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Abstract
Engineering plants for resistance to virus transmission by invertebrate vectors has lagged behind other forms of plant protection. Vectors typically transmit more than one virus. Thus, vector resistance could provide a wider range of protection than defenses directed solely against one virus or virus group.  We discuss current knowledge of vector-host-virus interactions, the roles of viral gene products in host and vector manipulation, and the effects of semiochemicals on host-vector interactions, and how this knowledge could be employed to disrupt transmission dynamics. We also discuss how resistance to vectors could be generated through genetic engineering or gene editing or indirectly through use of biocontrol using plant-resident viruses that infect vectors.     
 111 words
Highlights 
· Most plant-infecting viruses are transmitted by other organisms; ‘vectors’, most of which are invertebrates.
· Resistance to vectors has potential to provide broad-range indirect defense against viruses.
· New developments include artificial vector resistance genes based on modified R proteins or novel gene products toxic to vectors.
· Metabolic engineering of plant semiochemical metabolism has promise for disrupting insect-mediated transmission.
· Insect-infecting viruses that use plants as infection reservoirs have potential in vector biocontrol.

Introduction: Current limits to engineering for resistance to plant viral vectors
Beginning 30 years ago with pathogen-derived resistance, a variety of RNA- and protein-mediated transgenic [1] and gene-editing approaches [2,3] have been used successfully to protect model and crop plants against viruses. Contrastingly, less progress has occurred in engineering resistance to virus transmission.  There are good reasons to target transmission.  Firstly, most crop-infecting viruses are vectored.  Vectors are predominantly invertebrates possessing piercing mouthparts (stylets), the most important being hemipteran insects such as aphids and whiteflies [4,5].  Certain stylet-possessing ectoparasitic nematodes also vector viruses [4].  Since a vector may transmit many viruses [4], targeting vectors could provide very broad antiviral protection. Secondly, sap-sucking invertebrates pose an increasing threat to agriculture.  This is due to evolution of pesticide-resistant strains, decreased use of pesticides due to increased environmental or health concerns, and changes in vector distribution driven by climate change [4].  
Engineering resistance to vectors lags behind engineering of crops to resist chewing insects.  This has become commonplace, especially with respect to protection of maize and cotton against lepidopteran or beetle pests by expression of Bacillus thuringiensis δ-endotoxin (Bt) transgenes [6].  However, Bt has little or no effect on vectors [7]. Nevertheless, it may be feasible to mutate Bt proteins to be effective against aphids [8]. Thus, protecting against transmission will require distinct approaches that may demand translation of recent discoveries in virus-host-vector interactions.

Background: Virus-plant-insect vector interactions 
Insect-transmitted plant viruses can be classified into those that are non-persistently, semipersistently, or persistently transmitted by vectors [4,5]. Persistently transmitted viruses require prolonged (hours) of phloem feeding by vectors to allow virus to enter and circulate within the insect to reach the salivary glands from which virus particles can be injected into new plant hosts during vector feeding.  In many cases, these viruses do not replicate in the insect cells (circulative, non-propagative transmission) [4,5]. There is less dependence on prolonged feeding for successful acquisition and transmission of semipersistently transmitted viruses (in which virions bind in the insect foregut) and for non-persistently transmitted viruses where acquisition and infection take only seconds since these virions bind loosely to receptors in the stylet common duct [5].

Direct effects of viruses on vector feeding behavior and host preference
Persistently transmitted viruses, most of which do not replicate in insects, have evolved manipulative strategies to increase the probability of transmission [5,9-12]. These intricate virus-vector interactions have been studied in great detail using whiteflies (Bemisia tabaci) and begomoviruses (single-stranded circular DNA viruses in the family Geminiviridae), such as tomato yellow leaf curl virus.  Begomoviruses are not thought to replicate in B. tabaci.  However, a transcriptomic study indicated that in begomovirus-bearing whiteflies, expression of genes conditioning xenobiotic detoxification was up-regulated whilst genes involved in energy metabolism were suppressed [13]; effects likely to benefit both vector and virus [11].
 
A non-circulatively transmitted virus, the crinivirus cucurbit chlorotic yellows virus, also affects whitefly feeding behavior.  This RNA virus is carried in the insect foregut and does not replicate in B. tabaci, yet it preferentially enhances male whitefly behaviors that promote virus transmission [14].  Eigenbrode’s group found that when aphids (Rhopalosiphum padi) acquired barley yellow dwarf virus, the insects’ normal feeding preference changed so that viruliferous aphids favored uninfected over infected wheat plants [10]. Similar effects were seen in the Myzus persicae/potato/potato leafroll virus pathosystem, where viruliferous aphids preferred the volatile cues of uninfected hosts [12]. These RNA viruses circulate in aphids but do not replicate in insects.        
It remains mechanistically puzzling how viruses that do not replicate in insects influence vector behavior. Effects on feeding behaviors are easier to conceptualize for viruses that replicate in insects. For example, tomato spotted wilt virus, a negative/ambisense RNA virus that infects its thrips vector induces male-specific alterations in feeding that promote virus transmission [15]. However, even here the mechanisms underlying behavior modification remain mysterious.

Indirect effects of viruses on vector feeding behavior
Luring non-viruliferous vectors to infected plants relies on viral manipulation of plant biochemistry and here detailed molecular evidence for the underlying mechanisms has been unearthed. As has been found for phytopathogenic bacteria, fungi, and oomycetes, begomoviruses utilize an effector (see below), the well-studied βC1, to target hubs in the plant immune signaling network such as CSN5a in the COP9 signalosome [16] and the transcriptional regulators AS1 and MYC2 [17], thereby suppressing jasmonic acid (JA)-regulated anti-insect defenses. In this situation, whiteflies encounter diminished levels of repellent volatiles and within-phloem defenses on virus-infected plants [18,19]. Thus, in begomovirus-infected hosts, whiteflies benefit by reproducing rather than diverting resources to detoxify plant defense compounds [20].
Enhanced vector performance on virus-infected plants due to virus-induced down-regulation of plant defenses promotes transmission for persistently transmitted viruses. However, virus-induced plant susceptibility also occurs in interactions involving non-persistently transmitted viruses, even through this will not promote transmission of these viruses. We speculate that this might be a consequence of strategies that both persistently and non-persistently transmitted viruses employ to manipulate hosts and vectors.  Several non-persistently transmitted viruses encode factors that suppress JA-mediated defensive signaling [21-23]. And, like persistently transmitted viruses, non-persistently transmitted viruses seem to inhibit JA-mediated signaling through effects on small RNA pathways [24,25] or by targeting plant defense signaling network hubs, such as JAZ proteins [26], in the case of cucumber mosaic virus (CMV), or ethylene signaling-associated proteins and other hubs, in the case of potyviruses [27,28]. Nevertheless, suppression of JA-mediated anti-insect defenses cannot explain all virus-induced changes in host-vector interactions [21,23,25,29].  In one such case - the interaction between CMV and one of its natural hosts, Arabidopsis - three viral gene products (the 1a, 2a and 2b proteins, which all show signatures of evolution under positive selection) interact epistatically; ‘collaborating’ to overcome the phenotypic effects of suppressed JA-mediated signaling, so that feeding deterrence towards aphid vectors is achieved [22]. Meanwhile, the defense-suppressive potyviral protease NIa actively relocalizes between cellular compartments upon insect feeding, indicating a highly dynamic relationship between a virus gene product, the host and the vector [21,30].
How did suppression of JA-mediated signaling become widespread among plant viruses? SA-mediated signaling plays a central role in defense against most viruses [31]. However, Lozano-Durán and colleagues contend that begomoviruses may suppress JA-mediated signaling to enhance virus accumulation [16]. Crosstalk between JA- and SA-mediated signaling is highly conserved and can be either antagonistic or synergistic, leading to complex outputs [31]. However, if disrupting anti-viral defense were indeed the initial selective force driving begomoviral suppression of JA-mediated signaling, which for most viruses has become more important in manipulation of vectors, the effects on insect-host interactions might be an example of an evolutionary by-product or ‘spandrel’ [32].
Suppression of JA-mediated anti-insect defenses could also represent a default strategy for any vector-transmitted virus to pursue. Although not immediately beneficial in ensuring rapid spread of a non-persistently transmitted virus, the increased population growth rates of vector insects on infected plants might stimulate production of a sizeable population of virus-carrying vectors that will eventually spill-over and spread. We have dubbed this outcome of a virus-host-vector interaction a Type 2 scenario [22] and similar effects can be observed for several such three-way combinations [21,29,30,33,34] (Figure 1). A non-persistently transmitted virus will be under pressure to evolve to circumvent a Type 2 outcome in certain plant-insect vector combinations and change to induce repellence to drive vector movement towards uninfected plants [22,35]. This represents the optimal scenario for accelerated virus transmission [36], which we dubbed a Type 1 scenario [22] (Figure 1). However, we have suggested that for viruses that have a wide host range, such as CMV, it may not be a disadvantage to induce a Type 2 scenario in some hosts, since these plants may favor the persistence of the virus and its vectors under adverse conditions [22,29] (Figure 1).
When studying virus-host interactions it should be remembered that viruses affect interactions of their hosts with the environment and other organisms. In certain hosts viruses confer conditional benefits such as enhanced drought or cold tolerance [37,38], increased herbivore resistance [39], or pollinator attraction [25]. However, counter-examples exist where viruses enhance susceptibility to other hostile actors, as is the case with the PVY/potato/Colorado potato beetle system [40].  Such multi-player interactions may influence longer-term population dynamics for viruses and hosts and require research in a wider range of models.

Metabolic Engineering and Utilization of Semiochemicals
A relative few evolutionarily conserved central regulators control plant defense, secondary metabolism and signaling hubs, some of which are targeted by viral effectors [28] and some, like PAD4, affect aphid infestation [41]. Plants display wide diversity in the secondary metabolites they produce, including those with signaling properties: semiochemicals [42]. Fundamental studies of semiochemicals led to development of push-pull systems which have successfully protected crops from lepidopteran pests and parasitic weeds through companion cropping [42].  Could exploitation of semiochemicals through mixed cropping or metabolic engineering protect crops from vectored virus diseases?
Bruce and colleagues [43] engineered the metabolism of wheat to produce transgenic plants constitutively emitting the semiochemical (E)-β-farnesene, an aphid alarm pheromone and predator attractant.  Under controlled conditions plants repelled individuals of three cereal-specializing aphid species and attracted aphid-parasitizing wasps. However, under field conditions the metabolically engineered plants showed no differences in aphid infestation or presence of natural enemies to those seen on control wheat plants [43].  Possibly the constitutive expression of (E)-β-farnesene induced habituation in wild aphid populations; this semiochemical is normally released in a pulsed manner [43].  
It may be that either metabolic engineering for stimulated emission of a semiochemical would provide better effects under field conditions to avoid the habituation problem.  Another possibility is that semiochemical blends – generated by metabolic engineering or use of crop mixtures may be more effective at repelling or decoying vectors.   For example, a mixture of 16 plant-emitted compounds condition attraction of the black bean aphid, Aphis fabae, to the bean Vicia faba [44]. Virus infection further modifies the semiochemical blend and this may engender attraction [10,36] or repulsion [22], or it may have neutral effects on vectors [45].  Studies of virus-induced changes in semiochemical emission will be valuable not only for insights into virus transmission dynamics they provide but also for identification of key semiochemicals and biosynthetic pathways that can be targeted to inhibit vector-mediated virus transmission. 

Naturally occurring and engineered genetic resistance to vectors
Most dominant resistance (R) genes encode immune receptors possessing nucleotide-binding and C-terminal leucine-rich repeats domains (NB-LRRs) [46]. No clear structural distinctions exist between R proteins conditioning resistance to viruses, microbial pathogens or invertebrate pests and parasites such as aphids or nematodes [47]. Most R proteins work by directly or indirectly detecting immunosuppressive effector molecules [46]. Detection triggers a strong defense reaction against an invader, variously called the hypersensitive response (HR) or effector-triggered immunity, which can be accompanied by localized host cell death [46](Figure 2).  Effectors were first characterized in microbes but insects and nematodes also inject effector proteins and RNAs into plant cells to inhibit defenses [48-52].  Vector genes/transcripts encoding effectors can be targets for plant genetic engineering by transgenic expression of cognate RNA molecules that are taken up by feeding invertebrates to stimulate silencing of the target [50], or through use of decoy molecules to titrate RNA effectors [51]. However, it is currently unclear if this approach would inhibit virus transmission (reviewed by [53,54]).
The best-characterized R genes conferring vector resistance are the melon Vat (‘virus aphid transmission’) gene and the tomato Mi-1.2 gene. Vat confers effective resistance to multiple aphid-transmitted viruses, including CMV as well as several potyviruses and poleroviruses, but only when transmitted by Aphis gossypii [47]. Contrastingly, Mi-1.2, endows plants with resistance to a variety of phloem-feeding insects including several isolates of the aphid Macrosiphum euphorbiae, the whitefly B. tabaci, and tomato psyllids [55,56]. Although M. euphorbiae vectors many viruses, the indirect effect of Mi-1.2 on M. euphorbiae-mediated virus transmission appears to be uninvestigated. However, resistance to B. tabaci is known to provide protection against the begomovirus tomato yellow leaf curl virus [57], indicating that Mi-1.2 can foster indirect virus resistance.
Mi-1.2, named for conditioning resistance to the nematode Meloidogyne incognita, also engenders an effector-triggered HR against endoparasitic root-knot nematodes that, unlike certain ectoparasitic species, do not vector viruses [49].  Unfortunately, where resistance to ectoparasitic nematodes has been found, this may not provide resistance to nematode-vectored viruses. For example, grapevines resistant to Xiphinema index remained susceptible to nematode-mediated infection with grapevine fanleaf virus [58]. 
NB-LRR proteins are limited in the range of invertebrates they recognize and thereby the range of vectors against which they can protect [55]. R genes can be transferred between plants by genetic engineering but may not work effectively in heterologous backgrounds. They can be modified to have a stronger impact on virus transmission either in their native backgrounds or in other plants.  One means of widening, or focusing, R protein specificity is by stepwise artificial evolution through mutation of NB-LRR protein sequences [59]. Another approach of re-focusing R protein specificity is to create novel decoy molecules [46] to trigger resistance, which has been demonstrated by engineering a NB-LRR detection system with a decoy for the potyviral protease NIa [60].
Other transgenic approaches with high potential for disruption of transmission include phloem-specific expression of a spider-derived toxin and a lectin provided resistance against three vector types: whiteflies, aphids and mealybugs [61].  Modifying virus-derived factors to interfere with the transmission process itself or to facilitate toxin uptake could inhibit transmission (reviewed by [53]). An ingenious example of the latter approach is transgenic expression of a luteoviral coat protein-spider toxin fusion, in which the coat protein moiety facilitates toxin uptake into the aphid hemocoel [62] (Figure 2). 

‘Plant-vectored’ viruses: Incidental hitchhikers or vital mercenaries in the plant-virus-vector arms race?
Certain viruses pathogenic on aphids and leafhoppers, including densoviruses (DNA) and dicistroviruses (positive-sense RNA) have a remarkable property; they use plants (in which they do not replicate) as reservoirs or ‘vectors’ to infect their insect hosts [63-66]. As well as their direct pathogenic effects, some of these viruses disrupt normal aphid responses to olfactory cues given off by other aphids, causing them to scatter and predisposing them to attack by predators and parasitoids [67] or promote transition to winged morphs, enhancing virus dissemination [66]. These viruses, in particular the dicistroviruses may have potential as biocontrol agents (biopesticides) targeting insect vectors [63]. 
However, naturally occurring dicistroviruses have specific host and pathogenicity ranges [68,69], suggesting a degree of co-evolution between host and virus, and perhaps also with reservoir plants.  Although plants do not support dicistrovirus replication, they facilitate virus transportation systemically via the plant vasculature, increasing the likelihood of access to phloem-feeding insects [70]. Whether or not this occurs in nature as a mutualistic relationship to confer protection of plants against phloem feeders remains to be investigated. Recent construction of an infectious clone for cricket paralysis virus will provide a powerful tool to investigate dicistrovirus pathogenesis and insect host-plant reservoir-virus interactions [71].

Conclusions
Domestication diminished crop resilience to biotic attack [72] and consequently much effort has been expended on protection but, as explained earlier (Introduction), current methods are limited or in danger of obsolescence. Understanding how viruses manipulate vectors will provide useful insights to inform new methods of impeding virus transmission. One may envisage combining metabolic engineering and genetic resistance to lure vectors to plants that are resistant to viruses, vectors, or both (Figure 2). Indeed, success in editing genes defining susceptibility to virus infection [2,3] points the way to denying access of vectors’ effector molecules to their host targets, or subtly altering semiochemical biosynthetic pathways. Alternatively, exploitation of semiochemical signaling could be used to develop improved vector trapping systems or produce mixtures of plants with differing volatile signals that would confuse vectors’ host location systems.
Altering insect behavior to protect crops is feasible and has immense promise, as demonstrated by the push-pull system [42]. It can be fraught with difficulties, especially in the early stages of translating work from lab to field [43]. Improved resistance to transmission will require not only deeper understanding of virus-plant-vector relations but also other factors relevant in the field. Amongst other factors, these may include effects of other pathogens and invertebrate pests on plants and virus-plant-vector interactions and the multilayered, complex nature of defenses against pests and pathogens [40,73,74]. Vectors respond not only to semiochemicals but also to color and other visual cues [75,76]. Finally, the role of vector learning as well as innate preferences for semiochemical cues has until recently been neglected but offers important future research and application opportunities [77].
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FIGURE LEGENDS
Figure 1. The effects of virus infection on plant-vector interactions. Viruses can induce metabolic changes in infected plants that affect their quality as hosts for vectors. Where non-persistently transmitted viruses induce decrease palatability, for example in the case of CMV-infected Arabidopsis plants [22] or cucurbits [36] interacting with aphids, this discourages prolonged feeding (which mitigates against virus acquisition) and it promotes vector dispersion and consequent virus transmission (left diagram, upper, red box). The virus-induced decrease in host quality effect was called a ‘Type 1’ scenario by Westwood and colleagues [22]. However, acquisition and transmission of persistently transmitted (circulative) viruses (lower, blue box) are favored by prolonged feeding by vectors such as whiteflies (left) and aphids (right). Infection by geminiviruses (left) [17] and persistently transmitted RNA viruses (right) do not decrease host quality or may increase it (a Type 2 scenario), although vector preference can change following virus acquisition [10]. This will enhance transmission of these viruses since prolonged feeding helps virus acquisition and inoculation. However, in some hosts non-persistently transmitted viruses can enhance host quality (upper, red box, right diagram) [21,29]. It was proposed that this might not always be disadvantageous for the virus, since it will promote vector reproduction and provide an environment for the virus and its vectors to persist when no ‘Type 1’ plants are available [22]. 

[bookmark: _GoBack]Figure 2. Potential avenues to engineering resistance to vector-mediated virus transmission. The figure illustrates some of the approaches discussed in this review. A. Metabolic engineering of volatile blends emitted by crop plants has the potential to produce plants that repel vectors before the insects can infect plants with a virus. Combinations of vector-repelling plants (left) and attractive decoys (right) could be used to disrupt virus transmission dynamics. If decoys also possessed resistance to the virus or vector (Panels B-D), this could provide a potent, multilayered approach to crop protection. However, metabolic engineering of crops that can disrupt plant-vector interactions under agricultural conditions is still at a formative stage [43]. Panel B illustrates R gene mediated resistance to insect vectors, where injection of effectors stimulates effector-triggered immunity and death of cells adjacent to the feeding site (indicated in red). C. Viruses pathogenic on aphids and other vectors, for example dicistroviruses, can utilize the plant vascular tissue as a reservoir to infect their insect hosts. These viruses (red hexagons) do not replicate in the plant. They have been suggested to have potential as biopesticides [63]. Panel D illustrates transgenic expression of insecticidal toxins. The example is based on expression of fusion proteins comprising domains derived from a toxin (red triangle) and a viral sequence (blue diamond) that directs receptor-mediated uptake into aphids [62]. 
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