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An emerging concept in the ongoing battle against insect pests is that compounds that influence the behavior of insects by modulating their ability to smell could be developed by targeting their chemoreceptors. This idea was identified by the annual horizon scan of global conservation issues as a topic of concern for their 2015 report. Unfortunately, the publication could only afford a short discussion of the pros and cons of the approach. Here we review the concept and discuss how it might be best implemented to avoid potential off-target effects and environmental harm. We describe the first of this class of compounds, VUAA1, outlining that its highly broad range of potential insect targets would lead to many of the issues associated with broad-spectrum insecticides. We also review compounds and approaches targeting the relatively less conserved carbon dioxide receptor complex and finally highly tuned receptors to conclude that focusing on species-specific pheromone receptors would result in fewer potential off-target effects.
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INTRODUCTION

Applied ecologists are always on the lookout for new ways of managing insect pests of agriculture and vectors of disease. The decline of bee populations, in part through the use of the more recently employed neonicotinoid insecticides (Kessler et al., 2015; Rundlöf et al., 2015), and the rapid uncontrolled spread of Zika virus by mosquitoes (Bogoch et al., 2016), highlight that this high stakes battle continues to rage on, with the bee example reminding us of the need to minimize non-target impacts of pesticides. An emerging new concept in this battle against insect pests and vectors is the idea that compounds that influence the behavior of insects by modulating their ability to smell could be developed by targeting their chemoreceptors. This could be achieved through either screening with a large number of natural and synthetic compounds or eventually by structure-guided design, in much the same way as many pharmaceutical drugs are developed. This idea was recently highlighted by the annual horizon scan of global conservation issues as a topic of concern for the year (Sutherland et al., 2015). Unfortunately, the publication could only afford a paragraph of little over 200 words to discuss the pros and cons of the approach and focused mainly on compounds targeting a conserved element of the insect odorant receptor complex. However, we believe the topic warrants more in depth discussion and our objective here is to review the origins of the field and discuss how the approach might be best pursued, highlighting both possible advantages and relevant environmental concerns.

TARGETING THE GENERAL INSECT SENSE OF SMELL

Olfaction is an important sense for insects, used for everything from finding food, potential mates and oviposition sites through to evading predators and harmful microbes. The use of olfaction is taken to an extreme within the Hymenoptera, where complex chemical cues have become a “language” that binds social structure (Ayasse et al., 2001). In insects, olfaction is mediated largely by an expansive family of dedicated odorant receptors (ORs). These receptors form complexes with the obligate co-receptor Orco expressed within olfactory sensory neurons inside sensilla located mainly on the insect antennae. The conventional ligand-binding ORs provide specificity for different odorants, whereas the co-receptor forms an ion channel that is crucial for triggering the neuronal signal (reviewed in Carraher et al., 2015). Thus, Orco is present in all olfactory sensory neurons that express an odor-binding OR. Whereas, the odor-binding ORs are highly divergent across insects, both in terms of protein sequence and odor specificity, Orco is evolutionary conserved and, therefore, likely has the same function across insects (see Hansson and Stensmyr, 2011, and Andersson et al., 2015 for reviews). The identification of ORs from the genomes and transcriptomes of insect species and the recent development of high-throughput cell-based assays allowing OR screening with thousands of ligands have facilitated the development of an efficient pharmacological approach to identify agonists and antagonists for these receptors. One of the first of these studies was conducted against receptors from the malaria mosquito, Anopheles gambiae, leading to the identification of the synthetic compound VUAA1 (N-(4-ethylphenyl)-2-((4-ethyl-5-(3-pyridinyl)-4H-1,2,4-triazol-3-yl)thio)acetamide) as an agonist for the co-receptor Orco itself (Jones et al., 2011). This compound is able to activate Orco to stimulate ion channel opening, even in the absence of odor-binding ORs or their odorants. Not only is VUAA1 active on the Orco of A. gambiae, but also on Orcos from other species, including other dipterans (but see Andersson et al., 2016 for an exception in Diptera), lepidopterans, and hymenopterans, raising the possibility that agonists (such as VUAA1) and antagonists of Orco might be able to impact olfaction in species from many insect orders. The discovery of VUAA1 sparked interest in using Orco modulators as broadly active insect repellents that could be used to fight both disease vectors and agricultural pests (Jones et al., 2011). A major issue with the efficacy of VUAA1, however, is that the molecule is not particularly volatile, rendering it largely impotent for insect control. There has therefore been a concerted effort to identify other modulators of Orco, with additional agonists (Chen and Luetje, 2012; Taylor et al., 2012; Romaine et al., 2014), and antagonists (Chen and Luetje, 2012, 2013; Jones et al., 2012; Pask et al., 2013; Bobkov et al., 2014) now described, with some displaying higher potency and/or volatility than VUAA1. In contrast to the Orco agonists that interfere with odor-guided behaviors by over-stimulating insect olfaction, the antagonists, in principle, would render insects anosmic, preventing any communication via odorants. However, whether Orco is activated or inhibited, the negative impact on the insect sense of smell, and thus behavior, may well be similar. Additionally, Orco has been shown to be present in the testes and spermatozoa of insects, with Orco agonists and antagonists affecting flagella beating and thus the movement of mosquito spermatozoa (Pitts et al., 2014). These compounds might therefore also directly and broadly interfere with insect reproduction, and by disrupting multiple aspects of the insect life cycle could potentially be very efficient in insect control.

Risks of Off-Target Effects

While broadly active disruptive compounds targeting Orco have potential commercial value, their application may arguably incur the same undesirable effects on non-target insects as broad-spectrum insecticides due to the evolutionary conservation of Orco function in many insect orders. If such compounds were to be released over large areas for management of agricultural pests or in disease vector extermination programs, they would most likely affect the majority of insects in that area, as well as the targeted pest or vector species. Beneficial insects in farmland, urban, or natural ecosystems, such as honeybees or their wild relatives may likewise be impacted, affecting pollination and the ability of insect predators and parasitoids to locate prey and hosts, respectively. Effects could also potentially spread via food chains to vertebrates, such as insectivorous birds, mammals, amphibians, reptiles, and fish. The extent of these potential environmental impacts would depend on the rate of biodegradation of the compound(s) and their frequency of application in the field.

In contrast to large-scale application in modified or unmodified ecosystems, applying compounds that target Orco to smaller point sources should reduce the risk of environmental impacts. Currently, DEET (N,N-diethyl-m-toluamide) is the most commonly used personal insect repellent applied to human skin. Potential receptor targets for DEET have been identified, however the mode of action for the compound and its potential receptor target(s) remain hotly debated (Ditzen et al., 2008; Syed and Leal, 2008; Lee et al., 2010; Kain et al., 2013; Enjin et al., 2016). It is possible that Orco modulators, such as VUAA1 could be used in a similar way as DEET. In fact, both VUAA1 and especially its structural analog VUAA4 have been shown to modulate mosquito behavior at lower concentrations than DEET (Taylor et al., 2012). Another possibility might be to limit the release of such compounds to human households to interfere with mosquito hut entry behaviors (Turner et al., 2011).

TARGETING RECEPTORS PRESENT IN FEWER SPECIES SHOULD BE ASSOCIATED WITH LOWER ENVIRONMENTAL RISK

While the use of compounds that act on Orco may have undesired non-target consequences (Figure 1A), there are other receptors that could be focused on for the purpose of insect control. One receptor complex that has received some attention in this context is the carbon dioxide (CO2) receptor complex of higher insects. This receptor complex is made up by members of the gustatory receptor (GR) family, especially GR1 and GR3, and has been retained over evolutionary time at least among the Diptera, Coleoptera, and Lepidoptera, although additional insect taxa are also able to detect CO2 (Robertson and Kent, 2009). Thus, although this receptor complex occurs in fewer taxa than Orco, it is present among three of the major insect orders, all of which contain serious agricultural pests and disease vectors. For example, in disease-spreading mosquitoes, the detection of CO2 by this receptor complex is very important for their ability to locate human hosts. Just as for Orco, and because of its important role for host finding in mosquitoes, the CO2 receptor complex has been the target of large scale compound screenings resulting in the discovery of highly active agonists (“superagonists”), as well as antagonists (Turner and Ray, 2009; Turner et al., 2011; Tauxe et al., 2013). In this case, however, the active ligands found to date are naturally occurring volatile compounds including e.g., cyclopentanone, ethyl pyruvate, 1-hexanol, 2,3-butanedione, butanal, and pentanal (Turner and Ray, 2009; Tauxe et al., 2013). Several of these odorants show similar effects on CO2 receptors across different species of mosquitoes (i.e., the malaria vector A. gambiae, the West Nile vector Culex quinquefasciatus, and the Zika, chikungunya, dengue and yellow-fever vector Aedes aegypti) as well as the vinegar fly Drosophila melanogaster, and their interaction with the receptor is sufficient to interfere with CO2-mediated behaviors (Turner et al., 2011). However, 2,3-butanedione has opposing effects in drosophilid flies compared to mosquitoes, inhibiting the CO2 response in Drosophila, but eliciting ultra-prolonged activation of CO2 neurons in mosquitoes. This latter effect results in impaired CO2 attraction and reduction in CO2-mediated hut entry behavior of C. quinquefasciatus (Turner et al., 2011). Similar to the broadly active compounds that target Orco, the compounds that can modulate CO2-responses are also likely to affect non-target insects (Figure 1B). However, the negative side effects of targeting this receptor complex are likely to be less severe compared with targeting Orco because (i) the compounds would not activate or deactivate the entire olfactory system, (ii) fewer insect taxa possess the conserved CO2 receptor complex compared to Orco, (iii) the CO2 receptor targeting compounds identified to date are naturally occurring and some of them are generally regarded as safe (Tauxe et al., 2013). Nevertheless, because the ecological importance of CO2 is unknown in most insect species, and because the above-mentioned compounds are physiologically and/or behaviorally active in many species, the release of large quantities of such compounds may well be associated with unexpected side effects on insect and animal communities. In addition, the pest control efficacy of agonists or antagonists targeting the CO2 receptor is likely to be lower than that for compounds targeting Orco, because CO2 is commonly used by insects in combination with input from additional receptors in the host finding process.
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FIGURE 1. Summary of the possible advantages and disadvantages/environmental risks of using compounds targeting (A) the evolutionary conserved insect odorant receptor co-receptor (Orco), (B) the relatively less conserved insect carbon dioxide receptor complex, and (C) more species-specific receptors for sex- or aggregation pheromones, in pest- or disease vector control.



TARGETING SPECIES-SPECIFIC RECEPTORS SHOULD BE DESIRABLE FROM AN ENVIRONMENTAL PERSPECTIVE

Another option for this approach to new insect control tactics is to target chemosensory receptors that are more species-specific. Sex pheromone receptors are such an example and also offer the advantage of being proven targets where current management techniques, such as mating disruption, are widely utilized to reduce population numbers by reducing matings. Tailoring compounds that can modulate responses of sex pheromone receptors should have significantly lower environmental risks compared to modulators of the CO2 receptor complex and especially Orco, because sex pheromone receptors generally recognize species-specific sets of compounds (Figure 1C). Several recent studies have identified natural odorants that interfere with responses to sex pheromones, at the molecular, neurophysiological, and behavioral levels. For instance, (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), a herbivore-induced plant volatile, interferes with the detection of both sex pheromone and host-derived attractants in the Egyptian cotton leaf worm, Spodoptera littoralis (Lepidoptera), reducing attraction to both sex pheromones and host attractants (Hatano et al., 2015). Because DMNT also attracts natural enemies of herbivores it might be a good target for sustainable agricultural pest control. Similarly, Pregitzer et al. (2012) showed that several plant compounds (linalool, linalyl acetate, Z3-hexenol, and geraniol) interfere with sex pheromone detection in the tobacco budworm, Heliothis virescens (Lepidoptera), and that the interference occurs at the level of the receptor via competitive antagonism. A similar story is emerging for aggregation pheromones of tree-killing bark beetles, which during outbreaks can be a serious threat to forests, both planted and unmodified (Raffa et al., 2016). In the European spruce bark beetle, Ips typographus, the herbivore-induced spruce defense compound, 1,8-cineole (Schiebe et al., 2012), strongly reduces attraction to the aggregation pheromone, which is used to coordinate deadly mass-attacks on trees (Andersson et al., 2010; Binyameen et al., 2014). The sensory neuron that detects 1,8-cineole is housed within the same sensilla as that for one of the essential aggregation pheromone components, and when the 1,8-cineole neuron responds, the response to the aggregation pheromone component in the other neuron is inhibited, probably via passive electrical interactions between neurons (Andersson et al., 2010). Such neuronal cross-talk has also been demonstrated to occur in Drosophila, with significant effects on behavior (Su et al., 2012); thus it probably represents a neurophysiological mechanism widespread among insects. The potential use of compounds that interfere directly with sex/aggregation pheromone receptors or indirectly on neurophysiological responses is a promising avenue for the development of sustainable integrated pest management. It is, however, unclear whether the same expected control efficacy of compounds targeting a specific receptor will be achieved as compared with compounds targeting Orco (or the use of insecticides), especially for species that utilize multiple sensory modalities for host or mate finding. Thus, it is possible that several specific receptors will have to be targeted simultaneously to achieve sufficient control. In addition, while control measures that target sex- or aggregation pheromone receptors will likely be more species-specific, not all pest species use such pheromones, and even where they do, not all have had their chemical components or receptors identified. While this may seem like a limitation of this approach at this time, ongoing research should identify more species-specific pheromones and their chemoreceptors.

CONCLUSIONS

The potential environmental issues and unintended consequences on ecosystems of the development of insect control tactics targeting chemoreceptors have received little, if any, attention. The aim of this essay is to highlight such issues and stimulate debate amongst the scientific community and policy makers to prevent some of the same mistakes being made as associated with the widespread use of broad spectrum pesticides, especially insecticides. We suggest that control technologies targeting chemoreceptors that detect compounds which are specific for a pest should be the option of choice for a pharmacological approach to insect control using odorants. This strategy would limit the potential for non-target impacts if the compounds were used over large areas. If compounds are developed against targets, such as Orco and CO2 receptors that are evolutionary conserved and widely occurring among insects, then their use would be best reserved for personal use rather than large scale field application to minimize the risk of a “Silent Spring.” So in conclusion, while we argue that there may well be potential risks with this approach as pointed out by the annual horizon scan of global conservation issues, we also maintain that these risks could be best mitigated by focusing on more species-specific targets and their targeted application based on their specificity.
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