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Huanglongbing (HLB) is a destructive disease, associated with psyllid-transmitted phloem-restricted pathogenic bacteria, which is seriously endangering citriculture worldwide. It affects all citrus species and cultivars regardless of the rootstock used, and despite intensive research in the last decades, there is no effective cure to control either the bacterial species (Candidatus Liberibacter spp.) or their insect vectors (Diaphorina citri and Trioza erytreae). Currently, the best attempts to manage HLB are based on three approaches: (i) reducing the psyllid population by intensive insecticide treatments; (ii) reducing inoculum sources by removing infected trees, and (iii) using nursery-certified healthy plants for replanting. The economic losses caused by HLB (decreased fruit quality, reduced yield, and tree destruction) and the huge environmental costs of disease management seriously threaten the sustainability of the citrus industry in affected regions. Here, we have generated genetically modified sweet orange lines to constitutively emit (E)-β-caryophyllene, a sesquiterpene repellent to D. citri, the main HLB psyllid vector. We demonstrate that this alteration in volatile emission affects behavioral responses of the psyllid in olfactometric and no-choice assays, making them repellent/less attractant to the HLB vector, opening a new alternative for possible HLB control in the field.
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INTRODUCTION

Huanglongbing (HLB) is currently considered the most serious disease of citrus as it is devastating citriculture almost worldwide (reviewed in Bove, 2006; Gottwald, 2010; da Graça et al., 2016; Zheng et al., 2018). The disease is caused by phloem-limited bacteria (Candidatus Liberibacter spp.: Candidatus L. asiaticus, Candidatus L. americanus, and Candidatus L. africanus; CLs) vectored by the sap-sucking psyllids Diaphorina citri Kuwayama (Hemiptera: Liviidae) and Trioza erytreae (Del Guercio) (Hemiptera: Triozidae). HLB-infected trees decline in productivity and fruit quality and, in aggressive situations, even die within a few years, inducing severe economic losses to the growers (Bassanezi et al., 2009). In addition, current HLB management is based on removing symptomatic trees and reducing psyllid vector population by frequent insecticide treatments, which boost production costs. For example, since HLB detection in Florida (United States) in 2005, millions of trees have been killed, production volume has decreased by more than 74%, and annual economic losses are estimated at hundreds of million $ (Hodges et al., 2014; Singerman and Rogers, 2020). Despite intensive chemical control programs, HLB infection, which before 2004 was restricted to Asia, Eastern Africa, and the Arabic Peninsula, is currently present in all major citrus-producing areas except Australia/New Zealand and the Mediterranean basin.

From the mid-2000s, when HLB was detected in Brazil and the United States—the second and third largest worldwide citrus producers, respectively—research endeavors aimed at finding a cure for the disease as well as limiting its expansion increased tremendously. In the United States alone, more than 545 million dollars have been invested in research to control HLB since 2009 (Belasque et al., 2010; National Academies of Sciences, Engineering, and Medicine, 2018). As a result, there is a lot of information regarding D. citri biology (the vector present in the Americas). Notwithstanding these tremendous research efforts, the causal bacteria can still not be cultured, and HLB remains incurable. Consequently, the best management strategy to control HLB spread and infection is, as for any vector-borne pathogen transmitted in a circulative manner, based on two essential actions: (1) diminish the amount of psyllids able to spread the bacterium, and (2) reduce the quantity of inoculum accessible to the vectors (National Academies of Sciences, Engineering, and Medicine, 2018). With regard to the former, both nymphs and adults from D. citri are able to acquire the bacterium while feeding on infected plants and transmit it to healthy plants when feeding on them. Although eco-friendly control strategies, such as essential oils, botanical insecticides, plant-derived semiochemicals, and biological control, have been investigated (Khan et al., 2014), the reality is that psyllid population management still relies mostly on the use of numerous and aggressive insecticide applications. To reduce the number of chemical applications, large area-wide management (10,000–50,000 acres), which has been shown to increase the effectiveness of the treatments and reduce management costs, is recommended (Bassanezi et al., 2013; Boina and Bloomquist, 2015). Despite this, chemical control remains costly, unsustainable, and not fully effective (Hall et al., 2013; Yan et al., 2015). Besides, in less than a decade, D. citri has developed resistance to a number of insecticides (Tiwari et al., 2012).

Candidatus Liberibacter asiaticus (CLas)-infected leaves become infectious for psyllids within only 15 days, but HLB symptoms appearance takes months to years (Lee et al., 2015). This circumstance greatly complicates the elimination of inoculum reservoirs, which is mainly based on the visual identification of early HLB symptoms, infection confirmation by molecular techniques, and subsequent elimination of infected trees. Even so, a three-pronged system (TPS) based on (i) psyllid population control, (ii) removal of infected trees, and (iii) use of healthy citrus plants from certified nurseries is up to date the best management strategy to limit HLB spread in the three major citrus-producing countries worldwide, China, Brazil, and United States (Belasque et al., 2011; Bové, 2012; Gottwald et al., 2012; Zheng et al., 2018).

Because an efficient breakthrough to stop HLB infection and psyllid spread is still lacking, there is a need to adopt new alternative environmentally friendly pest management approaches to sustain economic viability of the citrus industry. D. citri is oligophagous on rutaceous host plants, including all Citrus species and related genera. Up to date, no source of resistance has been identified within Citrus, although different levels of susceptibility and sensitivity to the vector and/or to HLB infection have been reported within the Rutaceae (Nava et al., 2007; Westbrook et al., 2011; Richardson and Hall, 2013; Ramadugu et al., 2016; Hall et al., 2017; Fancelli et al., 2018; Killiny et al., 2018). If resistance traits are confirmed in relatives that are sexually compatible with citrus, generation of new resistant commercial cultivars by conventional breeding could be addressed. However, complex genetics and reproductive biology of citrus, including high heterozygosity, cross and self-incompatibility, and facultative apomixis, joined to their long juvenile period, made this approach unviable for most citrus cultivars and when attainable, extremely time consuming. In addition, the original desired features from already existing and well-known commercial varieties will likely never be fully recovered. Genetic modification of citrus opens the possibility of, once genes of resistance to the disease are identified (from sexual compatible but also unrelated genera), introducing them into elite cultivar genetic backgrounds without modification of the rest of their excellent agronomic traits. Thus, genetic modification has been pointed out as the only solution to stop this devastating disease (Bové, 2012; Duran-Vila et al., 2014; Yan et al., 2015; Mccollum and Baldwin, 2016; National Academies of Sciences, Engineering, and Medicine, 2018; Cochrane and Shade, 2019; Wang, 2020). In parallel to the identification and evaluation of traits that confer resistance—through introduction into desired genotypes and field testing—alternative environmentally safe strategies need to be developed to avoid HLB spread or to limit it as much as possible.

In the last decade, it has been shown that volatile organic compounds (VOCs) play a pivotal role in the relation of plants with organisms in its environment, including con-specifics, insects, other herbivores, and microorganisms (Yoneya and Takabayashi, 2014; Stenberg et al., 2015). Insect herbivory could be reduced by increasing the crops’ endogenous resistance traits, such as deterrence, that may have been lost during crop domestication (Beck et al., 2018). For example, maize-domesticated genotypes that differ in their VOC profiles may exhibit different levels of tolerance/resistance to pests/pathogens (Kollner et al., 2008). Alteration of odorscape by intercropping non-host plants that release different volatiles or by releasing synthetic sex pheromones from devices can alter pests’ behavior and reduce herbivory damage (reviewed in Conchou et al., 2019). Main disadvantages of these approaches are reduction of the area used with commercial-relevant crop and limitations in volatile diffusion technologies. By the other hand, it has been demonstrated that altering the VOC composition by metabolic engineering can modify the behavioral response of a pest to a host (reviewed in Pickett and Khan, 2016). For example, engineered wheat overproducing (E)-β-farnesene repelled cereal aphids (Bruce et al., 2015). More recently, it has been described that overexpression of OsTPS46 in rice leads to increased emission of D-limonene and (E)-β-farnesene, by which the aphid Rhopalosiphum padi is deterred (Sun et al., 2017). Furthermore, OsTPS46 silencing turns rice vulnerable to R. padi, which does not usually attack it (Sun et al., 2017). Similarly, Arabidopsis plants overproducing β-patchoulene repelled beet armyworm feeding activity (Pu et al., 2019). Thus, it seems that modulation of VOCs directed to disrupt pathogen–host plant interactions is a viable approach for pest management that would have no residual effects on the environment. Psyllid species rely on olfactory cues to find their hosts, but evidences are difficult to obtain by laboratory bioassays, as physiological stage, light intensity, and the presence of visual cues influence their behavior (Nissinen et al., 2008; Wenninger et al., 2009; Farnier et al., 2018). However, different studies indicated that psyllids respond positively to their host odors, for example, the common pistachio psyllid Agonoscena pistaciae is attracted to volatiles of pistachio leaves (Ghamari et al., 2018) and Cacopsylla pruni to those of apricot (Andrianjaka-Camps et al., 2018). In this last work, by simultaneously analyzing volatile profiles and psyllids response to different apricot cultivars, putative attractive and repulsive compounds to C. pruni were identified. Repellent volatiles to the plum psyllid C. pruni have been also identified from plum (Gallinger et al., 2019). Some non-host volatiles, as dimethyl-disulfide (DMDS), have been proven to be repellent to the potato psyllid Bactericera cockerelli (Diaz-Montano and Trumble, 2013) and to the psyllid Apolygus lucorum, an important cotton pest (Pan et al., 2013). Because of the great impact that HLB is causing to the citrus industry, there is much more information available on the D. citri/Rutaceae pathosystem, which suggests that this strategy may be implemented to control D. citri infestation and, consequently, CLs infection. D. citri host plant selection is mediated by olfactory perception of volatile compounds (Patt and Sétamou, 2010) as well as by visual cues (Wenninger et al., 2009; Miranda et al., 2015). Furthermore, D. citri can discriminate between different host blends (Fancelli et al., 2018) and even between different qualitative conditions of host plants (Mann et al., 2012). Besides, host attractiveness can be disrupted by the presence of repellent volatiles, as was demonstrated for those of guava leaves (Rouseff et al., 2008; Zaka et al., 2010; Silva et al., 2016).

Recently, we showed that (E)-β-caryophyllene emission could turn Arabidopsis, a neutral non-host plant species, to become D. citri repellent, and that this effect was maintained even in a background of citrus volatiles, envisaging the potential of this strategy to control HLB spread (Alquézar et al., 2017b). To further explore this approach, we decided to engineer Valencia sweet orange to constitutively emit (E)-β-caryophyllene. The resulting transgenic lines emitted large amounts of β-caryophyllene, without other remarkable differences in their phenotype. This feature made the usually highly attractive sweet orange flushes non-attractive to D. citri, as shown by olfactometric behavioral assays, opening up a new potential alternative strategy to control HLB.



MATERIALS AND METHODS


Generation and Southern Blot Analysis of Transgenic Sweet Orange Lines Expressing AtCS Under the Control of a Constitutive Promoter

A previously available binary PinPlus vector containing a 2,160-bp genomic clone of Arabidopsis thaliana (E)-β-caryophyllene synthase (TPS21, At5g23960) under the control of CaMV35S promoter and Rbsc 1 terminator (Ting et al., 2015) was transferred to Agrobacterium tumefaciens EHA105 (Supplementary Figure 1). Transformation of stem segments from adult plants of sweet orange (Citrus sinensis L. Osb cv. Valencia) was performed as described previously using kanamycin at 75 mg/L as selection pressure (Rodríguez et al., 2008). Genomic DNA from regenerated explants was extracted using CTAB method (McGarvey and Kaper, 1991), and the presence of the T-DNA was checked by PCR using primers 35S-F (5′-CACAATCCCACTATCCTTCG-3′) and B137 (5′-CGTACTATGCTTCTCTTTG-3′). All PCR-positive shoots were grafted in vitro onto “Troyer” citrange (Citrus X sinensis L. Osb. X Poncirus trifoliata L. Raf.) seedlings. Approximately 3 months later, the plantlets were grafted in a greenhouse into 5-month-old “Rangpur” lime (Citrus X limonia Osb.) rootstocks potted in coconut fiber.

For Southern-blot analysis, gDNA was isolated from young leaves as previously described (Dellaporta et al., 1983) and subjected to overnight digestion with NheI or NheI and SacI restriction enzymes (NEB) to determine loci number and integrity of the inserted T-DNA, respectively. Digested DNA was resolved on a 1% agarose gel for 16 h at 40 V and blotted onto nylon membranes (Hybond-N+, Amersham Pharmacia) by overnight capillary transfer. Blots were hybridized with a digoxigenin-labeled (DIG-11-dUTP; Roche Diagnostics) fragment of the nptII gene and detected by chemiluminescence according to manufacturer’s instructions (Roche Diagnostics).



Quantitative RT-PCR Analysis

Total RNA was extracted from young flushes and treated with DNase using RNeasy mini kit (Qiagen). cDNA synthesis was carried out using oligo dT(18) and RTII (Invitrogen, Thermo Fisher Scientific, United States). qRT-PCR was run on a StepOne Plus Real Time PCR System (Applied Biosystems, United States) using SYBR Green PCR Master Mix (Applied Biosystems, United States) and 50 ng of total cDNA. The primers used to investigate AtCS expression were AtCSF (5′-GCATGGGGAGTGAAGTCAAC-3′) and B137 (5′-CGTACTATGCTTCTCTTTG-3′). Citrus GAPC2 and ACTIN genes were used as housekeeping reference genes (Mafra et al., 2012). Expression level of AtCS was determined as described by Livak and Schmittgen (2001) and normalized to the average AtCS expression level of all samples. Values are presented as the mean ± SD of at least three independent analyses. Statistical analyses were performed using ANOVA (LSD test, p < 0.01).



Phenotypic Analysis

Selected transgenic lines were propagated by grafting onto Rangpur lime rootstocks to generate at least 15 independent clones for each genotype of interest. Plants were grown under greenhouse conditions for 18 months without detecting any detrimental effect on development and growth. At this moment, phenotypic evaluations were performed. Twelve leaves were taken from eight independent plants from each selected line, and their foliar surface was measured employing area integrator equipment (LiCor 3100 C; LI-COR Inc., Lincoln, NE, United States). The length and the diameter of the first 50 internodes were measured using a ruler and digital Vernier caliper, respectively, at 10 different points along the stalk of at least eight independent plants for each evaluated line measured.

Fruit quality parameters were measured on three biological replicates, each of them of at least 10 independent fruits from eight independent plants for each line. Diameter was measured on the equatorial plane using a MITUTOYO digital caliper (Illinois, United States). Weight was estimated using a regular bascule. L, a, and b parameters were determined using a Minolta CR-200 Chroma Meter (Osaka, Japan), and color index (CI) was expressed as 1,000 a/L⋅b. Juice quality analyses were performed by JBT Research Technology Center for Fruit and Vegetable Processing (Araraquara, Brazil) with one box (40.8 kg) of fruit per line. Juice acidity was determined according to AOAC methods by titration with 0.1 N NaOH, using phenolphthalein as a visual end-point indicator, and expressed as the percentage of anhydrous citric acid by weight. The soluble solid content (Brix) was estimated by refractometry, using an Atago® refractometer. The maturity index is expressed as the ratio of Brix/acidity.



Volatile Organic Compound Content Extraction and Analysis

For each genotype of interest, plant material was obtained from six independent clones, making three different pools of young flushes from two different plants for each studied line. At least three extractions for each biological replicate were performed. Flushes were collected, frozen, and homogenized in liquid nitrogen and stored at −80°C until extraction. One milliliter of hexane supplemented with 1.0 μg of n-eicosane was added to 50 mg of frozen ground material, vortexed for 5 min, and centrifuged at 9,800 × g for 5 min at 4°C. Upper phase was recovered on a new tube, and aliquots of 0.5 μl were introduced in a split ratio adjusted to 20:1 into the injection port, maintained at 250°C. A gas chromatograph coupled to a mass spectrometer (GCMS-QP2010 Plus, Shimadzu, Corporation, Kyoto, Japan) and equipped with a dimethyl polysiloxane capillary column (Rxi®-5 ms 10 m × 0.10 mm i.d. × 0.10 μm film; Restek Corporation, Bellefonte, PA, United States) was used for volatile content analysis. The column temperature was kept at 40°C for 1 min, ramped at 30°C min–1 to 150°C, then increased to 10°C min–1 to 180°C, and finally ramped at 70°C min–1 to 250°C and held at this temperature for 1 min. The detector interface and the ion source temperatures were 250 and 200°C, respectively, and the carrier gas was He (0.45 ml min–1). Mass spectra were recorded at 70 eV with a mass scan range from m/z 40 to 500. Total peak areas were quantified in the total ion chromatogram (TIC) and normalized to the recovery rate of the internal standard (n-eicosane). Compounds were identified by matching of the acquired mass spectra with those stored in reference libraries (NIST and Wiley) and databases from retention index, related to n-alkanes (C8–C20, Sigma–Aldrich). The relative amounts of individual terpenes are referred to the mean area quantified in the four EV control lines analyzed, to which was assigned an arbitrary value of one.



Volatile Organic Compounds Emission Analysis and Quantification

To collect emitted volatiles, young flushes from independent plants were enclosed in oven bags cinched at 500-ml volumes with plastic ties. A constant charcoal-filtered humidified air flow (0.3 l min–1) was passed through the container, and the outgoing stream was directed to 0.635-cm-diameter polytetrafluoroethylene (PTFE) tubes (Sigma–Aldrich, Bellefonte, PA, United States) filled with 200 mg of Tenax®-TA, 35–60 mesh (Sigma–Aldrich, Bellefonte, PA, United States). Plants were maintained at constant temperature (24–25°C), relative humidity (60–73%), and L14:D10 photoperiod (3,000 lux), while volatiles were continuously collected for 24 h. Tenax cartridges were eluted with 3 × 500 μl of pentane:diethyl ether (80:20 v/v) supplemented with 50 pg/μl of tetralin (Sigma–Aldrich) to be used as internal standard.

The sample aliquots (1 μl) were injected at 50°C into a gas chromatograph (Agilent 7890A) coupled to an accurate-mass quadrupole time-of-flight mass spectrometer (Agilent 7200). The injector port was heated to 275°C at a rate of 240°C per min. The oven temperature was maintained at 40°C for 3 min and increased by 5°C per min until it reached 140°C. Then it was heated at a rate of 10°C per min to 250°C, and maintained at this temperature for 5 min. The equipment was operated in electron-impact mode, and mass spectra were recorded at 70 eV with a mass scan range from m/z 40 to 500. Compounds were separated on a capillary HP-5 ms column (30 m × 250 μm, 0.25 μm film thickness; Agilent) with helium as the carrier gas at a flow rate of 1 ml/min–1. Available commercial terpene standards were used for compound identification and quantification for most compounds. Camphene, (E)-β-ocimene, and α-copaene were identified by spectral match on reference libraries and Kovats index, and quantified employing sabinene, myrcene, and (E)-β-caryophyllene quantification curves, respectively.



Insect Rearing

CLas-free and CLas-infected psyllids continuously reared cultures are maintained in climatic-controlled rooms at 25 ± 2°C, 65 ± 10% RH, and L14:D10 photoperiod (3,000 lux) at Fundecitrus (Araraquara, Brazil). Healthy D. citri individuals are maintained on Murraya paniculata (L.) Jack seedlings. Infected psyllids were obtained by keeping them during their whole entire life cycle (eggs, nymphs, and adults) on CLas-infected “Valencia” sweet orange nursery trees grafted on Rangpur lime, as described by Carmo-Sousa et al. (2020). These “Valencia” plants were CLas-infected by grafting budwood from a previously CLas infected plant, and positive bacterial infection was confirmed before psyllids rearing by qPCR, as described before (Li et al., 2006).



Diaphorina citri Olfactometric Assays

Diaphorina citri responses to volatiles emitted by CS and EV lines were evaluated in a four-arm olfactometer essentially as described by Volpe et al. (2020). In brief, air-flows of 0.1 ml min–1 were passed through bagged flushes or empty bags and directed to olfactometer fields. At each replicate, a single 7–15-day-old mated D. citri female (CLas-infected or not), drawn from continuously reared cultures, was released in the middle of the arena, and its behavior to the different odor fields (two from plants, two of clean air) was evaluated. Mated and single-gender females were used to avoid any conspecific volatile that could alter psyllid behavior (e.g., sex pheromones) and because they are more responsive to citrus volatiles than males (Volpe et al., 2020). The time spent in each odor source was evaluated for 10 min. Psyllids that did not perform a choice after 5 min were recorded as “not responsive.” For each genotype, response of the psyllid was evaluated at 10 different days, with at least nine responsive psyllids per day. Time spent in each odor source (plant or clean air) for each insect was expressed as percentage. All experiments were conducted at 25 ± 1°C, 65 ± 5% RH, and constant light (3,000 lux).

After olfactometry assays with CLas-infected psyllids, each tested female was processed in a Tissue Lyzer (Quiagen, Germany) using stainless steel beads and their DNA extracted (Murray and Thompson, 1980). DNA from each single psyllid was analyzed for the presence of CLas (Li et al., 2006) and D. citri DNA (Manjunath et al., 2008). All tested psyllids were CLas-positive (Ct values ≤ 35.0 for HLBaspr).



Choice Behavioral Test

A no-choice test was designed to evaluate the effect promoted by volatiles emitted by orange CS and EV plants. Transparent acrylic boxes (55 × 40 × 35 cm in length, width, and height, respectively) with a rectangular acrylic lid (63 × 48 4 cm in length, width, and height, respectively) were constructed (Supplementary Figure 3). Two holes (7.5 cm in diameter) were made on two opposite sides (length size) of each box (one in each side). In one side of the box, a central processing unit (CPU) fan cooler connected to a digital potentiometer was coupled on a hole covered with veil tissue. On the opposite side, a black PTFE cylinder was fixed on another hole (same size used to connect the fan) and used as a platform to release the psyllids. The bottom of the cylinder was covered with a veil tissue. A small hole was made in the cylinder to release psyllids into the device and covered with a cylindric lid. A third hole (same diameter used for the other two) was made on the bottom of the acrylic box in order to allow the introduction of a sweet orange plant grafted onto Rangpur lime containing three flushes (10–18 cm each). In this way, the fan allowed the induced air to pass through the internal part of the box carrying on the plant volatiles to the psyllid direction, and the plume leaved the box by the bottom of the black cylinder (insect release platform). The fan speed was promoted by setting up the potentiometer to 10% of the total RPM of the fan. Before testing the repellent effect induced by citrus plants’ VOCs emission, the plants were sprayed twice until runoff with 3% kaolin concentration (Surround WP®; 99.4% active ingredient; Tessenderlo Kerley Inc., Phoenix, AZ, United States) using a backpack sprayer (Brudden® SS 5 L; Brudden Equipamentos Ltda., Pompéia, Brazil). Ten 7–15-day-old mated females were released inside the release platform, and 10 replications were evaluated (each box was considered a replicate). The number of settled psyllids on citrus plants was assessed at 1, 4, 8, and 24 h after the insect’s release. The experiment was performed under the same room conditions (temperature, photoperiod, and relative humidity) described for olfactometer tests.



Statistical Analyses

Data from volatile content and emission and phenotypic analysis met the assumption of the normal model, so they were submitted to a variance analysis (ANOVA) and the means were compared by LSD test. Data from olfactometric assays related to time spent in the different odor fields were processed in the same way. Measurements from no-choice behavioral experiments did not conform to simple variance assumptions. Then they were subjected to logistic regression and Chi squared (χ2) analysis tests. Analyses were performed using the statistical software STATGRAPHICS Centurion XVII (version 17.2.00).



RESULTS


Obtainment of Transgenic Sweet Orange Plants Overexpressing AtCS

To obtain constitutive synthesis of (E)-β-caryophyllene, a T-DNA harboring the genomic sequence of A. thaliana (E)-β-CARYOPHYLLENE SYNTHASE TPS21 (AtCS) under the control of the 35S promoter plus the nptII selectable marker gene cassette was constructed. This T-DNA was transferred into the genome of Valencia sweet orange (Citrus X sinensis L. Osb.) via Agrobacterium-mediated transformation of the cut ends of internodal stem tissues. A total of 10 putatively transgenic (E)-β-CARYOPHYLLENE SYNTHASE overexpressing lines (CS lines) were produced by regeneration on kanamycin-containing medium. Seven independent transgenic lines harboring a full-length single copy of the transgene in Southern blots were selected for further analysis (Supplementary Figure 1). AtCS expression was evaluated in leaves from young shoots, the most attractive leaf stage to D. citri and thus the most interesting target tissue to induce (E)-β-caryophyllene emission. Transcripts of the transgene were detected in all the CS orange lines analyzed, while they were absent in flushes from EV control lines (Figure 1). Lines CS-5, -14, and -17 showed comparable intermediate expression levels, while CS-2, -6, and -15 presented lower transcript amounts. Line CS-16 exhibited the highest level of AtCS expression, over eightfold higher than that of CS-6, and approximately doubled that of intermediate lines.
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FIGURE 1. AtCS relative expression level in flushes of plants from different engineered sweet orange lines overexpressing AtCS (CS) vs. empty-vector (EV) transgenic lines after 18 months of cultivation in the greenhouse. Bars represent mean values ± SD of at least three biological replicates and different superscript letters indicate significant differences (p < 0.01). The average relative expression level of all CS samples was normalized to 1.




Overexpression of AtCS Did Not Induce Detrimental Effects in CS Transgenic Sweet Orange Plants

Selected CS lines were grafted on “Rangpur” lime (Citrus X limonia Osb.) and propagated under greenhouse conditions without observing any detrimental effect on plant growth. The plants also showed no alteration of color or morphology, being indistinguishable at a first glance from the empty-vector (EV) control plants (Figure 2A). After 18 months, basic phenotypic characteristics, such as internode length, stem diameter, and leaf area, were evaluated. No significant differences between engineered CS- and EV-transformed lines were found (Figure 2B). To investigate whether AtCS heterologous overexpression induces any detrimental effect in citrus, some key fruit quality parameters were evaluated in fruits from three selected greenhouse-grown engineered lines. Visually, CS and EV fruits and juices were indistinguishable (Figure 3A). Accordingly, obtained results indicated that size, weight, number of segments, and peel color of CS fruits were statistically equal to those of EV (Figure 3B). Similarly, quality characteristics were comparable in CS and EV juices (Figure 3C). However, these results are just preliminary. Fruit setting should be evaluated for several productive seasons in the orchard to be able to get reliable results on fruit quality. Nevertheless, our first fruit evaluation was enough to claim that AtCS overexpression does not induce any aberrant phenotype in the GM fruits.


[image: image]

FIGURE 2. (A) Representative picture and (B) evaluation of different phenotypic characteristics in flushes of plants from selected CS and EV engineered lines after 18 months of cultivation in the greenhouse. Bars represent mean values ± SD of at least three biological replicates. Different superscript letters indicate significant differences (p < 0.01).
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FIGURE 3. (A) Aspect of peel, pulp, and juice from mature fruit of EV and CS lines. Evaluation of fruit (B) and juice (C) quality parameters. Peel index color (IC) was calculated as 1,000 a/L⋅b. Bars represent mean values ± SD of at least three biological replicates. LSD-test analysis was carried out, and no statistical differences were detected.




Analysis of Volatile Terpene Compounds Accumulated in the Leaves of Engineered CS Sweet Orange Lines

Terpene volatiles accumulated in young flushes of CS and EV control lines were extracted and analyzed by GC-MS. The total amount of volatile terpene compounds accumulated in the flushes of the CS lines analyzed was, in general, similar to that detected in EV controls (Figure 4). Only in CS-15 and -17, mono- and sesquiterpene content was significantly altered in relation to EVs. In these lines, monoterpene accumulation was between 4.6- and 5.1-fold higher than in EV lines, while the sesquiterpene amount was more than twofold higher than in the controls.
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FIGURE 4. Relative accumulation of monoterpene and sesquiterpene volatile compounds in young flushes of engineered β-caryophyllene synthase (CS) lines and empty-vector (EV) controls. The data for each genotype correspond to the average ± SD of three biological replicates analyzed in three technical replicates each. For each compound, values are presented as fold change relative to the mean area value of each specific compound in all EVs analyzed. Asterisks indicate significant differences (*p < 0.01).


The changes in the monoterpene profile were analyzed in more detail (Figure 5A). Lines CS-15 and -17 had a higher content of all the monoterpenes identified, especially α-terpineol (more than 10 times higher than EVs). The other monoterpenes, except β-citronellal, increased at least 3.5-fold relative to the controls. In CS-16, a slight decrease in the content of all the monoterpenes was detected, but to a significant extent only for α-phellandrene, β-citronellal, β-citronellol, and geranial. Lines CS-2 and -14 displayed a reduced accumulation of many monoterpene alcohols and aldehydes, of at least 50% for citronellal, citronellol, and geranial. Regarding the sesquiterpene profiles, lines CS-2 and -14 showed no significant differences when compared with EV lines (Figure 5B), while in lines CS-5 and -16, Z-β-farnesene content was reduced by about 60%. The largest changes were again identified in lines CS-15 and -17, which had between 1.9 (β-elemene) and four times [(E)-β-caryophyllene and β-sinensal] higher sesquiterpene concentrations than the EVs.
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FIGURE 5. Mean ± SD difference of 14 individual monoterpenes (A) and six individual sesquiterpenes (B) accumulated in young flushes of engineered β-caryophyllene synthase (CS) lines and empty-vector (EV) controls. The data for each genotype correspond to three biological replicates analyzed in three technical replicates each. For each compound, values are presented as fold change relative to the mean area value of each specific compound in all EVs analyzed. Asterisks indicate significant differences (*p < 0.01).




Diaphorina citri Is Less Attracted to CS Than to Control Lines in Four-Arm Olfactometer Assays

The response of D. citri to volatiles emitted from the transgenic orange lines was assessed in a four-arm olfactometer (Figure 6). Psyllids spent significantly less time in odor fields corresponding to volatiles from all CS lines than in clean air fields (Figure 6A). Highest significant effect was observed for odor field from line CS-15, in which the psyllids spent about 36% less time in CS fields in relation to EV, while the lowest effect was recorded for CS-6 odor field, in which psyllids expended a bit more than 18% less time than in that of EV. In the remaining CS lines, the reduction of time spent vs. EV was between 24 and 29%.
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FIGURE 6. Responses of healthy (A) and CLas-infected (B) D. citri, tested in a four-arm-olfactometer, to volatiles emitted from flushes of EV and CS sweet orange lines. Black and white bars represent the overall percentage of time spent in plant and clean air odor sources, respectively. Error bars represent SD. For each comparison, the number of responding psyllids is indicated and the total number of insects tested is given between parentheses. Asterisks indicate significant differences between odor sources (*p < 0.05; **p < 0.001; ***p < 0.0001).


To find out whether CLas-infected psyllids were also deterred by CS volatiles, new behavioral assays were performed with three selected engineered lines showing different terpene accumulation profiles. A line with increased amount of (E)-β-caryophyllene (CS-15), a line with reduced content of orange leaf characteristic aroma monoterpenes (CS-16), and a line without changes in the accumulation of terpenes with respect to the controls (CS-5) were selected. Regardless of their volatile accumulation profile, infected psyllids spent significantly less time in odor fields from CS selected lines than in EV ones (Figure 6B), with reductions between 15% (CS-5 and -15) and 22% (CS-16).

It is interesting to note that time spent by psyllids in CS odor fields was lower than in EV fields (Figure 6), but percentages varied from one set of experiments (healthy psyllids) vs. the other (CLas-infected psyllids), which were performed along different months and then using different plant propagations. Then to ensure that CS lines are consistently less attractive to the psyllids and the effect of CLas infection on D. citri behavior, new statistical analysis was performed. When comparing the data from both experiments (Supplementary Figure 2), results indicated that just the genotype of the assayed lines was influencing D. citri response (F = 5.97, p = 0.0005), regardless of whether it was CLas infected or not (F = 2.24, p = 0.1348) and without interaction between these two factors (F = 1.22, p = 0.2999).



Volatile Terpene Emission Profile of CS Leaves Is Highly Disturbed

As D. citri, CLas infected or not, showed different responses to CS and EV lines that could not be directly related to variations in their volatile terpene content, the emission of these compounds by flushes of selected lines was analyzed. Again, lines CS-5, -15, and -16, plus one control EV line, were chosen. Total monoterpene emission of the CS lines did not differ much from EV lines with the exception of CS-5, which did not emit terpinolene and linalool (Figure 7A). However, the emission of terpinolene was more than 200-fold higher in CS-17 than in the other lines. Regarding sesquiterpenes, the only ones detected in our emission analyses were those produced by AtCS activity, namely, α-copaene, (E)-β-caryophyllene, and α-humulene (Figure 7B). The first one was not detected in EV volatile profiles, while the other two were emitted at a rate of 2 ng/h or lower. Emission rates of all three compounds were much higher in the CS engineered lines, at least 5, 279, and 15 ng/h for α-copaene, (E)-β-caryophyllene, and α-humulene, respectively. In CS lines, this boosts the emission of sesquiterpene compounds, which was between 100 and 300 times higher than that of controls, leading to an increase in total terpene emission (Figure 7C). Monoterpene emission was slightly reduced, although not to a significant extent. As a result, there was a radical shift in the profile of volatiles emitted by the CS lines: monoterpenes constituted 99% of the total emitted volatiles in EV lines, and this decreased to 36% in CS-16 and even to 7% in CS-5 (Figure 7C).
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FIGURE 7. Quantitative measurement of terpene emission by flushes from EV and CS sweet orange lines. Volatiles were trapped on Tenax and eluted and analyzed by GC-MS as described in Section “Materials and Methods.” Monoterpenes (A) and sesquiterpenes (B) emitted by EV (black bars) and CS lines (gray lines). (C) Total monoterpenes (dark gray) and sesquiterpenes (light gray) emitted by the different genotypes. Data correspond to mean ± SD of three biological replicates. Asterisks indicate significant differences (*p < 0.05; **p < 0.01).




Diaphorina citri Is Less Attracted to CS Engineered Sweet Orange Lines in No-Choice Assays

To further evaluate the effect of the volatiles emitted by selected CS-lines on D. citri behavior, no-choice assays were performed. This kind of experiment may give a more realistic view of the response of psyllids, as they can move more freely than inside the olfactometer arena, and visual cues of the orange tree flushes can be added as an attractive parameter to the insect or avoided (with a kaolin spray). At least 99 responsive psyllids were evaluated (at 10 different days) for each genotype, thus circumventing any bias due to uncontrollable factors (atmospheric pressure, air relative humidity, light, etc.). Based on olfactometric and chemical results (Figures 6, 7), lines CS-5 and -15 (highly repellent and showing the most altered emission profile) and healthy psyllids (easier to culture and not-requiring qPCR to test CLas infection) were selected for these experiments. In order to avoid the effect of visual cues on this kind of assays, the plants were sprayed with kaolin. Each line was evaluated releasing 10 psyllids each day and scoring their location 1, 4, 8, and 24 h afterward. Eight hours after their release, the EV line contained at least 21% more insects than CS-lines, although the effect was not statistically significant (Figure 8A). At 24 h, the two tested CS-lines still harbored less D. citri individuals than the EV control line, with significant reductions of 14 and 23% (for CS-5 and -15, respectively).
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FIGURE 8. (A) Percentage of D. citri psyllids settled in CS-5 (dark light gray bars), CS-15 (medium gray bars), CS-16 (light gray bars), and EV (black bars) plants sprayed with kaolin to avoid visual cues 1, 4, 8, and 24 h after their release. (B) Percentage of D. citri psyllids settled in CS-15 (medium gray bars) and EV (black bars) plants 1, 4, 8, and 24 h after their release. For a given time, asterisks indicate significant differences between CS and EV lines (*p < 0.05). Error bars represent SD (n = 10 independent tests, 10 psyllids evaluated in each test).


Finally, the response of D. citri to a selected CS engineered line (CS-15, highest repellent effect, Figure 8A) was evaluated in a no-choice assay, but this time, the plants were not treated with kaolin, to take into account the attractiveness promoted by visual cues too. As before, 10 psyllids per plant were evaluated at 10 different days, and the number of psyllids that settled on the different lines was evaluated over 24 h (Figure 8B). At short time intervals (<8 h), only a slight non-significant reduction in the number of psyllids on CS lines was observed. After 24 h, however, the proportion of psyllids on the flushes was about 16% lower for CS than for EV line.



DISCUSSION

Huanglongbing is a vector-transmitted bacterial disease seriously threatening citriculture worldwide. Despite the giant research efforts, a cure for this disease has not yet been found, and control is based on avoiding HLB-infection by reducing the amount of bacterial inoculum (by removing infected trees and replanting with healthy certified plant material) and reducing the population of vector psyllids (mainly with chemical insecticides). Huge research efforts on new management strategies to control HLB are still ongoing from many different angles, although, up to date, all of them showed limited and/or variable efficacy (reviewed in Khan et al., 2014; Fancelli et al., 2018; National Academies of Sciences, Engineering, and Medicine, 2018; Cochrane and Shade, 2019). Meanwhile, HLB is spreading, killing millions of trees, contaminating the environment, and causing billion dollar economic losses around the world. Besides, consistent resistance traits have not yet been identified in Citrus-related germplasm, hampering breeding approaches, which are already practically unattainable in citrus due to complex genetics and reproductive characteristics. In view of such a devastating scenario, it has been proposed that the only sustainable solution to control HLB is the generation of genetically modified citrus cultivars resistant either to the causal bacterium, to the transmitting vectors, or to both (Duran-Vila et al., 2014; Mccollum and Baldwin, 2016; Killiny et al., 2018; National Academies of Sciences, Engineering, and Medicine, 2018; Cochrane and Shade, 2019; Wang, 2019). Altering the emission of host volatile cues in order to modify pest/pathogen–plant–natural enemies’ interactions is an environmental-friendly strategy to achieve plant protection to pests and pathogens. Due to the non-toxic nature of these semiochemicals, research in this field has increased in the last decade, numerous transgenic plants have been generated, and their ability to resist or tolerate infestation/infection to different pests and pathogens was demonstrated in laboratory assays. For example, a wheat cultivar engineered to release (E)-β-farnesene repelled three species of cereal aphids in laboratory tests, though not in small preliminary field trials (Bruce et al., 2015).

The importance of olfactory cues in host plant finding by D. citri is well documented (Rouseff et al., 2008; Patt and Sétamou, 2010; Zaka et al., 2010; Mann et al., 2012; Robbins et al., 2012; Silva et al., 2016; Fancelli et al., 2018). Moreover, it has been proposed that the emitted volatile profile from young flushes may play a pivotal role in determining D. citri host suitability (Westbrook et al., 2011). We have reported previously that the volatile sesquiterpene β-caryophyllene, when emitted from a chemical dispenser or transgenic Arabidopsis plants, exerted a repellent effect on D. citri (Alquézar et al., 2017b). Thus, constitutive β-caryophyllene emission from citrus trees could possibly make them repellent or at least non-attractive to the psyllid. To explore this possibility, “Valencia” sweet orange plants engineered to constitutively express a β-CARYOPHYLLENE SYNTHASE (CS lines) and with no obvious phenotypic differences in relation to EV control plants were produced. As new shoots are the most attractive plant material to D. citri for feeding and oviposition (Cifuentes-Arenas et al., 2018), all subsequent characterizations of the CS lines were performed on leaves of this phenological stage, and to evaluate psyllid responses to them, adult psyllids were employed because of their flying ability and thus their relevance for HLB dispersal.

In all analyzed lines, monoterpenes were the predominant volatile compounds in leaf extracts, constituting 63–83% of the total mono- and sesquiterpenoids detected, as previously described for sweet orange leaves (Azam et al., 2013; Alquézar et al., 2017a). Despite this, changes in the content of certain terpenes were detected in most lines. In future works, to gain insight into orange volatile terpene biosynthetic pathway regulation, it will be interesting to determine whether different volatile profiles identified among CS lines are due to differences in substrate availability to terpene synthesis or to different induced expression/activity changes of other sesqui- or monoterpene synthases. A boost in β-caryophyllene accumulation was detected only in lines CS-6, -15, and -17. However, when flushes from CS lines were challenged with D. citri, they all were less attractive to the psyllid.

When volatile emission of the transgenic lines was investigated, important differences were found in relation to the composition of mono- and sesquiterpenes. For example, β-caryophyllene emission by the three analyzed CS lines was increased at least 190-fold compared with the EV line, and to a higher extent in CS-5, which in leaf extracts had the same amount of this sesquiterpene as the EV line. Differences in stored and emitted volatile profiles have been described for citrus and other plants before (LLusia and Peñuelas, 2000; Ormen et al., 2011; Fares et al., 2012; Alquézar et al., 2017a). The release of volatiles from plant tissues depends on many factors, such as the physicochemical characteristics of the terpenoids, the tissue in which they are produced, and the presence of biotic and abiotic stresses, among others (Widhalm et al., 2015). As all CS lines were grown and analyzed under controlled conditions, differences in VOC emission between CS-5 and the other two lines may be related to other processes involved in the release of these compounds from their site of biosynthesis, such as vesicular transport, interorganellar membrane hemifusion, carrier proteins, or transporters, among others (Ting et al., 2015; Widhalm et al., 2015; Pierman et al., 2017). It will also be interesting to determine if different volatile profiles identified among CS lines are due to differences in substrate availability to terpene synthesis or to different induced expression/activity changes of other sesqui- or monoterpene synthases. As the enormous increase in the emission of sesquiterpenes in CS lines was not accompanied by changes of similar magnitude in that of monoterpenes, there was a radical shift in the emission profile, with sesquiterpenes becoming the dominant volatiles. When fighting a pest, maximum disturbance of the volatile emission profile is probably a desirable trait because herbivore host location is mediated not by the presence of individual compounds, but by specific blends in which certain compounds are present in specific proportions (Bruce and Pickett, 2011; Reinecke and Hilker, 2014). For example, a highly attractive blend to the orange wheat blossom midge turned it into neutral when the dose of one of the components was increased threefold (Birkett et al., 2004). Regarding β-caryophyllene, in CS lines, it contributed from 60 to more than 80% of total volatiles, while in EV, as previously described (Stelinski and Tiwari, 2013; Martini et al., 2018; Patt et al., 2018), it constituted less than 1% of total volatiles emitted by healthy Valencia orange flushes.

Lines CS-5, -15, and -16, which exhibited great changes in stored and emitted volatile profiles (especially in relation to β-caryophyllene), were also highly deterrent to D. citri in olfactometric assays. Although this kind of analysis allows comparisons of different odor sources under very well-controlled standardized conditions, it only enables the insects to move horizontally. As D. citri moves, more than walking, by short flights (Stelinski and Tiwari, 2013), its response to CS-5, -15, and -16 volatiles was re-evaluated in a more “realistic” way by confining them into big boxes (of about 50 million times psyllid volume) and observing their behavior toward orange flushes. Less psyllids landed on β-caryophyllene over-emitting leaves than on EV controls, independent of the presence or not of visual cues. Kaolin is an aluminum silicate that, when sprayed on the plants, creates a non-abrasive white particle film over them. White-kaolin color disrupts plant visual cues, turning them unrecognizable to the host. When combining a CS line with kaolin spraying, reductions of up to 61.11 and 46.74% in the number of settled psyllids were observed in relation to untreated EV flushes at 8 and 24 h, respectively. Thus, although field assays and agronomical characterization are required, a new “Valencia” sweet orange genotype, well recognized worldwide for its superior organoleptic characteristics and grown extensively in most citrus countries, was developed in the present paper. This new Valencia β-caryophyllene over-emitting genotype is repellent to the main HLB-transmitting vector, D. citri, as demonstrated in four-arm olfactometric tests. The confinement of insects can artificially induce positive responses to species or genotypes that may not hold up in the field (Driesche and Murray, 2004). In fact, settling of confined D. citri on non-host plants such as Arabidopsis, cotton, guava, tomato, and azalea (Hall et al., 2008; Ruan et al., 2015; Alquézar et al., 2017b) and even on inert material with visual cues (Paris et al., 2017) has been reported before. From no-choice experiments conducted in this work, it is clear that CS genotypes were less preferred by the psyllid than the controls, but we do not know how this will be in the field. For instance, under our experimental conditions, kaolin treatment reduced psyllid landing on host plants by 35–40%, but in the field, the reduction was 50–96% (Hall et al., 2007; Miranda et al., 2018; Ramírez-Godoy et al., 2018).



CONCLUSION

In conclusion, by inducing β-caryophyllene emission, we have turned an elite sweet orange cultivar, usually attractive to D. citri in the field, into a repellent/non-attractive genotype. Combining the use of this new genotype with kaolin treatment, which reduces psyllid landing in the field, would disrupt both visual and olfactory cues used by the psyllid, and thus, it may impede host finding. Moreover, although the palatability of CS lines by the psyllids has not yet been determined, kaolin treatment also reduces D. citri feeding on phloem (Miranda et al., 2018), decreasing even more the chances of HLB-infection. Additionally, to completely divert the psyllids from the highly attractant commercial orange crop, companion plant species attractive to the psyllids could be planted nearby. The use of this push/pull strategy combining repellent and attractive plant species has been successfully used to control cereal pests (Khan et al., 1997; Pickett et al., 2010, 2014; Kortbeek et al., 2019). In citrus orchards, when the highly D. citri attractive rutaceous M. paniculata ornamental is used as border trap plant, the number of psyllids inside the citrus orchard is greatly reduced, especially if the trap plants are periodically treated with insecticides to kill the insects (Tomaseto et al., 2019). Another advantage of M. paniculata is that because of the low titers and transient infection by HLB-associated bacteria and the low, epidemiologically irrelevant, back-transmission rates to citrus by D. citri, it cannot be considered an inoculum reservoir, but is a dead-end host (Cifuentes-Arenas et al., 2019). The performance of this push (CS lines plus kaolin)/pull (attractive M. paniculata plants plus insecticide treatments) system to deter the psyllids and stop HLB dispersal will be evaluated in a more than 20-ha field experiment, which has recently been planted. The combination of avoiding visual and olfactory host cues with a trap and kill border crop is expected to decrease HLB incidence, while greatly reducing the economic and environmental costs due to the large reduction in the amount of insecticides used to control psyllid populations (Miranda et al., 2018; Tomaseto et al., 2019).
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Supplementary Figure 1 | (A) Schematic diagram of the T-DNA region of the PinPlus vector used for plant transformation in order to induce β-caryophyllene production. LB and RB, left and right T-DNA borders, respectively; p35S, CaMV 35S promoter; CS, genomic clone of AtTPS21 (At5g23960); tRbcS, terminator region of the small subunit of the ribulose 1,5-bisphosphate carboxylase gene from Arabidopsis; KanR, neomycin phosphotransferase II (nptII) selectable marker gene conferring kanamycin resistance; NOSt and NOSp, nopaline synthase terminator and promoter sequences, respectively. The transcription orientation for each cassette is indicated by arrows on the promoter and coding sequences. (B) Southern blot analysis to test the integrity of the inserted T-DNA using genomic DNA treated with NheI and SacI restriction enzymes (NEB). (C) Southern blot analysis indicating the loci number of the inserted T-DNA from genomic DNA treated with NheI. M. Molecular weight marker II (Roche Applied Biosciences) and digoxigenin-11-dUTP (Roche Applied Biosciences)-labeled nptII probe coding sequence were used in both (B) and (C).

Supplementary Figure 2 | Percentage (average ± SD) of time spent in plant odor sources from flushes of EV and CS sweet orange lines by healthy (black bars) and CLas-infected (gray bars) D. citri, tested in a 4-arm-olfactometer. The overall mean time (±SD) spent that psyllids (regardless of their infection status) in odor fields from each genotype is represented by red bars. Asterisks indicate significant differences between EV and CS lines (∗p < 0.001). Between lines, no significant differences were found when the response of healthy and infected psyllids was compared.

Supplementary Figure 3 | (A) General view of the device developed to evaluate in no-choice tests the effect of plant volatiles on Diaphorina citri. Details of the central processing unit (CPU) fan cooler (B), the digital potentiometer (C), the psyllids release platform (D), and the aspect of the flushes used in these experiments (E).



REFERENCES

Alquézar, B., Rodríguez, A., De la Peña, M., and Peña, L. (2017a). Genomic analysis of terpene synthase family and functional characterization of seven sesquiterpene synthases from Citrus sinensis. Front. Plant Sci. 8:1481. doi: 10.3389/fpls.2017.01481

Alquézar, B., Volpe, H. X. L., Magnani, R. F., Miranda, M. P., Santos, M. A., Wulff, N. A., et al. (2017b). β-caryophyllene emitted from a transgenic Arabidopsis or chemical dispenser repels Diaphorina citri, vector of Candidatus Liberibacters. Sci. Rep. 7:5639. doi: 10.1038/s41598-017-06119-w

Andrianjaka-Camps, Z. N., Retailleau, A., and Christen, D. (2018). Influence of apricot genotypes and their volatile profiles on their attractiveness to the European stone fruit yellows vector Cacopsylla pruni. Acta Hortic. 1214, 235–238. doi: 10.17660/ActaHortic.2018.1214.42

Azam, M., Qian, J., Zhang, B., Xu, C., and Chen, K. (2013). Citrus leaf volatiles as affected by developmental stage and genetic type. Int. J. Mol. Sci. 14, 17744–17766. doi: 10.3390/ijms140917744

Bassanezi, R. B., Belasque, J., and Montesino, L. H. (2013). Frequency of symptomatic trees removal in small citrus blocks on Citrus huanglongbing epidemics. Crop Prot. 52, 72–77. doi: 10.1016/j.cropro.2013.05.012

Bassanezi, R. B., Montesino, L. H., and Stuchi, E. S. (2009). Effects of huanglongbing on fruit quality of sweet orange cultivars in Brazil. Eur. J. Plant Pathol. 125, 565–572. doi: 10.1007/s10658-009-9506-3

Beck, J. J., Alborn, H. T., Block, A. K., Christensen, S. A, Hunter, C. T., Rering, C. C., et al. (2018). Interactions among plants, insects, and microbes: elucidation of inter-organismal chemical communications in agricultural ecology. J. Agric. Food Chem. 66, 6663–6674. doi: 10.1021/acs.jafc.8b01763

Belasque, J. J., Bassanezi, R. B., Yamamoto, P. T., Ayres, A. J., Tachibana, X., Violante, A. R., et al. (2010). Lessons from huanglongbing management in São Paulo State, Brazil. J. Plant Pathol. 92, 285–302.

Belasque, J. J., Yamamoto, P. T., Miranda, M. P., Bassanezi, R. B., Ayres, A. J., and Bové, J. M. (2011). Controle do huanglongbing no estado de São Paulo, Brasil. Citrus Res. Tech. 31, 53–64. doi: 10.5935/2236-3122.20100005

Birkett, M. A., Bruce, T. J. A., Martin, J. L., Smart, L. E., Oakley, J. O. N., and Wadhams, L. J. (2004). Responses of female orange wheat blossom midge, Sitodiplosis Mosellana, to wheat panicle volatiles. J. Chem. Ecol. 30, 1319–1328. doi: 10.1023/B:JOEC.0000037742.05022.9f

Boina, D. J., and Bloomquist, J. R. (2015). Chemical control of the Asian citrus psyllid and of huanglongbing disease in Citrus. Pest Manag. Sci. 71, 808–823. doi: 10.1002/ps.3957

Bove, J. M. (2006). Huanglongbing: a destructive, newly-emerging, century-old disease of Citrus. J. Plant Pathol. 88, 7–37. doi: 10.4454/jpp.v88i1.828

Bové, J. M. (2012). Huanglongbing and the future of Citrus in São Paulo State, Brazil. J. Plant Pathol. 94, 465–467.

Bruce, T. J. A., Aradottir, G. I., Smart, L. E., Martin, J. L., Caulfield, J. C., Doherty, A., et al. (2015). The first crop plant genetically engineered to release an insect pheromone for defence. Sci. Rep. 5:11183. doi: 10.1038/srep11183

Bruce, T. J. A., and Pickett, J. A. (2011). Perception of plant volatile blends by herbivorous insects – finding the right mix. Phytochemistry 72, 1605–1611. doi: 10.1016/j.phytochem.2011.04.011

Carmo-Sousa, M., Brand, R., Wulff, N. A., Fereres, A., and Miranda, M. P. (2020). Drench application of systemic insecticides disrupts probing behavior of Diaphorina citri (Hemiptera: Liviidae) and inoculation of Candidatus Liberibacter asiaticus. Insects 11:314. doi: 10.3390/insects11050314

Cifuentes-Arenas, J. C., Beattie, G. A. C., Peña, L., and Lopes, S. A. (2019). Murraya Paniculata and Swinglea Glutinosa as short-term transient hosts of ‘Candidatus Liberibacter asiaticus’ and implications for the spread of huanglongbing. Phytopathology 109, 2064–2073. doi: 10.1094/PHYTO-06-19-0216-R

Cifuentes-Arenas, J. C., Goes, A., Miranda, M. P., Beattie, G. A. C., and Lopes, S. A. (2018). Citrus flush shoot ontogeny modulates biotic potential of Diaphorina citri. PLoS One 13:e0190563. doi: 10.1371/journal.pone.0190563

Cochrane, E. F., and Shade, J. B. (2019). Combatting huanglongbing in organic systems. Int. J. Hort. Agric. Food Sci. 3, 1–11. doi: 10.22161/ijhaf.3.1.1

Conchou, L., Lucas, P., Meslin, C., Proffit, M., Staudt, M., Renou, M., et al. (2019). Insect odorscapes: from plant volatiles to natural olfactory scenes. Front. Physiol. 10:972. doi: 10.3389/fphys.2019.00972

da Graça, J. V., Douhan, G. W., Halbert, S. E., Keremane, M. L., Lee, R. F., Vidalakis, G., et al. (2016). Huanglongbing: an overview of a complex pathosystem ravaging the world’s Citrus. J. Integr. Plant Biol. 58, 373–387. doi: 10.1111/jipb.12437

Dellaporta, S. L., Wood, J., and Hicks, J. B. (1983). A plant DNA minipreparation: Version II. Plant Mol. Biol. Rep. 1, 19–21. doi: 10.1007/BF02712670

Diaz-Montano, J., and Trumble, J. C. (2013). Behavioral responses of the potato psyllid (Hemiptera: Triozidae) to volatiles from dimethyl disulfide and plant essential oils. J. Insect Behav. 26, 336–351. doi: 10.1007/s10905-012-9350-8

Driesche, R. G. V., and Murray, T. J. (2004). “Overview of testing schemes and designs used to estimate host ranges,” in Assessing Host Ranges for Parasitoids and Predators Used for Classical Biological Control: A Guide to Best Practice, eds R. G. V. Driesche and R. Reardon (Morgantown, WV: USDA Forest Service), 68–89.

Duran-Vila, N., Janse, J. D., Foissac, X., Melgarejo, P., and Bové, J. M. (2014). Addressing the threat of huanglongbing in the Mediterranean region: a challenge to save the citrus industry. J. Plant Pathol. 1, 3–8. doi: 10.4454/JPP.V96I4.001

Fancelli, M., Borges, M., Laumann, R. A., Pickett, J. A., Birkett, M. A., and Blassioli-Moraes, M. C. (2018). Attractiveness of host plant volatile extracts to the Asian citrus psyllid, Diaphorina citri, is reduced by terpenoids from the non-host cashew. J. Chem. Ecol. 44, 397–405. doi: 10.1007/s10886-018-0937-1

Fares, S., Park, J. H., Gentner, D. R., Weber, R., Ormeño, E., Karlik, J., et al. (2012). Seasonal cycles of biogenic volatile organic compound fluxes and concentrations in a California citrus orchard. Atmos. Chem. Phys. 12, 9865–9880. doi: 10.5194/acp-12-9865-2012

Farnier, K., Davies, N. W., and Steinbauer, M. J. (2018). Not led by the nose: volatiles from undamaged Eucalyptus hosts do not influence psyllid orientation. Insects 9:166. doi: 10.3390/insects9040166

Gallinger, J., Dippel, C., and Gross, J. (2019). “Interfering host location of Cacopsylla pruni with repellent plant volatiles,” in Proceedings of the Joint Meeting of the IOBC-WPRS Working Groups “Pheromones and Other Semiochemicals in Integrated Production” & “Integrated Protection of Fruit Crops, Vol. 146, Lisbon, 10–12.

Ghamari, M., Hosseininaveh, V., Jahromi, K. T., Nozari, J., and Allahyari, H. (2018). Identification of volatile organic compounds of pistachio trees and their role in attraction of common pistachio psyllid, Agonoscena pistaciae (Hemiptera: Aphalaridae). Iran. J. Plant Prot. Sci. 49, 243–254.

Gottwald, T. R. (2010). Current epidemiological understanding of citrus huanglongbing. Annu. Rev. Phytopathol. 48, 119–139. doi: 10.1146/annurev-phyto-073009-114418

Gottwald, T. R., Graham, J. H., Irey, M. S., McCollum, T. G., and Wood, B. W. (2012). Inconsequential effect of nutritional treatments on huanglongbing control, fruit quality, bacterial titer and disease progress. Crop Prot. 36, 73–82. doi: 10.1016/j.cropro.2012.01.004

Hall, D. G., Gottwald, T. R., Nguyen, N. C., Ichinose, K., Le, Q. D., Beattie, G. A. C., et al. (2008). Greenhouse investigations on the effect of guava on infestations of Asian citrus psyllid in grapefruit. Proc. Fla. State Hort. Soc. 121, 104–109.

Hall, D. G., Hentz, M. G., and Stover, E. (2017). Field survey of Asian citrus psyllid (Hemiptera: Liviidae) infestations associated with six cultivars of Poncirus trifoliata (Rutaceae). Fla. Entomol. 100, 667–668. doi: 10.1653/024.100.0328

Hall, D. G., Lapointe, S. L., and Wenninger, E. J. (2007). Effects of a particle film on biology and behavior of Diaphorina citri (Hemiptera: Psyllidae) and its infestations in Citrus. J. Econ. Entomol. 100, 847–854. doi: 10.1093/jee/100.3.847

Hall, D. G., Richardson, M. L., Ammar, E. D., and Halbert, S. E. (2013). Asian citrus psyllid, Diaphorina citri, vector of citrus huanglongbing disease. Entomol. Exp. Appl. 146, 207–223. doi: 10.1111/eea.12025

Hodges, A. W., Rahmani, M., Stevens, T. J., and Spreen, T. H. (2014). Economic Impacts of the Florida Citrus Industry Final Sponsored Project Report to the Florida Department of Citrus. Gainesville, FL: Food and Resource Economics Department, 1–39.

Khan, A. A., Afzal, M., Qureshi, J. A., Khan, A. M., and Raza, A. M. (2014). Botanicals, selective insecticides, and predators to control Diaphorina citri (Hemiptera: Liviidae) in citrus orchards. Insect Sci. 21, 717–726. doi: 10.1111/1744-7917.12173

Khan, Z. R., Ampong-Nyarko, K., Chiliswa, P., Hassanali, A., Kimani, S., Lwande, W., et al. (1997). Intercropping increases parasitism of pests. Nature 388, 631–632. doi: 10.1038/41681

Killiny, N., Jones, S. E., Nehela, Y., Hijaz, F., Dutt, M., Gmitter, F. G., et al. (2018). All roads lead to Rome: towards understanding different avenues of tolerance to huanglongbing in Citrus cultivars. Plant Physiol. Biochem. 129, 1–10. doi: 10.1016/j.plaphy.2018.05.005

Kollner, T. G., Held, M., Lenk, C., Hiltpold, I., Turlings, T. C. J., Gershenzon, J., et al. (2008). A maize (E)-β-caryophyllene synthase implicated in indirect defense responses against herbivores is not expressed in most American maize varieties. Plant Cell 20, 482–494. doi: 10.1105/tpc.107.051672

Kortbeek, R. W. J., van der Gragt, M., and Bleeker, P. M. (2019). Endogenous plant metabolites against insects. Eur. J. Plant Pathol. 54, 67–90. doi: 10.1007/s10658-018-1540-6

Lee, J. A., Halbert, S. E., Dawson, W. O., Robertson, C. J., Keesling, J. E., and Singer, B. H. (2015). Asymptomatic spread of huanglongbing and implications for disease control. Proc. Natl. Acad. Sci. U.S.A. 112, 7605–7610. doi: 10.1073/pnas.1508253112

Li, W., Hartung, J. S., and Levy, L. (2006). Quantitative real-time PCR for detection and identification of Candidatus Liberibacter species associated with citrus huanglongbing. J. Microbiol. Methods 66, 104–115. doi: 10.1016/j.mimet.2005.10.018

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

LLusia, J., and Peñuelas, J. (2000). Seasonal patterns of terpene content and emission from seven Mediterranean woody species in field conditions. Am. J. Bot. 87, 133–140. doi: 10.2307/2656691

Mafra, V., Kubo, K. S., Alves-Ferreira, M., Ribeiro-Alves, M., Stuart, R. M., Boava, L. P., et al. (2012). Reference genes for accurate transcript normalization in Citrus genotypes under different experimental conditions. PLoS One 7:e31263. doi: 10.1371/journal.pone.0031263

Manjunath, K. L., Halbert, S. E., Ramadugu, C., Webb, S., and Lee, R. F. (2008). Detection of ‘Candidatus Liberibacter asiaticus’ in Diaphorina citri and its importance in the management of citrus huanglongbing in Florida. Phytopathology 98, 387–396. doi: 10.1094/PHYTO-98-4-0387

Mann, R. S., Ali, J. G., Hermann, S. L., Tiwari, S., Pelz-Stelinski, K. S., Alborn, H. T., et al. (2012). Induced release of a plant-defense volatile ‘deceptively’ attracts insect vectors to plants infected with a bacterial pathogen. PLoS Pathog. 8:e1002610. doi: 10.1371/journal.ppat.1002610

Martini, X., Coy, M., Kuhns, M., and Stelinski, L. L. (2018). Temporal decline in pathogen-mediated release of methyl salicylate associated with decreasing vector preference for infected over uninfected plants. Front. Ecol. Evol. 6:185. doi: 10.3389/fevo.2018.00185

Mccollum, G., and Baldwin, E. (2016). “Huanglongbing: devastating disease of citrus,” in Horticultural Reviews, Vol. 44, ed. J. Janick (Hoboken, NJ: John Wiley and Sons), 315–361. doi: 10.1002/9781119281269.ch7

McGarvey, P. B., and Kaper, J. (1991). A simple and rapid method for screening transgenic plants using the PCR. Biotechniques 11, 428–432.

Miranda, M. P., Dos Santos, F. L., Felippe, M. R., Moreno, A., and Fereres, A. (2015). Effect of UV-blocking plastic films on take-off and host plant finding ability of Diaphorina citri (Hemiptera: Liviidae). J. Econ. Entomol. 108, 245–251. doi: 10.1093/jee/tou036

Miranda, M. P., Zanardi, O. Z., Tomaseto, A. F., Volpe, H. X. L., Garcia, R. B., and Prado, E. (2018). Processed kaolin affects the probing and settling behavior of Diaphorina citri (Hemiptera: Lividae). Pest Manag. Sci. 74, 1964–1972. doi: 10.1002/ps.4901

Murray, M. G., and Thompson, W. F. (1980). Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 8, 4321–4326.

National Academies of Sciences, Engineering, and Medicine (2018). A Review of the Citrus Greening Research and Development Efforts Supported by the Citrus Research and Development Foundation. Washington, DC: National Academies Press. doi: 10.17226/25026

Nava, D. E., Torres, M. L. G., Rodrigues, M. D. L., Bento, J. M. S., and Parra, J. R. P. (2007). Biology of Diaphorina citri (Hem., Psyllidae) on different hosts and at different temperatures. J. Appl. Entomol. 131, 709–715. doi: 10.1111/j.1439-0418.2007.01230.x

Nissinen, A., Kristoffersen, L., and Anderbrant, O. (2008). Physiological state of female and light intensity affect the host−plant selection of carrot psyllid, Trioza apicalis (Hemiptera: Tiozidae). Eur. J. Entomol. 105, 227–232. doi: 10.14411/eje.2008.032

Ormen, E., Goldstein, A., and Niinemets, U. (2011). Extracting and trapping biogenic volatile organic compounds stored in plant species. Trends Anal. Chem. 30, 978–989. doi: 10.1016/j.trac.2011.04.006

Pan, H., Lu, Y., and Wyckhuy, A. K. (2013). Repellency of dimethyl disulfide to Apolygus lucorum (Meyer−Dür) (Hemiptera: Miridae) under laboratory and field conditions. Crop Prot. 50, 40–45. doi: 10.1016/j.cropro.2013.02.017

Paris, T. M., Allan, S. A., Udell, B. J., and Stansly, P. A. (2017). Evidence of behavior-based utilization by the Asian citrus psyllid of a combination of UV and green or yellow wavelengths. PLoS One 12:e0189228. doi: 10.1371/journal.pone.0189228

Patt, J. M., Robbins, P. S., Niedz, R., McCollum, G., and Alessandro, R. (2018). Exogenous application of the plant signalers methyl jasmonate and salicylic acid induces changes in volatile emissions from citrus foliage and influences the aggregation behavior of Asian citrus psyllid (Diaphorina citri), vector of huanglongbing. PLoS One 13:e0193724. doi: 10.1371/journal.pone.0193724

Patt, J. M., and Sétamou, M. (2010). Responses of the Asian citrus psyllid to volatiles emitted by the flushing shoots of its rutaceous host plants. Environ. Entomol. 39, 618–624. doi: 10.1603/EN09216

Pickett, J. A., Hamilton, M. L., Hooper, A. M., Khan, Z. R., and Midega, C. A. O. (2010). Companion cropping to manage parasitic plants. Ann. Rev. Phytopathol. 48, 161–177. doi: 10.1146/annurev-phyto-073009

Pickett, J. A., and Khan, Z. R. (2016). Plant-volatiles mediated signalling and its application in agriculture: successes and challenges. New Phytol. 212, 856–870. doi: 10.1111/nph.14274

Pickett, J. A., Woodcock, C. M., Midega, C. A. O., and Khan, Z. R. (2014). Push – pull farming systems. Curr. Opin. Biotechnol. 26, 125–132. doi: 10.1016/j.copbio.2013.12.006

Pierman, B., Wetzstein, H. Y., Porter, J. A., Lynch, J. H., Dudareva, N., Boutry, M., et al. (2017). Emission of volatile organic compounds from petunia flowers is facilitated by an ABC transporter. Science 356, 1386–1388. doi: 10.1126/science.aan0826

Pu, Q., Liang, J., Shen, Q., Fu, J., Pu, Z., Liu, J., et al. (2019). A wheat β-patchoulene synthase confers resistance against herbivory in transgenic Arabidopsis. Genes 10:441. doi: 10.3390/genes10060441

Ramadugu, C., Keremane, M. L., Halbert, S. E., Duan, Y. P., Roose, M. L., Stover, E., et al. (2016). Long-term field evaluation reveals huanglongbing resistance in Citrus relatives. Plant Dis. 100, 1858–1869. doi: 10.1094/PDIS-03-16-0271-RE

Ramírez-Godoy, A., Puentes-Peréz, G., and Restrepo-Díaz, H. (2018). Evaluation of the effect of foliar application of kaolin clay and calcium carbonate on populations of Diaphorina citri (Hemiptera: Liviidae) in Tahiti Lime. Crop Prot. 109, 62–71. doi: 10.1016/j.cropro.2018.01.012

Reinecke, A., and Hilker, M. (2014). “Plant semiochemicals-perception and behavioural responses by insects,” in Annual Plant Reviews Insect-Plant Interactions, Vol. 47, eds C. Voelckel and G. Jander (Chichester: Wiley John & Sons, Ltd). doi: 10.1002/9781118472507.ch4

Richardson, M. L., and Hall, D. G. (2013). Resistance of Poncirus and Citrus × Poncirus germplasm to the Asian citrus psyllid. Crop Sci. 53, 183–188. doi: 10.2135/cropsci2012.02.0091

Robbins, P. S., Alessandro, R. T., Stelinski, L. L., and Lapointe, S. L. (2012). Volatile profiles of young leaves of Rutaceae spp. varying in susceptibility to the Asian citrus psyllid (Hemiptera: Psyllidae). Fla. Entomol. 95, 774–776. doi: 10.1653/024.095.0331

Rodríguez, A., Cervera, M., Peris, J. E., and Peña, L. (2008). The same treatment for transgenic shoot regeneration elicits the opposite effect in mature explants from two closely related sweet orange (Citrus sinensis (L.) Osb.) genotypes. Plant Cell Tissue Organ Cult. 93, 97–106. doi: 10.1007/s11240-008-9347-3

Rouseff, R. L., Onagbola, E. O., Smoot, J. M., and Stelinski, L. L. (2008). Sulfur volatiles in guava (Psidium Guajava L.) leaves: possible defense mechanism. J. Agric. Food Chem. 56, 8905–8910. doi: 10.1021/jf801735v

Ruan, C., Hall, D. G., Liu, B., and Fan, G. (2015). Host-choice behavior of Diaphorina citri Kuwayama (Hemiptera: Psyllidae) under laboratory conditions. J. Insect Behav. 28, 138–146. doi: 10.1007/s10905-015-9488-2

Silva, J. A. A., Hall, D. G., Gottwald, T. R., Andrade, M. S., Maldonado, W., Alessandro, R. T., et al. (2016). Repellency of selected Psidium guajava cultivars to the Asian citrus psyllid, Diaphorina citri. Crop Prot. 84, 14–20. doi: 10.1016/j.cropro.2016.02.006

Singerman, A., and Rogers, M. E. (2020). The economic challenges of dealing with citrus greening: the case of Florida. J. Integr. Pest Manag. 11:3. doi: 10.1093/jipm/pmz037

Stelinski, L. L., and Tiwari, S. (2013). Vertical T-maze choice assay for arthropod response to odorants. J. Vis. Exp. 72:50229. doi: 10.3791/50229

Stenberg, J. A., Heil, M., Åhman, I., and Björkman, C. (2015). Optimizing crops for biocontrol of pests and disease. Trends Plant Sci. 20, 698–712. doi: 10.1016/j.tplants.2015.08.007

Sun, Y., Huang, X., Ning, Y., Jing, W., Bruce, T. J. A., Qi, F., et al. (2017). TPS46, a rice terpene synthase conferring natural resistance to bird cherry-oat aphid, Rhopalosiphum padi (Linnaeus). Front. Plant Sci. 8:110. doi: 10.3389/fpls.207.00110

Ting, H. M., Delatte, T. L., Kolkman, P., Misas-Villamil, J. C., Van Der Hoorn, R. A. L., Bouwmeester, H. J., et al. (2015). SNARE-RNAi results in higher terpene emission from ectopically expressed caryophyllene synthase in Nicotiana benthamiana. Mol. Plant 8, 454–466. doi: 10.1016/j.molp.2015.01.006

Tiwari, S., Stelinski, L. L., and Rogers, M. E. (2012). Biochemical basis of organophosphate and carbamate resistance in Asian citrus psyllid. J. Econ. Entomol. 105, 540–548. doi: 10.1603/ec11228

Tomaseto, A. F., Marques, R. N., Fereres, A., Zanardi, O. Z., Volpe, H. X. L., Alquézar, B., et al. (2019). Orange jasmine as a trap crop to control Diaphorina citri. Sci. Rep. 9:2070. doi: 10.1038/s41598-019-38597-5

Volpe, H. X. L., Zanardi, O. Z., Magnani, R. F., Luvizotto, R. A. G., de Freitas, V. E. R., Delfino, J. Y., et al. (2020). Behavioral responses of Diaphorina citri to host plant volatiles in multiple-choice olfactometers are affected in interpretable ways by effects of background colors and airflows. PLoS One 15:e0235630. doi: 10.1371/journal.pone.0235630

Wang, N. (2019). The citrus huanglongbing crisis and potential solutions. Mol. Plant 12, 607–609. doi: 10.1016/j.molp.2019.03.008

Wang, N. (2020). A perspective of citrus huanglongbing in the context of the Mediterranean basin. J. Plant Pathol. 102, 635–640. doi: 10.1007/s42161-020-00555-w

Wenninger, E. J., Stelinski, L. L., and Hall, D. G. (2009). Roles of olfactory cues, visual cues, and mating status in orientation of Diaphorina Citri Kuwayama (Hemiptera: Psyllidae) to four different host plants. Environ. Entomol. 38, 225–234. doi: 10.1603/022.038.0128

Westbrook, C. J., Hall, D. G., Stover, E., Duan, Y. P., and Lee, R. F. (2011). Colonization of Citrus and Citrus related germplasm by Diaphorina citri (Hemiptera: Psyllidae). HortScience 46, 997–1005. doi: 10.21273/hortsci.46.7.997

Widhalm, J. R., Jaini, R., Morgan, J. A., and Dudareva, N. (2015). Rethinking how volatiles are released from plant cells. Trends Plant Sci. 20, 545–550. doi: 10.1016/j.tplants.2015.06.009

Yan, H., Zeng, J., and Zhong, G. (2015). The push-pull strategy for citrus psyllid control. Pest Manag. Sci. 71, 893–896. doi: 10.1002/ps.3915

Yoneya, K., and Takabayashi, J. (2014). Plant-plant communication mediated by airborne signals: ecological and plant physiological perspectives. Plant Biotechnol. 31, 409–416. doi: 10.5511/plantbiotechnology.14.0827a

Zaka, S. M., Zeng, X. N., Holford, P., and Beattie, G. A. C. (2010). Repellent effect of guava leaf volatiles on settlement of adults of Citrus Psylla, Diaphorina citri Kuwayama, on citrus. Insect Sci. 17, 39–45. doi: 10.1111/j.1744-7917.2009.01271.x

Zheng, Z., Chen, J., and Deng, X. (2018). Historical perspectives, management, and current research of citrus hlb in guangdong province of China, where the disease has been endemic for over a hundred years. Phytopathology 108, 1224–1236. doi: 10.1094/phyto-07-18-0255-ia


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Alquézar, Volpe, Magnani, de Miranda, Santos, Marques, de Almeida, Wulff, Ting, de Vries, Schuurink, Bouwmeester and Peña. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-12-641457-g007.jpg
mm EV 3 CS-5 mmm CS-15 —3CS-16

ﬁ

H—

i

id

joojeul|

ausj|ouldial

auauldia)-A

auswIo0-g-(3)

auaJpue|eyd-g

ausuowl|-q

auawAoa-d

auaulidie)-o

suaydwed

ng/h
S 3 38 8 8 o
Lo o wn O o)
. s o T _ _
H 91-SO
—— GL-SO
G-SO
= A3
(&)
NN\ *_n
**%- susinuny-o
*X =
x ¥ XX | I mcm__\?_aobmo-u-«mv
i
o = 2
Z88 % B
- : - : } % el ausedoo-o
o o o o o
o ) o o
ST
Y/ bu
(1]





OPS/images/fpls-12-641457-g008.jpg
psyllids landed (%)

75

60 A

45

30

4 8

hours after release

%

e 8

hours after release

24

100

- 80

- 60

- 40

- 20

psyllids landed (%)





OPS/images/fpls-12-641457-g005.jpg
*HO T ¥ g I g I o I ¥ 2180
- - x I s o+ 0+ 91-s0
*xHT L T | N T« «HF  «HE T G1-SO
o) T o = & 2 |2 O = 0 v1-s0
5 Iz o« o o 3 =2 Cr o =
5 = g = «[- € O o O 2 { 6-so
© — < __ o £ Cr 5 = B SO
ol O N 3 ) L #-A3
Y o e-A3
m) Z-N\3
1-A\3
®m N - O © ¥ N © © ¥ N O © ¢ N O © ¥ N O © ¥ N O
/A3 SA saWll] P|oO}
*H . M - x - % - *HT *H— F x| /1-8D
- - g * [ - x [ g ¥ [ 91-8O
| S D . - *HT T+ 4 - L I S - *[C 618D
) - C- Cr *[- I3 x [ + x [ 71-S0
v . L L S LS e ) i - o-
= g [ I C S - o [ = O = [ 9-sO
2 02 O = O 2 0 < - 2 0 e O-c (- 980
® i< g o S 0 2 [ S ol 2 o 5 ¥ 250
= ol © = 9 2= = L
o - - © i i © = 152 -A3
S ._nlu — lan) 3 & ©
O O €-Nd
® wn
7 = Z-N\3
N m 1-A3
© + N O © ¥ N O © ¥ N O © ¥ N O N ® T OO ¥ N O © F N O© ¥ N O
/A3 SA saull] P|O}
* H - xH - ¥ H - *H - xH = *H - * H - *xH - LL-S0
- g - - g x[- O (- 91-8D
* H - % H - % H - K - xH 2 *H - xH - % H - G1-SO
O O+ Ch - L g Cr ® CF #1-sO
L+ L+ Cr C B S [+ o C o [ 9-s0
= & 2 0 c G 2 il 05 I < o E O s
2, B2 K2 O o C 9 O © I & O @ CF 2-so
=) = £ o - — @ _
S o e [ >, © ? Y pA3
T % ® S = a ¥ W T
S Z-A3
1-A3
© v o D WO T A O W M D @ S @ v W B E T N D W e N =D w B @

N
A3 SA sewl} p|o}





OPS/images/fpls-12-641457-g006.jpg
CS-17 n =119 (179) |—| %%
CS-16 n =113 (183) * %
CS-15 n =116 (169) |—| * %%
CS-14 n =111 (186) |—< *% %
CS-6 n =126 (182) |—< *
CS-5 n =126 (182) *%
CS-2 n =99 (158) %%
EV n =124 (171)
8IO E;O 4IO 2IO (I) 2I0 4IO 6I0 ;30
time spent in odor field (%)
CS-16 n =87 (116) H *k%
CS-15 n = 85 (98) |—| * %
n =107 (127) |—| Pk e
n = 65 (86) |—4
20 40 60 80

8

t|me spent in odor field (%)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Engineered Orange Ectopically Expressing the Arabidopsis β-Caryophyllene Synthase Is Not Attractive to Diaphorina citri, the Vector of the Bacterial Pathogen Associated to Huanglongbing



		INTRODUCTION



		MATERIALS AND METHODS



		Generation and Southern Blot Analysis of Transgenic Sweet Orange Lines Expressing AtCS Under the Control of a Constitutive Promoter



		Quantitative RT-PCR Analysis



		Phenotypic Analysis



		Volatile Organic Compound Content Extraction and Analysis



		Volatile Organic Compounds Emission Analysis and Quantification



		Insect Rearing



		Diaphorina citri Olfactometric Assays



		Choice Behavioral Test



		Statistical Analyses







		RESULTS



		Obtainment of Transgenic Sweet Orange Plants Overexpressing AtCS



		Overexpression of AtCS Did Not Induce Detrimental Effects in CS Transgenic Sweet Orange Plants



		Analysis of Volatile Terpene Compounds Accumulated in the Leaves of Engineered CS Sweet Orange Lines



		Diaphorina citri Is Less Attracted to CS Than to Control Lines in Four-Arm Olfactometer Assays



		Volatile Terpene Emission Profile of CS Leaves Is Highly Disturbed



		Diaphorina citri Is Less Attracted to CS Engineered Sweet Orange Lines in No-Choice Assays







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fpls-12-641457-g003.jpg
15 CS-16

EV CS

O O O © © ™ o © <
» © ™
(6) yyBrom (wo) 1e)0Welp sjuawbes jo ,u

5 CS-

-5 CS-15 CS-16

EV CS





OPS/images/fpls-12-641457-g004.jpg
*H

= - x 1 = L8O

- T 91-SO

xH

- xH - G1-SO

Total content

T F +1-SO
H_ 98O
T F S-S0
- ¢-SO
p-A3
€-A3
Z-N\3
L-A3

|
mEnENIREN -
Sesquiterpenes

nollalle

|

Monoterpenes

] T 1 T 1 T T T T 1
o O <t (Q\ o < (4P N \ o o
A4 SA SaWll} P|Oj





OPS/images/fpls-12-641457-g001.jpg
o

- L1-SO

- 91-8O

- G1-SO

- ¥1-SO

- 9SO

- 6-S0

= €80

- A4
= Ehd
- ¢-N\d
AE

| |
(o}

- L) -

~—

|
o

-

-

|
(9]

o

o

-~

o

uolissaldxa SO
aAlela. ul abueyo-p|o4





OPS/images/fpls-12-641457-g002.jpg
/180
91-80
G1-S0
y1-80
G-80
af oL a | -2A\3
o | L @ | - 1-A3

| |

™ 9__ - O & L. m_ m m o
(wo) (wuw) (,wo)

P o Jybudj spoussiul  ssjowelp we)s  eale Jeljoy

60-





OPS/images/cover.jpg
frontiers
In Plant Science

EngineeredOrange Ectopically
Expressing the Arabidopsis
p-Caryophyllene Synthase Is Not
Attractive to Diaphorina citri,
the Vector of the Bacterial
Pathogen Associated
to Huanglongbing









OPS/images/logo.jpg
' frontiers
in Plant Science





