, resistance to all classes of chemical insecticides has been documented worldwide in a variety of disease vector mosquitoes [1]. The potential for unintended deleterious impacts of insecticides on non-target target organisms, including humans, is also of concern and is continuously monitored [2]. Given these issues, the successful prevention of arthropod-borne infectious diseases will require new classes of environmentally safe insecticides and novel mosquito control technologies [3]. RNAi, an innate eukaryotic regulatory pathway that silences gene expression through the generation of small interfering RNA (siRNA), has been successfully applied in the laboratory for the functional characterization of genes in many species, including mosquitoes [1,4]. Recent efforts have focused on the potential translation of RNAi technology, which has attracted interest in the agricultural pest control community [5], to the field for mosquito control [1,4]. Laboratory screens [6,7] led to the discovery of siRNAs which correspond to genes that are required for mosquito larval survival. Several of these siRNAs target genes that are required at multiple stages of the mosquito life cycle, thereby functioning as both larvicides and adulticides [8,9]. Moreover, a subgroup of these siRNAs correspond to genetic target sites that are conserved in Aedes (dengue, Zika, yellow fever and chikungunya vector), Culex (West Nile and lymphatic filariasis vector), and Anopheles (malaria vector) species, but which have not yet been found to be identically conserved in the sequenced genomes of non-target organisms [9,10,11]. It was hypothesized that these interfering RNA pesticides (IRPs) will kill multiple types of mosquitoes during the larval and adult stages, yet pose little or no threat to non-target organisms. To further evaluate this hypothesis, the present investigation pursued characterization of a putative adulticidal and larvicidal IRP with a conserved target site in mosquito Rbfox1 genes.



Rbfox1 genes, which are also known as Ataxin 2-binding protein (A2BP1) genes, encode evolutionarily conserved RNA binding proteins that function as critical regulators of neural and muscular development in divergent species [12,13,14]. Human A2BP1 was identified as an Ataxin 2-associated nuclear RNA-binding protein that was found to be linked to type 2 spinocerebellar ataxia [15] and which has been associated with a number of other human disorders, including autism, epilepsy, and cardiac hypertrophy [12]. A conserved RRM domain facilitates sequence-specific binding to UGCAUG motifs located in pre-mRNA introns, 3′ UTRS, and pre-miRNA hairpins, permitting the regulation of splicing, mRNA stability, translation, and the processing of miRNAs by Rbfox1 proteins [12,16]. Rbfox1 also promotes ribonucleoprotein granule formation and cell survival [17]. In Drosophila melanogaster, Rbfox1 is known to regulate germ cell development [18,19] wing development [20,21], memory [22], the cellular immune response [23], and neurogenesis [13]. In the developing nervous system of D. melanogaster, the role of Rbfox1 has been best characterized in the developing sensory system [13], in which Rbfox1 was found to promote sensory organ specification by potentiating Notch signaling. Rbfox1 was proposed to function as part of the Suppressor of Hairless complex, which in the presence of activated Notch (N), regulates expression of Enhancer of split-Complex (E(spl)-C) target genes [13]. Loss of Rbfox1 expression in the early fly embryo was linked to a reduction in neuronal cell number [24], suggesting that Rbfox1 regulates Notch signaling at multiple stages of D. melanogaster development.



In this investigation, the effects of silencing the Rbfox1 gene in multiple species of disease vector mosquitoes was examined. Loss of Rbfox1 has been associated with larval and adult death in D. melanogaster [21,25], supporting the hypothesis, which was examined here through RNAi-mediated silencing experiments, that loss of Rbfox1 function in mosquitoes could result in death at multiple stages of the mosquito life cycle. This study also describes, for the first time, the development of a yeast IRP-based ATSB system for control of adult mosquitoes. The results of these studies suggest that IRPs directed against Rbfox1 genes may represent a new biorational intervention that could one day be applied for control of multiple species of disease vector mosquitoes at different stages of the mosquito life cycle.




2. Results and Discussion


2.1. Silencing Rbfox1 Results in A. aegypti Larval Mortality


Rbfox1.457 siRNA corresponds to a target sequence in Rbfox1 that is conserved in multiple species of disease vector mosquitoes (Table S1) [26]. With the exception of mosquitoes, this target site was not identified in sequenced genomes [27] other than that of the disease vector sand flies Lutzomyia longipalpus and Phlebotomus papatasi [28], or the black soldier fly Hermetia illucens (Table S1). Rbfox1.457 siRNA was used to examine if the Rbfox1 gene is required for mosquito viability. The siRNA was evaluated in A. aegypti, in which it induced significant fourth instar larval mortality following brief soaking treatments in 0.5 µg/µL Rbfox1.457 siRNA (Table 1). Likewise, significant mortality was observed in A. aegypti adult females within six days following microinjection of Rbfox1.457 siRNA into the adult thorax (Table 1). The results of these studies demonstrated that this siRNA has both larvicidal and adulticidal activities in A. aegypti, supporting the hypothesis that A. aegypti, like D. melanogaster, requires Rbfox1 activity at multiple stages of the mosquito life cycle.




2.2. Sugar Baited Delivery of Rbfox1.457 siRNA


The identification of field-appropriate mechanisms for delivery of IRPs to mosquitoes has been central to ongoing research efforts [4]. Attractive targeted sugar baits (ATSBs) are a new paradigm for mosquito control that exploits the innate sugar feeding behavior of female and male mosquitoes, which typically feed on natural sugar sources [29]. This sugar feeding behavior permits mosquito control through deployment of sugar baits that have been laced with insecticide. Although sugar baits can facilitate targeted delivery of a variety of insecticides, insecticide resistance is nevertheless of concern [30], and the development of new classes of pesticides, such as IRPs, which could one day be delivered as second-generation ATSBs, may therefore be advantageous. To this end, Rbfox1.457 siRNA was evaluated in a simulated field study using a sugar bait delivery system which had been described previously [8,9]. Adult female mosquitoes were permitted to feed on sugar bait alone, sugar bait with control siRNA, or sugar bait with Rbfox1.457 siRNA. Feeding rates among A. aegypti females, which are shown in Table 2, were comparable to those reported in similar trials with other siRNAs [8,9]. As previously observed, no significant differences in A. aegypti feeding rates were detected among the various treatments (p > 0.05). Although adult mortality among mosquitoes fed with sugar bait alone or control siRNA sugar bait was negligible (Table 1), Rbfox1.457 siRNA ATSB feedings resulted in significant mortality in A. aegypti adult females, with 77 ± 7.1% mortality detected within six days following consumption of Rbfox1.457 siRNA sugar meals (Table 1).




2.3. Development of an RNAi-Based Yeast Pesticide That Can Be Deployed as an ATSB


Although the high rates of mortality induced by Rbfox1.457 siRNAs suggest that this technology could facilitate mosquito control, the high cost of siRNAs could impede broad use of siRNA pesticides in the field [4]. To address this, S. cerevisiae has been used to express shRNAs corresponding to insecticidal siRNAs, facilitating cost-efficient interfering RNA production during yeast cultivation [31]. Genetically modified strains in which shRNA has been expressed can be cultured, then heat-inactivated, dried, and fed to mosquito larvae [6], suggesting that it might also be possible to engineer Rbfox1.457 yeast that could be used in the development of yeast IRP-based ATSBs for adult mosquito control. To this end, stably transformed S. cerevisiae expressing shRNA corresponding to Rbfox1.457 siRNA (hereafter referred to as Rbfox1.457 yeast) was generated by integrating two Rbfox1.457 shRNA expression cassettes into S. cerevisiae. shRNA expression was confirmed through amplification of cDNA generated from total RNA that had been prepared from the yeast strain (Figure 1a).



Prior to using the Rbfox1.457 strain in the development of a yeast ATSB system, the insecticidal activity of this strain was first confirmed in larvae. Larval consumption of this yeast led to a 91 ± 2% reduction in Rbfox1 transcripts in the A. aegypti larval brain (Figure 1b). Consumption of the yeast also resulted in 91 ± 2% larval mortality with respect to larvae reared on control interfering RNA yeast, in which shRNA with no known target in mosquitoes had been expressed (Figure 1c; p < 0.001 vs. control). A majority of treated larvae died within eight days by the fourth instar of larval development, while larvae consuming the control yeast survived until adulthood (see survival curve in Figure 1e). The dosage of Rbfox1.457 correlated directly with the percentage of larval mortality (Figure 1f), with the LD50 determined to be 28 mg. Larvicide activity was also verified in semi-field trials conducted at an outdoor rooftop laboratory in Notre Dame, IN, where 93 ± 1% larval mortality was observed following Rbfox1.457 treatment (Figure 1d; p < 0.001 vs. control). These studies, combined with previous studies in which yeast IRP larvicides were shown to function in different types of water [10,11] and in an assortment of different sized containers with varied water volumes and larval densities [6,10,11,32,33] provide further evidence that yeast IRPs may represent a new larvicidal intervention, adding Rbfox1.457 to the growing arsenal of yeast larvicides.



Based on these findings in larvae, Rbfox1.457 yeast was used in the development of an Rbfox1.457 ATSB-based yeast delivery system for targeting adult mosquitoes. Inactivated, lyophilized, powdered yeast was added to red-dyed sugar-bait solutions. Gellan gum was included to help prevent yeast ATSB desiccation, and benzoic acid was used as a preservative to hinder growth of contaminating microbes in the ATSB, which was delivered in small centrifuge tubes that had been cut, exposing a droplet of yeast ATSB from the tubes. The resulting yeast ATSB feeders were hung in mosquito cages, in which A. aegypti adult females congregated to and drank from the feeders (Figure 2a). Highly increased feeding rates were observed with respect to 4-h delivery of siRNA-ATSBs (Table 2), with yeast ATSB consumption (which was tracked through the presence of red dye in the abdomens of engorged females, Figure 2b) confirmed in 100% of adult female mosquitoes (Table 2). A mortality of 87 ± 2% was observed in mosquitoes that consumed Rbfox1.457 yeast in 5% sucrose sugar bait solution (Figure 2c, p < 0.001 with respect to control yeast in 5% sugar bait). Rbfox1.457 yeast killed a majority of A. aegypti mosquitoes within 3–4 days of initiating treatment (Figure 2e). The percentage mortality correlated with the concentration of Rbfox1.457 yeast in the ATSB (Figure 2d; LC50 = 0.1525 µg/µL ATSB). It is possible that generation of yeast strains that express higher levels of shRNA could lead to even higher mortality rates, and this possibility can be explored in future studies. However, it will be interesting to repeat these studies in the field, where mortality rates could increase to 100% when mosquitoes are subjected to IRP treatments in conjunction with environmental stresses.




2.4. Silencing Rbfox1 Represses Notch Signaling


The mode of action for Rbfox1 IRPs was next examined. As noted above, Rbfox1 is known to be required in a variety of different tissues, including the nervous system [13]. Given that many of the lethal IRPs characterized in recent years have significant impacts on the mosquito central nervous system (CNS; [6,7,8]), this study focused on characterizing the role of Rbfox1 in the mosquito brain. Rbfox1 potentiates Notch signaling in the D. melanogaster sensory system [13], suggesting that Rbfox1 could function as a potentiator of Notch signaling in the mosquito brain. Silencing Rbfox1 transcripts in the A. aegypti female brain (Figure 3(a1–a3), p < 0.001 vs. control interfering RNA yeast-treated females) led to a significant decrease in Notch transcripts (Figure 3(b1–b3)), p < 0.001 vs. control interfering RNA yeast-fed females). Expression of sanpodo (spdo), another key component of the Notch signaling pathway [34], was also assessed. A significant 84 ± 1% reduction in spdo transcripts was detected in adult females following Rbfox1 silencing (Figure 3(c1–c3), p < 0.001). This significant loss of Notch and spdo expression suggest that loss of viability following Rbfox1 silencing results, at least in part, from loss of critical Notch signaling in the mosquito CNS. These results suggest that in addition to regulating E(spl)-C target genes [13], Rbfox1 impacts the expression of Notch itself, as well as spdo. These impacts on Notch and spdo expression, which have not to our knowledge been reported in the past, could have potential implications for the known associations of Rbfox1/A2BP1 to human disease states [12], a topic that could be further explored.




2.5. Rbfox1.457 Yeast Pesticides Function as Broad-Range Mosquito Insecticides but Are Not Found to Be Toxic to Select Non-Target Arthropods


The target site of Rbfox1 IRPs is identically conserved in multiple species of disease vector mosquitoes, including multiple Anopheles spp., A. albopictus, and C. quinquefasciatus (Table S1). Based on the results obtained for A. aegypti (Figure 1 and Figure 2), it was therefore hypothesized that Rbfox1.457 yeast could function as a broad-range mosquito IRP that can kill both adults and larvae of multiple mosquito species. To evaluate this hypothesis, Rbfox1.457 yeast ATSB was assessed in A. gambiae, in which 100% feeding rates, which were comparable to those observed for Rbfox1.457 yeast in A. aegypti, were noted (Table 2). 93 ± 1% adult mortality was observed in A. gambiae adult females that had consumed Rbfox1.457 ATSB (Figure 4a, p < 0.001 compared to control-yeast treated adults in which only 1 ± 1% mortality was observed). As observed in A. aegypti, silencing of Rbfox1 in A. gambiae (Figure S1(a1–a3)) resulted in decreased expression of A. gambiae Notch (Figure S1(b1–b3)) and spdo transcripts (Figure S1(c1–c3)). Rbfox1.457 yeast consumption also resulted in significant 89 ± 4% mortality in A. albopictus (Figure 4c, p < 0.001 vs. control-yeast treated adults) and 81 ± 4% C. quinquefasciatus (Figure 4b, p < 0.001 vs. control-yeast treated adults), with high female feeding rates (90% and 100%, respectively) observed in these species (Table 2).



Likewise, Rbfox1.457 yeast treatments resulted in 90 ± 2% larval mortality in A. gambiae larvae (Figure 4d, p < 0.001 vs. control yeast treatment), 91 ± 2% mortality in C. quinquefasciatus larvae (Figure 4e; p < 0.001 vs. control yeast treatment), and 90 ± 2% larval mortality in A. albopictus (Figure 4f, p < 0.001 vs. control yeast treatment). As observed with other yeast IRPs [10,11], 100% mortality was achieved in some, but not all containers. Although this raises the question of whether a proportion of the mosquitoes are resistant to RNAi, no loss of sensitivity to yeast IRPs has been observed in studies to date. Instead, previous work indicated that 100% killing rates are induced by yeast IRPs when larvae are reared as individuals, preventing consumption of dead larvae in the container and resulting in higher kill rates [10,11], a phenomenon that should be investigated in future field trials.



Although Rbfox1.457 IRPs kill larvae and adults of several mosquito species (Figure 1, Figure 2 and Figure 4), these IRPs were not found to have activity in several non-target arthropods, including the crustacean Daphnia magna, the fruit fly D. melanogaster, Hippodamia convergens (lady beetle), Oncopeltus fasciatus (milkweed bug), or Tribolium castaneum (flour beetle; Table 3). Cumulatively, these data support the hypothesis that Rbfox1.457 IRPs function as broad-based mosquito insecticides that kill both adults and larvae, yet have activity that poses little, if any threat to non-target species. If Rbfox1.457 IRPs are commercialized, it will be critical to pursue further toxicity testing in fish and other vertebrates in support of registry applications to the EPA or other regulatory bodies. Such testing can be pursued when commercial-ready insecticide formulations have been further developed and optimized.



Larviciding is a critical component of Aedes and Culex mosquito control programs, and the potential for adding a new class of larvicides to these programs is of interest, particularly given concerns for the emergence of resistance to existing larvicide classes [3,35,36,37]. Although Anopheles mosquito control programs have largely centered on targeting adults, larviciding is recommended in instances in which Anopheles breeding sites are fixed, few, and findable [36]. In recent years, long-lasting Bti larvicides are showing promise for control of A. gambiae and A. funestus larvae [38,39,40,41]. Moreover, the observation that Anopheles stephensi and A. aegypti share breeding containers [42] suggests that use of a larvicide that is capable of killing both Aedes and Anopheles larvae would be useful.



Adult control is also important for Aedes and Culex integrated mosquitoes control programs, for which ATSB technologies are presently being assessed [29]. ATSB-mediated delivery of a variety of broad-based adulticides, for example boric acid, encapsulated garlic oil, dinotefuran, and eugenol, have been applied for successful targeting of A. aegypti, A. albopictus, and other Aedes species [43,44,45,46,47,48,49]. Likewise, C. quinquefasciatus, Culex pipiens, Culex tarsalis, and a variety of other Culex species, including nuisance biters, have been successfully targeted with ATSBs containing insecticides such as boric acid, dinotefuran, eugenol, Spinosad, and encapsulated garlic oil [44,50,51,52]. ATSBs are also demonstrating great promise for targeting Anopheles malaria vector mosquitoes [53,54,55,56,57]. Despite these overwhelmingly positive findings, challenges for adoption and long-term use of this technology remain. Although ATSBs facilitate targeted delivery of a variety of pesticides, insecticide resistance is still a concern [29]. Furthermore, while the addition of protective membrane barriers to bait stations [58], as well as efforts to limit ATSB applications to non-flowering vegetation have decreased the potential for harming non-target organisms, it is difficult to completely eliminate all non-target risks associated with most ATSB formulations, which are not specific to mosquitoes [29]. Mosquito-specific biorational yeast IRPs could therefore hold the potential to significantly enhance ATSB technology. IRPs have a highly desirable safety profile, particularly when compared to many currently used conventional pesticides [59], and the lack of Rbfox1.457 toxicity observed in select non-target arthropods (Table 3) suggests that this yeast IRP could enhance the species-specificity of ATSBs.



As noted above, outside of mosquitoes, the Rbfox1.457 target sequence was identified in the sand flies Lutzomyia longipalpus and Phlebotomus papatasi (Table S1), which vector parasites that cause visceral leishmaniasis [28]. Although Rbfox1.457 IRPs could potentially kill sand fly larvae, the breeding sites of sand flies are diverse [60,61], and it may therefore be more straightforward to use the yeast to target adults. Sugar baits that impact sand fly viability and which block parasite transmission are being developed and evaluated in L. longipalpus with the goal of conceptualizing new strategies for controlling this vector [62,63]. It would therefore be interesting to evaluate Rbfox1.457 yeast sugar baits in sand flies. Based on results observed in mosquitoes, the yeast adulticidal activity may be faster-acting than beta-glycosidic ATSBs that were previously evaluated [62], yet potentially retain the environmentally-friendly nature of these insecticides. It would also be interesting to evaluate if the increased consumption of yeast-based ATSBs observed in mosquitoes is retained in sand flies.





3. Materials and Methods


3.1. Mosquito Rearing


Mosquito strains used in this study included: A. albopictus Gainesville (BEI Resources, NIAID, NIH: MRA-804, contributed by Sandra A. Allan), A. aegypti Liverpool-IB12 (LVP-IB12), A. gambiae G3 (BEI Resources, NIAID, NIH: Eggs, MRA-112, contributed by Mark Q. Benedict), and C. quinquefasciatus JHB (provided by the Centers for Disease Control and Prevention for distribution by BEI Resources, NIAID, NIH: Eggs, NR-43025). These mosquitoes were reared as described [64] in the insectary, which was maintained at 26.5 °C, with a 12 h dark/12 h light cycle that included 1 h crepuscular periods at the beginning and end of each cycle, and at ~80% relative humidity. An artificial membrane (Hemotek Limited, Blackburn, UK) was used to deliver commercially acquired sheep blood (HemoStat Laboratories, Dixon, CA, USA).




3.2. Identification of siRNA #457


siRNA #457, which corresponds to a conserved target sequence identified in the Rbfox1 genes of many disease vector mosquitoes (see gene identification numbers in Table S1) was assessed in A. aegypti through larval soaking [6,7] and adult microinjection studies [8,9] as described. In summary, larval soaking was performed per the Singh et al. [65] protocol using 20 μL of 0.5 μg/μL siRNA to treat first instar (L1) larvae for four hours. These soaking trials were performed in duplicate experiments, each which were conducted on 20 larvae (n = 40 larvae evaluated in total per treatment) that were reared to adulthood and assessed as described in the World Health Organization (WHO) larvicide testing guidelines [66] following soaking treatments. Data were evaluated using the Fisher’s exact test. siRNAs used in these studies were purchased from Integrated DNA Technologies (Coralville, IA, USA) and corresponded to the following sequences #457: 5′-UAAUAGUAGCGAUGCGGAGCGAGCA-3′ in Rbfox1 (AAEL019934), as well as a control sequence that does not have a known target in mosquitoes [67]: 5′-GAAGAGCACUGAUAGAUGUUAGCGU-3′. For analysis of the adulticidal activity, as previously detailed [6,7], three-day old non-blood fed adult females were anesthetized with carbon dioxide gas and microinjected in the thoracic region with 250 nL of 9 μg/μL Rbfox1.457 or control siRNA. Adults were placed in a cage to recover following injections, and adult mortality was assessed daily for the next week. Twenty individuals were injected per treatment in each of four total replicate experiments. Microinjection data were analyzed using the Fisher’s exact test.




3.3. Adult siRNA-ATSB Trials


ATSB trials with siRNA were performed as detailed previously [8,9]. In summary, baits consisted of 64 μL of 5% sucrose solution (in sterile DEPC-treated water) containing 0.5% of red tracer dye (McCormick) alone or with 2.5 μg/μL of control or Rbfox1.457 siRNA delivered from a cotton wick in a cut 0.2 mL microfuge tube placed in a 3.75 L cage (Berry Global, Evansville, IN, USA). In each of 3 trials, 25 4–5-day-old adult females that had not blood fed were sugar starved for 48 h prior to four-hour sugar bait feedings carried out at dawn. Engorged females were collected as individuals, and survival was scored daily for six days. Three biological replicate experiments were conducted (n = 75 adult females in total assessed per treatment). Feeding rates were evaluated with the G-test of independence, and the log-rank test was used to compare survival rates among treatments.




3.4. Generation of Yeast Interfering RNA Larvicide Strains and Yeast Culturing


Custom DNA oligonucleotides encoding an shRNA expression cassette which corresponds to the Rbfox1.457 target site, 5′-TAATAGTAGCGATGCGGAGCG-3′, were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA) and used to generate transformants with the shRNA expression cassette stably integrated into the TRP1 and URA3 sites of the S. cerevisiae CEN.PK strain [genotype MATa/α ura3-52/ura3-52 trp1-289/trp1-289 leu2-3_112/leu2-3_112 his3 Δ1/his3 Δ1 MAL2-8C/MAL2-8C SUC2/SUC2 [68]] yeast using previously described methodology [6]. This strain, hereafter referred to as Rbfox1.457 yeast IRP, as well as a comparable control shRNA expression strain [6] that had been constructed previously, which corresponds to the control siRNA sequence, were cultured as described [6]. Dried inactivated yeast interfering RNA tablets were prepared as previously described for use in larvicide assays [69]. Yeast utilized in ATSB trials was cultured in a similar manner, except that the yeast was pelleted and subsequently lyophilized using a Labconco FreeZone 6 L Console Freeze Dryer following culturing.




3.5. Larvicide Trials


3.5.1. Laboratory Assays


Larvicide trials that conformed to the WHO larvicide testing guidelines [66] were performed in the insectary as previously described [69]. Thirteen replicate container trials were performed, each with 20 first instar larvae (n = 260 larvae total per treatment) that had been placed in 50 mL of distilled water in a 500 mL container. In each container, larvae were provided with a single 50 mg yeast tablet (either Rbfox1.457 or control) that was provided at the onset of each trial, and which was sufficient to permit feeding ad libitum throughout the trial. Containers were assessed for larval mortality throughout the trial period, and the percentages of larval mortality were transformed using arcsine transformation as described [66] at the conclusion of each trial, with data analyzed using the Student’s t-test.



Previously described methodology [6,7] was used to generate dose–response curves following analysis of a variety of yeast dosages (n = 180 larvae per dosage). Dose–response data were analyzed using SPSS 25 software (IMB, Armonk, NY, USA) and log dosage–probit mortality to generate LD50 values with 95% confidence intervals.




3.5.2. Semi-Field Trials


Semi-field larvicide trials were performed in accordance with the WHO larvicide testing guidelines [66] in June and July 2019 at an outdoor rooftop laboratory in Notre Dame, IN as previously described [10,11]. LVP-IB12 strain A. aegypti mosquitoes were used in these assays, in which larvae were placed in 7.5 L containers (diameter = 23 cm, height = 25 cm). Nineteen replicate container trials, each with 20 larvae, were assessed per yeast treatment (n = 380 larvae per treatment assessed in total). The percentages of larval mortality were transformed using arcsine transformation, and data from multiple replicate experiments were assessed with a Student’s t-test. Outdoor temperatures ranged from 9 °C to 35 °C during the trial period, with a mean daytime temperature of 23.5 ± 5 °C and nighttime temperature of 19 ± 4 °C and an average 75 ± 15% relative humidity level.




3.5.3. Yeast ATSB Simulated Field Trials


The yeast ATSB solution was prepared by mixing 40 mg of lyophilized yeast (Rbfox1.457 or control) containing 0.1% benzoic acid with 100 μL of a gellan gum (Phytagel brand from Sigma Aldrich, St. Louis, MO, USA) and sucrose stock solution containing 4.5 μL of red tracer dye (McCormick’s) in a 1.5 mL microfuge tube; for A. gambiae experiments, the amount of yeast was reduced from 40 to 20 mg per 100 μL of ATSB, as adults of this species are smaller in size and require less interfering RNA [8,9]. The gellan gum and sugar stock solution used in this mixture was prepared by heating 60 mL of autoclaved distilled water on a hot plate to 65 °C with constant stirring, to which 0.05 g of gellan gum, was added and the temperature increased to 90 °C while maintaining stirring. After the gellan gum was in solution (~20 min), 5 g of sucrose was added to the solution, which was then cooled to 60 °C, and the total volume brought to 100 mL through the addition of water. To prepare the feeders, the bottom of the microfuge tube was scored with a razor blade without puncturing the tube, which was subsequently capped and punctured using a thumbtack before hanging the yeast wick feeder facing down at the top of the experimental cage. Twenty-five non-blood fed 5–6-day-old adult females that had been sugar starved for 48 h were allowed to feed for four hours from two feeders placed in 3.75 L insect cages. Following confirmation of engorgement, survival was scored daily for six days. These trials were performed in triplicate. Feeding rates were evaluated with the G-test of independence, and ANOVA was used to compare survival rates. Dose-response curves for Rbfox1.457 yeast ATSB were produced and evaluated as described above for the yeast larvicides.





3.6. Whole Mount In Situ Hybridization


The Patel [70] protocol was used for synthesis of riboprobes corresponding to the A. aegypti Rbf1 (AAEL019934), Notch (AAEL023745), and spdo (AAEL026911) genes, as well as the A. gambiae Rbf1 (Table S1), Notch (AGAP001015), and spdo (AGAP002689) genes and used for in situ hybridization experiments that were performed on adult female brains as previously described [71]. Four biological replicate experiments were conducted on larvae that had been fed with control or Rbfox1.457 yeasts as described above. Following processing, the brain tissues were mounted, then viewed and imaged with a Zeiss Axioimager (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA) equipped with a Spot Flex camera (Diagnostic Instruments, Inc. Sterling Heights, MI, USA). FIJI ImageJ software [72] was used to evaluate mean gray values (average signal intensity over the selected area) which facilitated quantification of digoxigenin-labeled transcript signals in the brains of Rbfox1.457- or control-treated mosquitoes as described [73]. These transcript data were evaluated with the Student’s t-test.




3.7. Evaluation of Non-target Species


Yeast toxicity was assessed as previously described [8,9] in D. melanogaster, T. castaneum, and D. magna. O. fasciatus and H. convergens were evaluated as follows:



3.7.1. O. fasciatus


Adults were obtained from Carolina Biologicals (Burlington, NC, USA) and reared according to the provider’s instructions. For the toxicity assays, in each of two biological replicate experiments, 20 individuals were fed a slurry of 200 μL of 10% sucrose mixed with red food dye and 50 mg of either control or Rbfox1.457 yeast. This slurry was provided to the insects via a wick-containing 0.5 mL tube that was suspended inside the cage throughout the trial period. The cages were stored at room temperature (21 °C) and monitored for six days. Feeding was confirmed by observation of individual feeding bouts and the presence of red dye in the insect excrement. The number of adults that survived after six days was recorded, and data were analyzed with the Fisher’s exact text.




3.7.2. H. convergens


Adults were obtained from Carolina Biologicals and reared in cages stored at room temperature (21 °C) according to the provider’s instructions. Toxicity assays were conducted as described for O. fasciatus, except that the yeast ATSB was provided to 10 insects in a small dish throughout each of two trials.






4. Conclusions


The results of this study suggest that Rbfox1.457 yeast, a dual-action adulticidal and larvicidal IRP with a target site conserved in the Rbfox1 gene of many species of mosquitoes (Table S1), could potentially be used as a new means of controlling Aedes, Anopheles, and Culex mosquitoes at multiple stages of the mosquito life cycle (Figure 1, Figure 2 and Figure 4). Silencing Rbfox1 resulted in significant decreases in Notch and spdo transcripts, a result that had not previously been described in other species (Figure 3 and Figure S1). This critical role in Notch signaling, a key cellular signaling mechanism, correlated with a critical requirement for Rbfox1 for mosquito viability. These studies also demonstrated that Rbfox1.457 IRPs, which did not impact survival of several non-target arthropods evaluated in this investigation (Table 3), can be effectively delivered to adult mosquitoes in the form of an ATSB (Figure 2 and Figure 4). Discovery that yeast-based IRPs can be delivered to mosquitoes as ATSBs greatly improves the potential for affordable and scalable use of RNAi-based adulticides. Moreover, development and characterization of Rbfox1.457 yeast IRP (Figure 1 and Figure 4) added one more larvicide to the growing collection of larvicidal IRPs, an arsenal which could be used to combat resistance, should it develop, to any single yeast IRP [4,31]. Confirmation of Rbfox1.457 yeast ATSB activity in simulated field trials (Figure 2 and Figure 4) and Rbfox1.457 yeast larvicide activity in semi-field trials (Figure 1d) suggests that IRP technology could potentially be implemented successfully in the field. This will of course need to be evaluated in larger-scale field trials, which should focus on residual activity of the IRP following deployment, a critical factor that must be evaluated in order to completely assess the potential for using these insecticides as a new mosquito control intervention.



Hunter et al. [74] previously demonstrated in a large-scale field trial, under natural beekeeping conditions, that RNAi could be used to prevent Apis mellifera infections with Israeli Acute Paralysis Virus. Their study, which was performed in two discrete climates, seasons, and geographical locations, demonstrated that the dsRNA could be successfully delivered in sugar water. However, the bees were treated twice per week during the trial period. Less frequent applications of ATSBs would be ideal for mosquito control, suggesting that the development of long-lasting formulations would be a worthwhile endeavor. The development of encapsulated stable formulations that promote yeast IRP stability in various environmental conditions, both prior to and during use, will be important. Encapsulation of the yeast could also facilitate controlled and extended IRP release, which is likely an essential component of developing commercial products with suitable residual activity [31]. In preparation for large-scale field trials, it will also be useful to scale production of yeast strains that express insecticidal shRNA, and this may require further research and development [31]. The results of this investigation indicate that pursuit of these endeavors could significantly advance mosquito control efforts.
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The following are available online at https://www.mdpi.com/article/10.3390/pathogens10101251/s1, Table S1: Conservation of the Rbfox1.457 yeast IRP target site in mosquitoes. The Rbfox1.457 yeast target site is conserved in the Rbfox1 genes of multiple disease vector mosquitoes. Outside of H. illucens, L. longipalpis, and P. papatasi, no other identical 21 bp target site was found in the genomes of non-target species found in the National Center Biotechnology Information (NCBI) database [27]. Figure S1: Rbfox1.457 yeast ATSB results in target gene silencing and significantly impacts Notch signaling in A. gambiae. Rbfox1.457 ATSB consumption resulted in a significant reduction in Rbfox1 (A), Notch (B), and spdo (C) transcripts in the A. gambiae adult female brain. The numbers of brains analyzed (n) are indicated below each bar in the graphs; *** = p < 0.001 vs. sugar bait alone or sugar bait with control yeast; data were analyzed with Student’s t-test. Figure S2: Original gel for panel 1a (both unlabeled and labeled).
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Figure 1. Rbfox1.457 yeast consumption results in Rbfox1 silencing and A. aegypti larval death. (a) A ~100 bp PCR amplicon generated using primers corresponding to the Rbfox1.457 shRNA transcript is visualized in the lane marked by + in an ethidium bromide-stained agarose gel. cDNA template for the reaction was prepared from Rbfox1.457 yeast total RNA, and a negative control PCR reaction with no cDNA added (marked by a minus symbol) is included at far right. A representative gel from two comparable biological replicate experiments is shown; irrelevant lanes between a DNA standard at far left and the + lane were cropped from an image of the original gel, which is included as supplementary material. (b) Rbfox1 transcripts detected in the A. aegypti L4 brain were significantly reduced in larvae fed with dried inactivated yeast interfering RNA larvicide Rbfox1.457 tablets. Compiled mean gray value results provide evidence of RNAi-mediated silencing; n numbers are indicated below each bar in the graphs. (c) A. aegypti larval consumption of inactivated dried Rbfox1.457 yeast resulted in significant larval death in laboratory trials. (d) Rbfox1.457 induced significant larval lethality in outdoor semi-field trials conducted in 7.5 L containers bearing 3.5 L water. In (c,d), data compiled from multiple replicate trials (each with 20 larvae) are represented as mean percentages of larval mortality; error bars denote SEM, and n numbers are indicated below each bar in the graphs. (e) A survival-curve for A. aegypti larvae reared on the indicated diets is shown, indicating that a majority of Rbfox1.457 yeast-treated larvae died by the fourth instar of larval development. (f) A dose response curve illustrates that larval mortality is correlated to the amount of Rbfox1.457 yeast consumed. Each data point corresponds to the percent mortality observed in a single-container assay conducted with 20 larvae. *** = p < 0.001 (Student’s t-test). 
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Figure 2. RNAi-based ATSBs targeting Rbfox1 result in high levels of A. aegypti mortality. (a) Heat-inactivated Rbfox1.457 yeast can be delivered in 5% sucrose as an ATSB (red-dyed solution at feeding station in (a) that is readily consumed by A. aegypti adult females. (b) An engorged female that has consumed red ATSB is shown. (c) Significant mortality is observed in A. aegypti that consumed Rbfox1.457 yeast ATSB in comparison to adults that consumed sugar bait with control yeast. *** = p < 0.001; error bars represent SEM; n numbers are indicated below each bar in the graph. (d) A dose-response curve showing the concentration of Rbfox1.457 yeast in the sugar bait vs. the percentage mortality of A. aegypti adult females is shown; each point represents an ATSB trial with 25 adult females. (e) The survival curve for adult females that fed on control yeast sugar bait or Rbfox1.457 yeast sugar bait is shown. 






Figure 2. RNAi-based ATSBs targeting Rbfox1 result in high levels of A. aegypti mortality. (a) Heat-inactivated Rbfox1.457 yeast can be delivered in 5% sucrose as an ATSB (red-dyed solution at feeding station in (a) that is readily consumed by A. aegypti adult females. (b) An engorged female that has consumed red ATSB is shown. (c) Significant mortality is observed in A. aegypti that consumed Rbfox1.457 yeast ATSB in comparison to adults that consumed sugar bait with control yeast. *** = p < 0.001; error bars represent SEM; n numbers are indicated below each bar in the graph. (d) A dose-response curve showing the concentration of Rbfox1.457 yeast in the sugar bait vs. the percentage mortality of A. aegypti adult females is shown; each point represents an ATSB trial with 25 adult females. (e) The survival curve for adult females that fed on control yeast sugar bait or Rbfox1.457 yeast sugar bait is shown.



[image: Pathogens 10 01251 g002]







[image: Pathogens 10 01251 g003 550] 





Figure 3. Rbfox1.457 yeast ATSB results in target gene silencing and significantly impacts Notch signaling in A. aegypti. Rbfox1.457 ATSB consumption resulted in a significant reduction in Rbfox1 (a), Notch (b), and spdo (c) transcripts in the A. aegypti adult female brain; n numbers of brains analyzed are indicated below each bar in the graphs. *** = p < 0.001 vs. sugar bait alone or sugar bait with control yeast; data were analyzed with Student’s t-test. 
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Figure 4. Rbfox1.457 yeast is a broad-based mosquito adulticide and larvicide. Oral consumption of Rbfox1.457 yeast ATSB results in high levels of adult (a–c) and larval (d–f) mortality in A. gambiae (a,d), C. quinquefasciatus (b,e), and A. albopictus (c,f). The data represent mean mortalities with error bars representing SEM; n numbers are indicated below each bar in the graphs. Data were statistically analyzed with ANOVA in (a–c) and Student’s t-test in (d–f). *** p < 0.001 in comparison to control-treated individuals. 
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Table 1. Aedes aegypti mortality induced by Rbfox1.457 siRNA.
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Experiment 1

	
% Mortality

	
p Value

Control vs.

Treatment

	
n






	
Larval soaking

	

	

	




	
Control siRNA

	
0 ± 0

	
4.4−13

	
40




	
Rbfox1 siRNA

	
73 ± 2.5




	
Adult microinjection

	

	

	




	
Control siRNA

	
5

	
4.0−3

	
20




	
Rbfox1 siRNA

	
45




	
ATSB/siRNA feeding

	

	

	




	
Control siRNA

	
8 ± 5.3

	
3.5−10

	
37




	
Rbfox1 siRNA

	
77 ± 7.1

	
42








1 Mortality rates (with standard deviations (SDs) for the soaking and standard errors of the mean (SEMs) for feedings), the total numbers of individuals subjected to each treatment (n), and the p value obtained in Fisher’s exact test analyses between Rbfox1.457 siRNA-treated and corresponding control siRNA-treated individuals are indicated.
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Table 2. ATSB feeding rates in mosquitoes.
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Feeding Rate (%)

	




	
Experiment 1

	
Species

	
Control

	
Rbfox1.457

	
n






	
siRNA ATSB

	
A. aegypti

	
57 ± 7

	
63 ± 8.5

	
65




	
Yeast ATSB

	
A. aegypti

	
100 ± 0

	
100 ± 0

	
150




	
A. gambiae

	
100 ± 0

	
100 ± 0

	
75




	
C. quinquefasciatus

	
100 ± 0

	
100 ± 0

	
225




	
A. albopictus

	
89 ± 0.5

	
91 ± 1

	
225








1 The percentages of insects that became engorged with sugar meals consisting of each of the indicated treatments are shown. The mosquito species, feeding rates with SEMs, and the total number of individuals subjected to each treatment (n) are indicated. No significant differences between control or insecticidal treatments were observed.
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Table 3. Survival of select non-target organisms treated with Rbfox1.457.
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	Test Organism 1
	Control
	Rbfox1.457
	n





	D. magna adults
	100 ± 0
	98 ± 3.5
	40



	D. melanogaster larvae
	100 ± 0
	100 ± 0
	60



	D. melanogaster adults
	100 ± 0
	99 ± 1
	60



	H. convergens adults
	90 ± 0
	90 ± 7
	20



	O. fasciatus adults
	80 ± 7
	77.5 ± 18
	40



	T. castaneum adults
	100 ± 0
	100 ± 0
	60







1 The percentages of insects that became engorged with sugar meals consisting of each of the indicated treatments (Control or Rbfox1.457). The mosquito species, feeding rates with SDs, and the total number of individuals subjected to each treatment (n) are indicated. No significant differences between control or insecticidal treatments were observed.
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