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The tomato leafminer, Tuta absoluta is a destructive invasive pest of cultivated tomato and other Solanaceae plants, with yield losses of 80-100%. Mirid predators are key natural enemies of T. absoluta, but they also feed on host plants in the absence of their prey. Management of T. absoluta is a challenge due to its high biotic potential, resistance to many insecticides and the absence of sufficiently adapted auxiliary fauna in its new dispersion zones. Olfaction plays an important role in the tritrophic interaction between tomato, its herbivore pest T. absoluta and its mirid predators, which can be influenced by non-host plant odors. However, how non-host odours shape this interaction is poorly understood. Previously, we had demonstrated belowground crop protection properties of certain Asteraceae plants against the root-knot nematode Meloidogyne incognita, pest of tomato and other Solanaceae plants. Additionally, Asteraceae plants impact negatively on feeding behavior of above-ground pests of Solanaceae plants, including the greenhouse whitefly (Trialeurodes vaporariorum) and green peach aphid (Myzus persicae). Here, we tested the hypothesis that foliar volatiles from some of these non-host Asteraceae plants can influence the tomato-T. absoluta-mirid predator tritrophic interaction. In olfactometer assays, T. absoluta females were attracted to volatiles of the Solanaceae host plants tomato and giant nightshade but avoided volatiles of the Asteraceae plants, blackjack and marigold, and the positive control, wild tomato, when tested alone or in combination with the host plants. Coupled gas chromatography-mass spectrometry analysis showed that host and non-host plants varied in their emission of volatiles, mainly monoterpenes and sesquiterpenes. Random forest analysis combined with behavioral assays identified monoterpenes as the host plant attractive blend to T. absoluta and its mirid predator, with sesquiterpenes identified as the non-host plant repellent blend against T. absoluta. Contrastingly, the mirid predator was indifferent to the non-host plant repellent sesquiterpenes. Our findings indicate that terpenes influence the tomato-T. absoluta-mirid predator tritrophic interaction. Further, our results emphasize the importance of studying crop protection from a holistic approach to identify companion crops that serve multi-functional roles.
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1 Introduction

Phytophagous insects use olfactory cues to locate their host plants, for feeding, mating, and oviposition (Bawin et al., 2016; Antwi-Agyakwa et al., 2019; Piersanti et al., 2020). The quality and quantity of the phytochemical signal may determine the effectiveness of the interaction with the insect (Bai et al., 2020; Msisi et al., 2020; Antwi-Agyakwa et al., 2021), especially in a host and non-host plant intercrop system. The volatiles released by each plant in the intercropping system can affect the host location by the insect pest in various ways including repellency or eliciting a masking effect on host attractive volatiles. For instance, guava (Psidium guajava) and garlic (Allium sativum) volatiles decreased attraction of females of the African citrus triozid (Trioza erytreae) to its common host plant, rough lemon (Citrus jambhiri), attributed to the relative abundance of the sesquiterpenes (E)-caryophyllene and (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), benzaldehydes, nonanal and decanal, respectively (Antwi-Agyakwa et al., 2021). Likewise, in a laboratory study, basil (Ocimum basilicum) and marigold (Tagetes patula) volatiles decreased attraction and reduced fecundity of the green peach aphid (Myzus persicae), in the presence of the host plant Capsicum annuum attractive volatiles (Dardouri et al., 2021). However, the volatiles responsible for avoidance behavior in the green peach aphid were not identified. Additionally, the monoterpenes linalool and (Z)-β-ocimene released from marigold (T. minuta) and basil were found to repel the greenhouse whitefly (Trialeurodes vaporariorum) in the presence of the host plant tomato (Solanum lycopersicum) attractive volatiles (Matu et al., 2021). While these examples demonstrate the potential of using non-host plants to reduce pest populations, currently, we lack detailed examples of the use of non-host plants to manage other key insect pests of tomato such as the tomato leafminer T. absoluta (Lepidoptera: Gelechiidae).

The tomato leafminer, T. absoluta (Lepidoptera: Gelechiidae) is an invasive pest native to South America that was introduced into Spain in 2006 (Desneux et al., 2010; Tonnang et al., 2015). Currently, T. absoluta is present in the Middle East, Africa, and Asia (Giorgini et al., 2019). Its main host in the tropics and subtropics is cultivated tomato (Rakha et al., 2017), although it attacks other solanaceous plants including eggplant (Solanum melongena), black nightshade (Solanum nigrum), pepper (Capsicum annuum), potato (Solanum tuberosum), and tobacco (Nicotiana tabacum) and non-solanaceous plants such as common bean (Phaseolus vulgaris) (Bitew, 2018). Thus, secondary hosts make biocontrol difficult. Adult females of T. absoluta oviposit on leaves (73%), shoots and flowers (26%) as well as on fruits (1%) of tomatoes (Desneux et al., 2010; Cocco et al., 2013; Illakwahhi and Srivastava, 2017), resulting in yield losses of 80-100% caused by larval feeding in unprotected fields (Illakwahhi and Srivastava, 2017; Giorgini et al., 2019). This compromises the source of livelihood of many farmers in Africa.

Current management techniques of T. absoluta include cultural methods, pheromones, biocontrol agents, resistant varieties, and synthetic insecticides (Guedes and Picanço, 2012; Biondi et al., 2018; Giorgini et al., 2019). However, these management methods are not effective because of the cryptic nature of the feeding larvae (Guedes and Picanço, 2012; Ali and Husin, 2017). Use of synthetic chemical insecticides has been the quickest and most efficient method to control the pest, but this is not sustainable due to insecticide resistances of T. absoluta, negative effects of insecticides on the environment, non-target organisms and the health of farmers (Sridhar et al., 2019). As such, it has prompted research into safer integrated control approaches that strongly feature the use of biorationals (Giorgini et al., 2019; Tarusikirwa et al., 2020; Erasmus and Van Den Berg, 2021).

Most research on T. absoluta has focused on its biological control with predators (Sanchez et al., 2014; Biondi et al., 2018; Sanchez et al., 2018). Among the key predators of T. absoluta are the zoophytophagous mirids such as Macrolophus pygmaeus (Hemiptera: Miridae), native to Europe and N. tenuis (Hemiptera: Miridae), native to the Mediterranean coast (Sanchez et al., 2006; Sanchez et al., 2009; van Lenteren, 2012; Zappalà et al., 2013; Lins et al., 2014; Sanchez et al., 2018; Ayelo et al., 2021). For example, in a greenhouse tomato production study in Europe, M.pygmaeus was found to significantly reduced the population of whiteflies Bemisia tabaci and T. absoluta galleries (Sanchez et al., 2018; Konan et al., 2021). These predators prey on eggs and lower instars of other small arthropods such as aphids, spider mites, and thrips (van Lenteren, 2012; Zappalà et al., 2013; Sylla et al., 2016; Biondi et al., 2018). In the absence of sufficient prey, they feed on leaf mesophylls, ground tissues of stems, inflorescences, and fruits of host plants resulting in significant yield reduction (Moerkens et al., 2016; Sanchez et al., 2018; Konan et al., 2021). Previous studies have demonstrated that the availability of diverse food sources for generalist natural enemies in heterogeneous habitats reduced damage to host plants and attracted more predators compared to monocultures (Tang et al., 2013; Grez et al., 2014). This suggests that altering the habitat of mirid predators by increasing plant diversity can influence their behaviour.

Previous crop protection studies demonstrated that plants in the Asteraceae family contained phytochemicals that suppressed belowground pest parasitism (Torto et al., 2018; Fabrick et al., 2020; Mwamba et al., 2021). For instance, recent studies showed that the root exudates of blackjack (Bidens pilosa), marigold (Tagetes minuta), pyrethrum (Chrysanthemum cinerariifolium), and sweet wormwood (Artemisia annua) suppressed host finding in the root-knot nematode (Meloidogyne incognita), a pest of tomato and other Solanaceae plants (Conboy et al., 2019; Mwamba et al., 2021; Kihika-Opanda et al., 2022). The monoterpene 1,8-cineole and the sesquiterpene (E)-β-farnesene from the root volatiles of blackjack, marigold and sweet wormwood repelled M. incognita to reduce infection on the host plant tomato (Mwamba et al., 2021). In another study, ascorbic acid (vitamin C) and 2-hydroxybenzoic acid (aromatic acid) detected in the root exudates of blackjack had a negative impact on egg hatchability and mortality of juveniles by disrupting the chemoreception of M. incognita (Kihika-Opanda et al., 2022). As to aboveground interactions, for example, intercropping marigold (T. minuta) with tomato reduced the abundance and growth of the greenhouse whitefly (T. vaporariorum), attributed to the presence of limonene detected in the headspace volatiles of the plant (Conboy et al., 2019). Likewise, the related species Tagetes erecta was also found to significantly reduce the population of Psylliodes chrysocephala and Plutella xylostella, pests of the crop Pak Choi (Brassica rapa chinensis) in an intercrop with Pak Choi plant, while attracting more unidentified natural enemies of the pests than Pak Choi in monoculture (Iamba and Homband, 2020).

Here, we have extended our studies to test the hypothesis that foliar volatiles of some of these selected Asteraceae plants including blackjack (Bidens pilosa) and marigold (T. minuta) (Kihika et al., 2020; Mwamba et al., 2021) can influence the host finding behavior of the above-ground pest, the invasive tomato leafminer Tuta absoluta, and its associated mirid predator N. tenuis in two Solanaceae host plants, tomato, and giant nightshade. To achieve this, we tested the responses of T. absoluta females to volatiles of host plants, and when the host plants were combined with non-host plants, and we compared the chemistry of the odor profiles of these plants using random forest classification followed by behavioral assays and identified the attractive and repellent volatiles. Additionally, we investigated the response of adults of the mirid predator N. tenuis of T. absoluta to the identified host and non-host plant attractive and repellent volatiles.




2 Materials and methods



2.1 Plants

Seeds of cultivated tomato, Solanum lycopersicum (moneymaker cultivar), and giant nightshade, Solanum scabrum were obtained from Simlaw Seeds Company Ltd., Nairobi, Kenya. The seeds were sterilized by dipping them in 1% sodium hypochlorite solution for 3 min to remove seed-borne pathogens that may induce chemical defenses in the plant, and rinsed with distilled water thrice. The sterilized seeds were then sown in nursery trays containing sterilized loamy soil (autoclaved for 30 min at 121°C) in a screenhouse maintained at (25 ± 2°C, 60-70% RH and L12:D12 light/dark photoperiod) at the International Centre of Insect Physiology and Ecology (icipe), Duduville Campus, Nairobi, Kenya (1580 m, S 01°13.243’ E 036°53.732’). After germination, the seedlings (2- weeks- old) were transplanted into plastic pots (5 L with 30 cm depth) containing autoclaved loamy soil. The seedlings were watered daily. Wild tomato which was recently found to disrupt the host finding behavior of T. absoluta (Miano et al., 2022), was also tested. Wild tomato, Lycopersicon esculentum var. cerasiforme seedlings were obtained from stock maintained in a screenhouse at icipe which was established from seeds obtained from a farmer’s field at Kiangai (S 0° 28’ 59” E 37° 19’ 59”) in Kirinyaga County of Kenya. Wild tomato seedlings were grown using similar procedures as outlined for the two host plants. Cultivated tomato, nightshade, and wild tomato seedlings that were 5-6 weeks old were used in all the experiments. Marigold and blackjack seedlings were also obtained from stocks maintained at icipe in a screen house. The seedlings of marigold and blackjack were grown in plastic pots using the same procedures outlined for the other plants. As stated earlier, marigold and blackjack seedlings (5-6 weeks old) were used for the study because repellent compounds that impacted negatively on root-knot nematode in previous studies were released by the plants at these developmental stages (Kihika et al., 2020; Mwamba et al., 2021). The plants used for the experiment were all in the vegetative stages.




2.2 Insects

Tuta absoluta adults were obtained from a colony maintained (28 ± 2°C, 48% RH and 12:12 L:D light/dark photoperiod) on potted susceptible Cal J tomato variety plants (seeds sourced from Simlaw Seeds Company Ltd., Nairobi, Kenya) in well-ventilated Perspex cages (40 cm × 50 cm × 60 cm) at the insectary section of the Animal Rearing and Quarantine Unit (ARQU) of icipe. The colony was established from T. absoluta infested tomato plants collected from a farmer’s field in Mwea (S 0° 36′ 31.3″ E 037° 22′ 29.7″) and Naivasha (N 0° 43’ 0.01” E 36° 26’ 9.28”) in December 2020. The moths were fed on 80% honey solution ad libitum. To reduce inbreeding, the colony was rejuvenated every three months by infusing it with freshly infested tomato plants collected from farmer’s fields at Mwea and Naivasha. Gravid females (2-3 days old) were used for all the behavioral assays. To ensure that only gravid females were used in the behavioral assays, only mating mature adult females found in the rearing cage were collected and used for the assays after 24 hr.

The mirid predator was collected from farmers’ field in Mwea (S 0° 36′ 31.3″ E 037° 22′ 29.7″) and were reared on potted Moneymaker tomato variety plants (6-8 weeks old) in Plexiglass cages (40 cm × 50 cm × 60 cm) maintained in a laboratory (25 ± 2°C, 60 ± 5% RH, L12:D12) at the ARQU of icipe. The insects were fed on a mixture of non-viable eggs of Ephestia kuehniella Zeuler and Artemia sp. (Koppert biological system, Veilingweg, Netherlands) twice a week. A total of 10 g of the nonviable eggs were provided in each of the cages per week. Feeding was also supplemented with tomato plants containing viable eggs of T. absoluta after 3-4 days exposure of tomato plants to females of the moth. Additionally, the mirid predator was fed on 80% honey solution. Each week the adults that emerged were transferred to another Plexiglass cage to minimize cannibalism on the young nymphs. Adult males and females of the mirid predator (1:1 ratio) between 1-7 days old (F2 generation) were used for all the behavioral assays.




2.3 Molecular characterization of the mirid predator: DNA extraction and amplification

Whole insects were brought to the icipe Arthropod Pathology Unit for processing. Genomic DNA was extracted from each sample using the Isolate II Genomic DNA Kit (Bioline, London, United Kingdom), following the manufacturer’s instructions. The resultant DNA was eluted in a final 50 μl volume then quality and quantity checks were done using the Nanodrop 2000/2000c Spectrophotometer (Thermo Fischer Scientific, Wilmington, USA). Polymerase chain reaction (PCR) was done to amplify the 28S rDNA large ribosomal domain 2 (D2) gene region using LepD2F (5’-AGTCGTGTTGCTTGATAGTGCAG-3’) and LepD2R (5’-TTGGTCCGTGTTTCAAGACGGG-3’) primers (Campbell et al., 1994; Goolsby et al., 2006). The PCR was conducted in a total reaction volume of 20 µL containing 5X My Taq Reaction Buffer (5 mM dNTPs, 15 mM MgCl2, stabilizers and enhancers), 0.5 pmol/µl of each primer, 0.5 mM MgCl2, 0.0625 U/µl My Taq DNA polymerase (Bioline) and 15 ng/µl of DNA template. These reactions were set up in the Nexus Mastercycler gradient (Eppendorf, Germany). The following cycling conditions were used: initial denaturation for 2 min at 95°C, followed by 40 cycles of 30 sec at 95°C, 30 sec annealing at 58.8°C and 1 min at 72°C, then a final elongation step of 10 min at 72°C.

The amplified PCR products were resolved through a 1.2% agarose gel. DNA bands on the gel were analyzed and documented using KETA GL imaging system trans-illuminator (Wealtec Corp, Meadowvale Way Sparks, Nevada, USA). Successfully amplified products were excised and purified using Isolate II PCR and Gel Kit (Bioline) following the manufacturer’s instructions. The purified samples were shipped to Macrogen Europe BV (Meibergreef, Amsterdam, the Netherlands), for paired end sequencing.




2.4 28S rDNA sequence analyses

For a conclusive confirmation of the identity of the predator, whole genome sequencing (WGS) of the insect using the DNBseq sequencing platform at BGI Genomics (BGI, Tai Po, N.T, Hong Kong) was done. The mitochondrial COI gene was extracted after a De-novo assembly using SPAdes v.3.13.0 (Bankevich et al., 2012) and contigs were identified by BLAST+ v.2.13.0. (Camacho et al., 2009). The COI gene sequence obtained from this study was deposited in GenBank database.




2.5 Behavioural responses of T. absoluta to host and non-host plant headspace volatiles

The responses of T. absoluta to host and non-host plant volatiles were carried out in a Y-tube olfactometer (arm = 10 cm, stem = 14 cm, diameter = 3 cm). Charcoal-purified and humidified air was passed into the two arms of the olfactometer, each at a flow rate of 350 mL/min. An electric-powered air free vacuum pump (Model: DAA-V174-EB, GAST manufacturing company, Benton Harbor, Michigan, United States) was used to suck air out of the Y-tube at a flow rate of 700 mL/min. Because T. absoluta is nocturnal, a night condition was simulated by placing a red fluorescent bulb about 2 m above the olfactometer which emitted about 1000 Lux illuminations of red light. To ensure no positional bias in the olfactometer bioassay, each of the two arms was connected to an empty sterilized (12 hr at 100°C) roasting bag (50 cm × 60 cm) (Lifetime Brands Europe Ltd, Valepits Road, Birmingham), and assayed against each other with 60 mated females. The response of T. absoluta females to volatiles from host and non-host plants were tested in assays as shown in Supplementary Table 1. Host and non-host plant headspace volatiles were offered into the two arms of the Y-tube olfactometer from the roasting bags containing the plants. To ensure that only headspace plant volatiles were released into the roasting bags, the whole pot containing the soil and the plant were covered with aluminum foil to the base of the plant. In each bioassay, 60 gravid females were tested individually, and each insect was given 10 min to make a choice. An insect was considered to have made a choice when it walked at least 5 cm into one of the arms and stayed for two or more minutes. No gravid female was re-used in any of the assay. Six different plants of each species were used for each assay. After every ten females tested, the plants were replaced with new ones. The Y- tube was cleaned after every 5 insects tested and the arms were then switched. All the bioassays were conducted under controlled laboratory conditions (27°C and 70% RH).




2.6 Collection of headspace volatiles

Headspace volatiles were collected from a total of five intact host and non-host plants and an empty roasting bag as a control. Prior to collection of volatiles, the plants were allowed to acclimatize to the laboratory conditions for 12 hr. The aerial part of each test plant was covered with a sterilized roasting bag (12 hr at 100°C) (35 cm × 30 cm) (Lifetime Brands Europe Ltd, Valepits Road, Birmingham) and gently held tightly around the base of the stem with a rubber band to create airtight conditions while avoiding injury to the plant. Charcoal-purified air was passed/bulled (400 mL/min) through a glass-tube containing distilled water to humidify the air. Volatiles were pulled (350 mL/min) from the bags through a vacuum tube connected to a Super-Q trap (30 mg) (Analytical Research System, Gainesville, FL) for 24 hr to capture both day and night volatiles. Super-Q-trapped volatiles were eluted with 150 μL gas chromatography (GC) grade dichloromethane (Analytical grade, Sigma-Aldrich, St, Louis, MO) under a stream of nitrogen gas into 1.5 mL glass vials. All the eluted samples were stored at −80°C until used.




2.7 Analysis of volatiles

Volatiles were analyzed by gas chromatography-mass spectrometry (GC-MS) on an HP 7890A series gas chromatograph (Agilent Technologies, Wilmington, USA) coupled with an HP 5975C mass spectrometer (Agilent Technologies, Wilmington, USA). The column used was 30 m × 0.25 mm i.d., 0.25 μm Agilent HP-5 MS capillary column. An aliquot (1 µL) of each sample was injected in the splitless mode at an oven temperature of 35°C for 5 min, which gradually increased to 280°C at 10°C/min and held for 10.5 min. The carrier gas was helium at a flow rate of 1.0 ml/min and the mass spectra were acquired at 70 eV within a mass range of 38–550 Daltons (Da) during a scan time of 0.73 scans sec-1. Volatiles were identified by comparing their mass spectral data with the GC/MS library data using, (Adams, 1995; NIST, 2008). Authentic standards were used to confirm the identities of compounds where available and they were based on comparison of their mass spectral data and retention times (RTs). Quantification of the identified volatiles was done using calibration curves (peak area vs. concentration) generated by serial dilutions of the authentic standards α-pinene and (E)-caryophyllene analyzed under the same GC/MS conditions at five different concentrations (1−500 ng/μL) since it equally yields results as close to the natural situation as possible. The retention indices (RIs) of the compounds were determined using n-alkane standards (C8-C31) and calculated using the equation described below by van den Dool and Dec. Kratz (1963), and compared with published literature values.

	

Where:

x = the name of the target compound; n0 = n-alkane Cn0H2n0+2 directly eluting after x; n1 = n-alkane Cn1H2n1+2 directly eluting before x; RT = retention time; RI = retention index.




2.8 Chemicals

The synthetic standards including hexanal, α-thujene, α-pinene, camphene, o-cymene, sabinene, β-pinene, myrcene, α-terpinene, β-terpinene, terpinolene, decanal, tridecane, pentadecane, cedrol, hexadecane and the solvent dichloromethane were purchased from Sigma Aldrich (USA) whilst δ-2-carene, α-phellandrene, δ-3-carene, p-cymene, limonene, β- phellandrene, β-ocimene [mixture of (E) and (Z)], dihydrotagetone, δ-elemene, β-elemene, α-cedrene, (E)-caryophyllene, α-humulene, (E, E)-α-farnesene were purchased from Merck (France) and were used to confirm the identified compounds. The chemical purity of the synthetic standards except for sabinene (75%) and α-phellandrene (85%) ranged between 90–99%.




2.9 Bioassays with synthetic standards

The response of gravid females of T. absoluta and adults of its mirid predator to synthetic standards of the most discriminating compounds associated with the host and non-host plant volatiles identified using the multivariate random forest (RF) analysis were tested in the Y-tube olfactometer as previously described. Of the 17 most discriminating compounds identified (Figure 1E), camphene, δ-2-carene, α-phellandrene, α-terpinene, p-cymene, terpinolene were associated with cultivated tomato, whereas α-copaene, and (E, E)-α-farnesene were associated with giant nightshade. Additionally, limonene was associated with marigold, while α-pinene, (E)-β-ocimene, camphor, germacrene D were associated with blackjack, and β-phellandrene, β-elemene, α-cedrene, α-humulene were associated with wild tomato (Table 1 and Figure 1C). Blends were formulated to simulate the amounts corresponding to the putative natural concentration detected in the associated plants (Tables 1, 2). Host and non-host plant discriminating volatile blends were tested at three different concentrations, including the standard concentration based on the corresponding source amount detected in the volatiles of the associated plants, double, and half the putative natural concentration (Table 2 and Supplementary Table 2). However, the discriminating compounds α-copaene, camphor, and germacrene D were not included in the blends tested due to their commercial unavailability. Dichloromethane (DCM) was used to dilute the compounds, and a 10 μL aliquot of the test solution was loaded onto a filter paper (2 × 2 cm) and tested against a filter paper loaded with 10 μL solvent control. The impregnated filter papers were air-dried at room temperature for 30 s before placing them into the ends of the olfactometer arms and were changed for every insect tested. Sixty insects were tested per choice test.


Table 1 | Sources of most discriminating compounds in intact plant volatiles selected for formulating synthetic blends.






Figure 1 | Determination of the most discriminating volatiles and their correlation with host and non-host plants of Tuta absoluta: (A) The 30 volatiles that best-distinguished host and non-host plants based on the mean decrease in accuracy of the random forest analysis, (B) Multidimensional scaling (MDS) plot showing the distribution of host and non-host plants volatile profiles, (C) sPLS-DA biplot showing the correlation of the top discriminating volatiles (R2X = 0.57, R2Y = 0.74, Q2 = 0.58), (D) Clustering heatmap showing the abundance of the top discriminating volatiles across replicates of the host and non-host plants, and (E) Chemical structures of the top discriminating volatiles.




Table 2 | Mean amount (ng plant−1 h−1) of the released volatiles in the headspace of host and non-host plants of Tuta absoluta.



To prepare the synthetic blends, a stock solution containing 1mg/mL of each compound was formulated individually by diluting 1mg (0.001 g) of each compound with 1mL (1000 µL) of dichloromethane (DCM) solvent in a 1mL GC vial. The concentration (working solution) of each compound selected for the behavioral assay as detected in the corresponding plants was then formulated from the stock solution of each compound separately. Equal volumes of the working solution of each compound containing the corresponding concentrations detected in our plants were then pipetted individually and combined into a 1mL GC vial. This procedure was followed to formulate all the blends used in our study.




2.10 Statistical analysis

Data analyses were done using R software 64 (R version 4.2.0) and the R Studio graphical user interface (R Core Team, 2018). The frequency count from the Y-tube olfactometer bioassays were subjected to Chi-square (χ2) goodness-of-fit analysis. The number of T. absoluta females or adults of its mirid predator responding to each treatment in each experiment was expressed as a percentage using the formula [(n/N) × 100], where n is the number of T. absoluta or adults of N. tenuis responding to a given treatment, while N is the total number of T. absoluta or the mirid predator responding. Non-responding T. absoluta or N. tenuis were not included in the analysis.

To analyze the differences in the emission of volatile organic compounds between the host and non-host plants of T. absoluta, the normality of the data was first tested using the Shapiro–Wilk’s test and the data was found to be not normally distributed, hence, a non-parametric analysis was done using Kruskal–Wallis test and an unpaired T-test. Means were separated (post hoc test) using Mann– Whitney–Wilcoxon test and Tukey’s honest significant difference (HSD) where applicable. The same non-parametric and post-hoc tests were used to analyze the distribution of the compounds in the attractive and repellent mono- and sesqui-terpene blends across the various host and non-host plants. All the analyses were done at 5% probability level (P ≤ 0.05).

Using the machine learning algorithm random forest (RF), the volatiles that best distinguish the host and non-host plants were selected based on the mean decrease in accuracy (MDA) (Ayelo et al., 2021). Compounds were grouped into random groups and the most consistent variables among the groups were selected as the most important. This was done using the random forest ‘importance’ function and the out-of-bag error (OOB error) which predicts the accuracy of the analysis (Ranganathan and Borges, 2010). Moreover, a multidimensional scaling analysis (MDS) was done to visualize the similarity of the volatile profiles of the host and non-host plants of T. absoluta using the random forest ‘MDSplot’ function (Liaw and Wiener, 2002).

A sparse partial least square discriminant analysis (sPLS-DA) biplot was used to visualize how the most discriminating volatiles correlate with each host and non-host plant using the mixOmics package (Lê Cao et al., 2011). With the aid of the function ‘perf’ sPLS-DA parameters (R2X, R2Y and Q2) and ‘leave-one-group-out’ cross-validation method, the sPLS-DA model was validated (Rohart et al., 2017). R2X explained the variation in the most discriminating VOC’s, R2Y the variation in the groups (plants), and Q2 the average predictive capability of the model. To visualize the variations in the emission of the most discriminating volatiles across replicates profiles of the host and non-host plants, a clustering heatmap was generated using the function ‘cim’ in the mixOmics package (Rohart et al., 2017).





3 Results



3.1 Molecular identity of the mirid predator

Molecular characterization of the predator targeting the 28S rDNA large ribosomal domain 2 (D2) gene region identified the predator up to the family level Miridae. Due to no amplification observed using the universal Folmer primers (HCO/LCO) (Folmer et al., 1994), the complete mitochondrial COI gene was obtained from WGS, and this resolved the identity of the predator up to species level. A BLAST search of the extracted COI gene generated from this study (Accession no. OP781962) had a 97.53% similarity with N. tenuis (JQ806057.1), hence the predator was conclusively determined to be N. tenuis Reuter.




3.2 Behavioral response of T. absoluta to host and non-host plant volatiles

Tests with empty roasting bags alone showed no significant difference in the response of T. absoluta females to the two arms (χ2 = 0.02, df = 1, P = 0.89). Tuta absoluta females were significantly attracted to volatiles of cultivated tomato (70.9%, χ2 = 8.80, df = 1, P = 0.003), nightshade (69.2%, χ2 = 6.94, df = 1, P = 0.008), but significantly avoided volatiles from the non-host Asteraceae plants marigold (75.0%, χ2 = 12.02, df = 1, P = 0.001), blackjack (72.7%, χ2 = 10.47, df = 1, P = 0.001), and wild tomato (70.6%, χ2 = 7.84, df = 1, P = 0.005) relative to the air controls (Figure 2A). When presented with a combination of volatiles from cultivated tomato and the non-host plants against clean air, females significantly avoided the combined volatiles of cultivated tomato and marigold (67.9%, χ2 = 6.45, df = 1, P = 0.01), cultivated tomato and blackjack (73.6%, χ2 = 10.87, df = 1, P = 0.001), and cultivated tomato and wild tomato (69.2%, χ2 = 6.94, df = 1, P = 0.01) (Figure 2B). Likewise, they avoided the combined volatiles of nightshade and marigold (67.9%, χ2 = 6.45, df = 1, P = 0.01), nightshade and blackjack (67.3%, χ2 = 5.89, df = 1, P = 0.02), and nightshade and wild tomato (70.0%, χ2 = 7.22, df = 1, P = 0.007) relative to the air controls (Figure 2B). Moreover, females significantly avoided a combination of cultivated tomato and marigold (72.2%, χ2 = 9.13, df = 1, P = 0.002), cultivated tomato and blackjack (69.8%, χ2 = 7.55, df = 1, P = 0.006), and cultivated tomato and wild tomato (67.3%, χ2 = 5.89, df = 1, P = 0.02) relative to cultivated tomato (Figure 2C). Likewise, they significantly avoided a combination of nightshade and marigold (71.4%, χ2 = 9.45, df = 1, P = 0.002), nightshade and blackjack (73.1%, χ2 = 10.17, df = 1, P = 0.001), and nightshade and wild tomato (66.7%, χ2 = 5.02, df = 1, P = 0.03) relative to nightshade (Figure 2C).




Figure 2 | Behavioural response of Tuta absoluta to (A) Solanaceae and Asteraceae plants relative to air control, (B) Combination of Solanaceae and Asteraceae plants relative to air control, (C) Combination of Solanaceae and Asteraceae plants relative to the Solanaceae plants. Asterisks (*) indicate significant differences (Chi-square test: P = 0.05).






3.3 Coupled gas chromatography-mass spectrometric identification of host and non-host plant volatiles

GC-MS analysis identified 56 compounds in the volatiles of host and non-host plants, belonging to eight chemical classes namely, monoterpenes, sesquiterpenes, ketones, aldehydes, amides, alkanes, esters, and alcohols. These volatiles varied quantitatively and qualitatively (Table 2). A total of 21 compounds were detected in the volatile profile of cultivated tomato, wild tomato (27), nightshade (17), marigold (21), and blackjack (21) (Table 2 and Figure 3). The monoterpenes β-phellandrene (36.2%) and δ-2-carene (17.5%) were the most abundant compounds detected in the volatiles of cultivated tomato, whereas for wild tomato volatiles the monoterpene β-phellandrene (45.5%) and the sesquiterpene (E)-caryophyllene (10.1%) were the most dominant compounds. The sesquiterpenes (E, E)-α-farnesene (14.8%) and α-copaene (14.0%), and the ketones (Z)-ocimenone (28.2%) and (Z)-tagetone (14.9%) dominated the volatile profiles of giant nightshade and marigold, respectively. The abundant compounds in blackjack volatiles were the monoterpene α-pinene (32.7%) and an unidentified compound (27.2%) (Table 2). In all the assays, the non-responding females were less than 15%.




Figure 3 | Representative total ion chromatograms (TICs) showing the headspace volatile profiles (A) Cultivated tomato, (B) Giant nightshade (C) Marigold, (D) Blackjack, and (E) Wild tomato.






3.4 Identification and determination of discriminant volatiles from host and non-host plants

Using the machine learning algorithm random forest (RF), 30 volatile organic compounds (VOCS) were identified as the most discriminating compounds among the host and non-host plants with (E, E)-α-farnesene being the most discriminating compound (Figure 1A). The RF algorithm classified the variables or compounds based on ‘mean decrease in accuracy’ (MDA) in order of importance. The accuracy of the classification [out-of-bag error (OOB error)] was 100%. Based on the MDS the plants were grouped into four clusters based on their volatile profiles. Cultivated tomato (cluster one), wild tomato (cluster two), giant nightshade (cluster three), and cluster four includes marigold and blackjack (Figure 1B). Further sparse partial least square discriminant analysis (sPLS-DA), selected 17 volatile organic compounds (Figure 1E) out of the 30 as the best distinguished compounds namely; camphene, δ-2-carene, α-phellandrene, α-terpinene, p-cymene, terpinolene, α-copaene, (E, E)-α-farnesene (from host plants) and α-pinene, limonene, β-phellandrene, (E)-β-ocimene, camphor, β-elemene, α-cedrene, α-humulene, and germacrene D (from non-host plants). The quality parameters of the sPLS-DA model (R2X = 0.57, R2Y = 0.74, Q2 = 0.58) show that appropriate classification was achieved (Figure 1C). The difference between R2Y and Q2 was less than 0.2, and the Q2 value was greater than 50%, indicating an excellent predictive capability. The total variations in the sPLS-DA (57%) were explained by the first two dimensions, with dimension 1 and 2 accounting for 33% and 24%, respectively. In dimension 1, α-terpinene, p-cymene, α-phellandrene, terpinolene, δ-2-carene correlated with cultivated tomato, β-phellandrene and α-humulene correlated with wild tomato, limonene correlated with marigold, and (E)-β-ocimene and germacrene D correlated with blackjack (Figure 1C). In dimension 2, camphene correlated with cultivated tomato, β-elemene and α-cedrene correlated with wild tomato, α-copaene, (E, E)-α-farnesene correlated with nightshade, α-pinene and camphor also correlated with blackjack (Figure 1C). Heatmap clustering showed that there were quantitative and qualitative differences among the 17 best distinguished VOCs across the various replicates of the host and non-host plants (Figure 1D). Among the top eight discriminating VOCs distinguishing the host plants, seven compounds that were commercially available and tested in various blends in a Y-tube olfactometer dual-choice assay in our study were camphene, δ-2-carene, α-phellandrene, α-terpinene, p-cymene, terpinolene, (E, E)-α-farnesene, while the seven compounds from the non-host plants were α-pinene, limonene, β-phellandrene, (E)-β-ocimene, β-elemene, α-cedrene, α-humulene out of the nine discriminating non-host plant compounds.




3.5 Response of T. absoluta to synthetic blends of host and non-host plant volatiles

Female moths were significantly attracted to the seven-component (camphene, δ-2-carene, α-phellandrene, α-terpinene, p-cymene, terpinolene, (E, E)-α-farnesene) blend (7-HP) formulated from the host plant discriminating volatiles (71.9%, χ2 = 10.11, df = 1, P = 0.001), but no significant behavioural response was observed when the concentration was doubled (7-HP×2) (χ2 = 0.43, df = 1, P = 0.51), or halved (7-HP/2) (χ2 = 1.08, df = 1, P = 0.29) relative to the solvent control (Figure 4A). Likewise, adult female moths were significantly attracted to the six-component (camphene, δ-2-carene, α-phellandrene, α-terpinene, p-cymene, terpinolene) blend of the host plant monoterpenes (6-HPM) (66.7%, χ2 = 5.68, df = 1, P = 0.02), but showed no preference to double (6-HPM×2) (χ2 = 0.07, df = 1, P = 0.79), and half the concentration (6-HPM/2) (χ2 = 2.53, df = 1, P = 0.11) relative to the control (Figure 4B). Contrastingly, the sesquiterpene (E, E)-α-farnesene did not elicit any significant behavioral response in females of T. absoluta at all the concentrations tested; putative natural concentration (i.e. 13.1 ng (E, E)-α-farnesene) (χ2 = 0.84, df = 1, P = 0.36), double (i.e. 26.2 ng (E, E)-α-farnesene) (χ2 = 0.29, df = 1, P = 0.59), and half the putative natural concentration (i.e. 6.6 ng (E, E)-α-farnesene) (χ2 = 0.43, df = 1, P = 0.51) relative to the control (Figure 4C). Interestingly, when T. absoluta was presented with the attractive host plant monoterpene blend (6-HPM) and the host plant sesquiterpenes, the adult females significantly preferred the attractive host plant monoterpenes (6-HPM) (60.7%, χ2 = 5.68, df = 1, P = 0.02) over the host plant sesquiterpenes at the putative natural concentration (i.e. 13.1 ng (E, E)-α-farnesene). No significant response was observed at double (i.e. 26.2 ng (E, E)-α-farnesene) (χ2 = 2.16, df = 1, P = 0.14) and half the putative natural concentration (i.e. 6.6 ng (E, E)-α-farnesene) (χ2 = 0.15, df = 1, P = 0.69) (Figure 4D).




Figure 4 | Behavioural response of Tuta absoluta females to the most discriminating synthetic (A) seven-component host plant volatile blend, (B) six-component host plant monoterpene blend, (C) host plant sesquiterpene (E, E)-α-farnesene, (D) most attractive six-component blend of the host plant monoterpenes relative to host plant sesquiterpenes, (E) seven-component non-host plant volatile blend, (F) four-component non-host plant monoterpene blend, (G) three-component non-host plant sesquiterpene blend, and (H) most effective seven-component blend of the non-host plants relative to non-host plant sesquiterpenes. Asterisk (*) indicates significant differences (Chi-square test: P = 0.05).



The seven-component (limonene, α-pinene, (E)-β-ocimene, β-phellandrene, β-elemene, α-cedrene, α-humulene) blend of the most discriminating non-host plant volatiles significantly repelled T. absoluta females when tested at the putative natural concentration (7-NHP) (65.5%, χ2 = 5.68, df = 1, P = 0.02) and double the concentration (7-NHP×2) (68.9%, χ2 = 7.60, df = 1, P = 0.006) relative to the solvent control. No significant behavioural response was observed when half the putative natural concentration was tested (7-NHP/2) (χ2 = 0.63, df = 1, P = 0.43) (Figure 4E). Surprisingly, T. absoluta females were significantly attracted to a four-component (limonene, α-pinene, (E)-β-ocimene, β-phellandrene) blend of the non-host plant monoterpenes containing double the putative natural concentration (4-NHPM×2) (66.7%, χ2 = 5.68, df = 1, P = 0.02), whereas no significant response was observed to the putative natural (4-NHPM) (χ2 = 0.43, df = 1, P = 0.51) and half this concentration (4-NHPM/2) (χ2 = 0, df = 1, P = 1) relative to the control (Figure 4F). Interestingly, the non-host plant three-component (β-elemene, α-cedrene, α-humulene) sesquiterpene blend significantly repelled females of T. absoluta at half the putative natural concentration (3-NHPS/2) (64.8%, χ2 = 4.17, df = 1, P = 0.04). No significant response was observed at the putative natural concentration (3-NHPS) (χ2 = 3.02, df = 1, P = 0.08) and double this concentration (3-NHPS×2) (χ2 = 0.86, df = 1, P = 0.34) relative to the control (Figure 4G). When presented with the most effective non-host plant seven-component blend (7-NHP×2) and the three-component non-host plant sesquiterpene blends individually, the female moths did not show any preference to any of these blends at all the concentrations tested; putative natural concentration (3-NHPS) (χ2 = 0.91, df = 1, P = 0.34), double (3-NHPS×2) (χ2 = 1.16, df = 1, P = 0.28), or half the putative natural concentration (3-NHPS/2) (χ2 = 0.86, df = 1, P = 0.35) (Figure 4H).




3.6 Response of N. tenuis to host monoterpene and non-host sesquiterpene synthetic blends

Tests with the solvent control (DCM) alone showed no significant difference in the response of adults of N. tenuis to the two arms of the olfactometer (χ2 = 0.18, df = 1, P = 0.67). Adults of N. tenuis were significantly attracted to half the putative natural concentration of the host plant six-component monoterpene blend (6-HPM/2) (71.2%, χ2 = 8.48, df = 1, P = 0.004), but were indifferent to the putative natural (6-HPM) (χ2 = 1.96, df = 1, P = 0.16) and double the putative natural concentration (6-HPM×2) (χ2 = 0.30, df = 1, P = 0.58) relative to the control (Figure 5A). Interestingly, the three-component blend of the non-host plant sesquiterpenes did not elicit any significant behavioral response in adults of N. tenuis when tested at all concentrations: putative natural (3-NHPS) (χ2 = 1.62, df = 1, P = 0.20), double (3-NHPS×2) (χ2 = 0.02, df = 1, P = 0.89), and half the putative natural concentration (3-NHPS/2) (χ2 = 0, df = 1, P = 1) relative to the control (Figure 5B).




Figure 5 | Behavioural response of adults of Nesidiocoris tenuis to the most discriminating synthetic (A) six-component host plant monoterpene blend and (B) three-component non-host plant sesquiterpene blend. Asterisk (*) indicates significant differences (Chi-square test: P = 0.05).






3.7 Discriminating volatiles reveal the most attractive and repellent host and non-host plants

We found that cultivated tomato followed by wild tomato significantly emitted (Kruskal–Wallis test, P = 0.008, df = 20, N = 5) the highest amount of the total attractive host plant monoterpene blend (6-HPM) compared to marigold, blackjack, and nightshade which emitted the least amount. (Figure 6A). Cultivated tomato’s release of the monoterpene blend was approximately 3- 1200-fold more than the other plants. On the other hand, using the three-component repellent sesquiterpene blend (3-NHPS/2) (Figure 6B), wild tomato significantly emitted the highest amount compared to the other plants (P = 0.007, df = 20, N = 5). Except for the non-host plant wild tomato, which released about 3- 69-fold more sesquiterpenes, the levels of this blend released by the host and the other non-host plants were relatively lower and significantly different.




Figure 6 | Mean concentration of volatile organic compounds (VOCs) detected from different host and non-plants. Box plot of VOCs from (A) most attractive six-component blend of the host plant monoterpenes comprising camphene, δ-2-carene, α-phellandrene, α-terpinene, p-cymene, terpinolene and (B) most effective three-component non-host plant sesquiterpene blend comprising β-elemene, α-cedrene, α-humulene. Means with the same letter are not significantly different (Tukey’s HSD test, P ≤ 0.05).







4 Discussion

Our results indicate that adult females of T. absoluta are attracted to Solanaceae host plant volatiles but avoid host plant volatiles in the presence of the non-host Asteraceae plants marigold, blackjack, and the positive control, wild tomato. These results are consistent with the fact that olfactory cues play an important role in the host finding process of T. absoluta (Desneux et al., 2010; Bitew, 2018; Subramani et al., 2021). Our findings corroborate results of a previous study (Miano et al., 2022), which demonstrated the host disruption and masking role of the volatiles of the positive control, wild tomato in the host location process of T. absoluta in the presence of the host plant cultivated tomato.

The results of the present study also show that wild tomato volatiles may exert a similar host disruption effect on T. absoluta in the presence of giant nightshade which is another Solanaceae host plant. Interestingly, our results also show that volatiles of the non-host Asteraceae plants appear to exert a similar masking effect on host location by T. absoluta in the presence of both the two host plants, cultivated tomato and giant nightshade. It has been suggested that the disruption of the host finding process in T. absoluta females by the positive control, wild tomato increases with increasing plant age (Rakha et al., 2017). It would be interesting to investigate whether similar age-related host disruption effects occur in the non-host Asteraceae plants. The use of Asteraceae plants as companion crops to disrupt host location in certain insects has been previously reported. For example, in an intercropping system, the Asteraceae plant gallant soldier (Galinsoga parviflora) reduced the abundance of T. absoluta on tomato (Medeiros et al., 2009). Although host disruption in T. absoluta was attributed to G. parviflora volatiles, the mediating volatiles were not identified. In another study, the essential oils from the Asteraceae plants, Artemisia absinthium and Eupatorium buniifolium were found to repel two common tomato pests T. absoluta and T. vaporariorum (Umpiérrez et al., 2012). The oxygenated monoterpenes α- and β-thujone accounted for the repellence of the two tomato pests by A. absinthium, whereas the monoterpene hydrocarbon α-pinene and the sesquiterpene hydrocarbon (E)-β-guaiene were identified as the repellents for E. buniifolium. Additionally, the application of blackjack extract as a biopesticide reduced populations of the aphid Aphis fabae, the bean foliage beetle Ootheca mutabilis, and the flower beetle Epicauta albovittata on cowpea, which translated into a significant reduction in cowpea yield loss (Tembo et al., 2018). The headspace volatiles and essential oil from the flowers of marigold negatively impacted the reproduction and feeding behavior of the green peach aphid (M. persicae) and the greenhouse whitefly (T. vaporariorum), both of which are above-ground pests of solanaceous plants including pepper and tomato (Tomova et al., 2005; Dardouri et al., 2021; Matu et al., 2021). These previous reports and our findings confirm that phytochemicals of wild tomato and Asteraceae plants interrupt the host finding process of T. absoluta females.

Chemical analysis identified terpenes as the dominant compounds in the headspace volatiles of the host and non-host plants. In our olfactometer dose-response bioassays, we found that the six-component monoterpene blend (camphene, δ-2-carene, α-phellandrene, α-terpinene, p-cymene, terpinolene) with the highest amount emitted by cultivated tomato was attractive to T. absoluta females. Evidence of the role of monoterpenes in the attraction of insects to host plants has been well documented (Silva et al., 2017; Njuguna et al., 2018; Msisi et al., 2020). For instance, in a laboratory study, α-terpinene, a key shared compound among the three host plants of T. absoluta (tomato, aubergine, and sweet pepper) in a five-component blend attracted the females of T. absoluta (Msisi et al., 2020). Likewise, the monoterpenes α-phellandrene and p-cymene were identified as key constituents of a seven-component blend that attracted the melon fly, Zeugodacus cucurbitae (Coquillett), a pest of cucumber and tomato plants (Njuguna et al., 2018).

Our molecular studies identified the mirid predator as N. tenuis, a known generalist predator of many insect pests of vegetable crops. In bioassays, whereas the monoterpene blend elicited an attractive response in T. absoluta at a higher dose, it was attractive to N. tenuis at a relatively lower dose. This suggests that N. tenuis is more sensitive to detecting host attractants than its prey. It appears that N. tenuis associates the detection of host plant volatiles with the presence of its prey. This agrees with a previous study which demonstrated the attraction of N. tenuis to healthy and T. absoluta infested host plant volatiles (Lins et al., 2014; Naselli et al., 2017). However, in the absence of the prey, N. tenuis also feeds on the host plant. Perhaps N. tenuis uses host plant attractants as a habitat selection cue, while it uses visual cues to detect its prey on the host plant. A previous study where the sex pheromones of its prey T. absoluta failed to elicit any behavioral response in the adults of N. tenuis further strengthen this assertion (Lins et al., 2014). Investigating the cues mediating these interactions would enhance our understanding on how the mirid predator finds its prey. Previously, headspace volatiles of tomato plants dominated by terpenes including the monoterpenes α-terpinene and γ-terpinene have been found to attract the three Neotropical mirid predators Macrolophus basicornis, Campyloneuropsis infumatus and Engytatus varians (Silva et al., 2017). Additionally, N. tenuis is attracted to the monoterpenes α-pinene, α-phellandrene, 3-carene, β-phellandrene and β-ocimene (Ayelo et al., 2021). Certain non-host plants have been found to conserve the population of some species of mirids of the genus Macrolophus to provide inoculum that augments the natural control of insect pests in adjacent crops (Castañé et al., 2004; Perdikis et al., 2007). For instance, the non-cultivated perennial Asteraceae plant Dittrichia viscosa has been reported to conserve the population of the mirid predator Macrolophus melanotoma by serving as a shelter and alternate food source (Perdikis et al., 2007). In a greenhouse study, D. viscosa was found to enhance the development time, fecundity and the intrinsic rate of population increase of M. melanotoma (Perdikis et al., 2007). This aspect also deserves further investigation using the non-host Asteraceae plants tested in the present study for conserving populations of the mirid predator N. tenuis.

Interestingly, the amounts of the attractive monoterpene blend in the volatiles of nightshade were relatively low and not significantly different from the amounts detected in the volatiles of the Asteraceae plants, yet the intact nightshade plant was attractive, while the non-host Asteraceae plant volatiles were avoided by the herbivore. These results suggest that the amounts and ratios of attractive compounds and background odor chemicals including sesquiterpenes, ketones, aldehydes, amides, alkanes, esters, and alcohols in both host and non-host plants may all contribute to the overall quality of the signal detected by the herbivore in behavioral response. This is consistent with the fact that the four-component synthetic monoterpene blend identified from the non-host Asteraceae plants attracted T. absoluta females, but the intact plants which released a diverse group of volatiles were avoided by females. More research is needed to understand the roles of the other classes of compounds in both the behavior of the herbivore and natural enemy.

Behavioral assays identified the sesquiterpenes β-elemene, α-cedrene, and α-humulene as repellent to the herbivore T. absoluta, whereas the mirid predator was indifferent. Although the chemical profiles of cultivated and wild tomato were similar, we found that these sesquiterpenes were most abundant in the volatiles of wild- than cultivated-tomato with relatively low levels detected in nightshade and the non-host Asteraceae plants. These results indicate that the differential levels of sesquiterpenes released by host and non-host plants combined with the background volatiles may account for the variation in the repellent and indifferent responses elicited in the herbivore and predator, respectively. The importance of sesquiterpenes in host plant selection by insect pests has been previously demonstrated (Antonio et al., 2010; Liu et al., 2021; Wang et al., 2021). For example, hybrid tomato cultivars with high acyl sugar and/or high zingiberene (sesquiterpene) allelochemicals reduced the oviposition and leaf damage of T. absoluta and other insect pests of tomato than tomato varieties with low acyl sugar and/or high zingiberene (Antonio et al., 2010). An increase in acyl sugar was found to be positively correlated to an increase in the age of wild tomato plants (Rakha et al., 2017), suggesting an increase in resistance of wild tomato to T. absoluta with increasing age of the plant. Whether this increase in acyl sugar level may have implication in sesquiterpene levels would require additional research. This could explain the observed repellence of T. absoluta by wild tomato in our study. Moreover, the sesquiterpenes β-elemene, germacrene-D, δ-elemene, β-cedrene identified in the essential oil of the leaves of Zanthoxylum rhoifolium were found to significantly reduce (as high as 95%) the number of eggs and nymphs of the whitefly, B. tabaci (Christofoli et al., 2015). α-Humulene was found to be the most toxic component of the essential oil of the rhizome of the Asian plant species, Cheilocostus speciosus against the Old-World bollworm, Helicoverpa armigera, a pest of sorghum, legumes, and several horticultural crops (Benelli et al., 2018). Additionally, β-caryophyllene and α-humulene identified in tomato odor were found to negatively affect the performance, choice behavior and feeding of the potato aphid, Macrosiphum euphorbiae (Wang et al., 2021).

In summary, the results from our study show that in the tomato-T. absoluta- N. tenuis tritrophic interaction, monoterpenes released at varying levels from the host plants cultivated tomato and related plant giant nightshade serve as kairomones for T. absoluta and N. tenuis, whereas sesquiterpenes from the Asteraceae plants marigold, blackjack, and the positive control, wild tomato are allomones for T. absoluta. However, our limited results show that the non-host plant repellent volatiles may not influence the behavior of the mirid predator N. tenuis. Our findings appear to lay the foundation for intercropping either wild tomato, marigold or blackjack with the host plants cultivated tomato or nightshade for the management of T. absoluta without negatively impacting the mirid predator associated with the pest.
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P a 0.02 €
15 11.72 1029 1024 Limonene * Monoterpene nd nd 2.94 £0.54 26.69 nd 0.001
D b 300
16 11.81 1034 1034 B- Phellandrene ® = Monoterpene  330.56 + 82.02 407.33 £ nd nd 12.60 + 0.008
c a a b
38.07 278
17 11.89 1039 1032 (Z)-B-Ocimene ®* = Monoterpene nd nd nd 11.30 nd
D
18 12.08 1049 1044 (E)-B-Ocimene L Monoterpene nd nd nd 0.65 + 2.32 +0.04 0.001
D 021° a
19 12.14 1049 1046 Dihydrotagetone Ketone nd nd nd 27.24 nd
D ¢
20 12.31 1059 | 1054 B-Terpinene ¢ Monoterpene | 973 +0.85° 499 +234° nd nd nd 0.093
D
21 12.70 1079 1072 Terpinolene ¢ Monoterpene 15.80 +0.90 * 589 + 1.71° nd nd nd 0.001
B
22 13.45 1128 1121 Allo-ocimene Monoterpene nd nd nd 2.38 nd
c
23 13.71 1143 1139 (E)-Tagetone Ketone nd nd nd 8.66 nd
D
24 13.76 1148 1141 Camphor Monoterpene nd nd nd nd 0.39
D
25 13.86 1154 1148 (Z)-Tagetone Ketone nd nd nd 34.04 nd
D
26 14.76 1213 1209 Decanal ¢ Aldehyde nd 3.85+019° 3.03 +£0.04 nd nd 0.010
A b
27 15.09 1239 1235 (E)-Ocimenone Ketone nd nd nd 4.05 nd
D
28 15.21 1248 1244 (Z)-Ocimenone Ketone nd nd nd 64.48 nd
H
29 15.23 1250 1251 Piperitenone Ketone nd nd nd 33.02 nd
1
30 15.48 1263 1258 Caprolactam Amide nd nd nd nd 62.80
]
31 16.02 1309 1300 Tridecane ¢ Alkane nd 531 +028° 10+0.10° nd nd 0.001
B
32 16.62 1313 1315 5-Elemene * Sesquiterpene 731 £0.67° 14.33 £5.21 nd nd 0.28 + 0.02 0.008
B a b
33 17.09 1348 1341 Hexyl butanoate Ester nd nd nd nd 7.16
1
34 17.13 1349 1345 B-Cubebene Sesquiterpene nd nd nd nd 0.50
D
35 17.17 1353 1348 a-Copaene Sesquiterpene nd nd 1241 nd nd
G
36 17.26 1371 1374 Modheph-2-ene Sesquiterpene nd nd nd 6.83 nd
7
37 17.35 1403 1400 B-Elemene ¢ Sesquiterpene nd 12,51 £0.75 9.44 + 3.40 nd nd 0.424
c a a
38 17.55 1407 1406 Sesquithujene Sesquiterpene nd nd 437 nd nd
7
39 17.62 1409 1409 Allo- Sesquiterpene nd nd 0.16 nd nd
b aromadendrene
40 17.71 1411 1410 o-Cedrene Sesquiterpene 153 +0.16° 4.58 +0.85° 3.63 £0.05 nd 0.23 £ 0.03 <0.001
& a b
41 17.78 1413 1417 (E)-Caryophyllene Sesquiterpene 453 +052° 89.29 + 1.08 + 0.08 6.15 + 8.44 +2.03 0.001
v ¥ 38.77° b 258" b
42 17.89 1421 1430 B-Copaene Sesquiterpene nd nd nd nd 1.19
D
43 17.91 1423 1431 (E)-0- Sesquiterpene nd nd 1437 nd nd
B Bergamotene
44 17.99 1429 1438 B-Gurjunene Sesquiterpene nd nd nd nd 0.88
B
45 18.22 1448 1452 o-Humulene * Sesquiterpene 13.36 + 6.06 17.57 £ 6.52 nd 274 £ 0.26 + 0.03 0.008
D a 0.68° <
46 18.45 1476 1478 B-Muurolene Sesquiterpene nd nd 1.01 nd nd
D
47 18.54 1487 1480 Germacrene D Sesquiterpene nd 253 +0.03° nd 526 + 8.89 + 1.69 0.004
E 1.56° a
48 18.63 1498 1500 Pentadecane *  Alkane 182+£057° | 849+083" 843022 nd nd 0.008
7 a
49 18.75 1508 | 1500 | Bicyclogermacrene = Sesquiterpene nd nd nd 4.84 nd
D
50 18.76 1509 1509 B-Curcumene Sesquiterpene nd nd nd 0.04 nd
7
51 18.77 1510 1509 (E, E)-o-farnesene | Sesquiterpene nd 775 +0.20° 13.05 + nd nd 0.001
: & 0.55°
52 18.81 1513 Unidentified nd nd nd nd 83.21
53 19.04 1523 | 1515 §-Amorphene Sesquiterpene nd nd nd 048 nd
B
54 19.49 1571 1576 (E)- Farnesol Sesquiterpene nd nd 11.64 nd nd
F
55 19.92 1610 1622 Cedrol * Alcohol nd 5.03 nd nd nd
A
56 19.98 1611 1611 Hexadecane ¢ Alkane 227+078" 1112 £ 1.59 4.52 £0.18 nd nd <0.001
B a b

RT (min) = Retention time in minutes, RI (Calc) = Retention index calculated based on the Cg- Cs, n- alkanes of HP- 5 MS column, R.I (Lit) = Retention index obtained from literature: A
(Hassaballa et al., 2021), B (Antwi-Agyakwa et al., 2021), C (Ayelo et al, 2021), D (Matu et al., 2021), E (Njuguna et al,, 2018), F (Adams2, 1995), G (Kihika et al., 2020), H (Diabate et al., 2019), I
(Silva et al, 2017), J (NIST, 2008), P-value = Probability value of the non-parametric test for comparing the amounts of volatiles released by cultivated tomato, wild tomato, giant nightshade,
marigold, and blackjack where significant values are in bold and means with different letters are significantly different at 5% probability level (P < 0.05), nd = not detected, the symbol (*) =
Compounds confirmed with authentic standards.
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