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BACKGROUND:

Intercropping companion plants (CPs) with horticultural crops could be an eco-friendly strategy to optimize pest management. In this research, volatile organic compounds (VOCs) emitted by some CPs were investigated for their repellent properties towards the green peach aphid (Myzus persicae Sulzer). The aim of this study was to understand the modes of action involved: direct effects on the aphid and/or indirect effects via the host plant (pepper, Capsicum annuum L.).

RESULTS:

We identified two promising repellent CPs species: the volatile blend from basil (Ocimum basilicum, direct repellent effect) and the mixture of (or previously intercropped) C. annuum plants with Tagetes patula cv. Nana (indirect effect). This effect was cultivardependent and linked to the volatile bouquet. For the 16 compounds present in the O.

Introduction

For many years, the intensification of agriculture and monocultures has caused various problems, in particular, the fast development of pest populations such as aphids (Hemiptera: Aphididae). Among these, the green peach aphid, Myzus persicae (Sulzer) is one of the main agricultural pests in temperate regions. Myzus persicae is responsible for considerable damage on crops, the transmission of various viruses, and major economic losses. [START_REF] Blackman | Aphids on the World's Crop: And Identification and Information Guide[END_REF] Mostly, the control of this polyphagous aphid is dependent on chemical measures. However, despite their high effectiveness in reducing pests, they have strong drawbacks as they favor the development of resistant pest populations and contribute to environmental contamination. [START_REF] Bass | The evolution of insecticide resistance in the peach potato aphid, Myzus persicae[END_REF] Various alternative methods (e.g. using natural products, release of natural enemies, and push-pull strategy) have been investigated to reduce aphid infestations and limit their effects of aromatic plants with potential to influence aphid behavior were investigated in previous studies. Ben Issa et al. [START_REF] Issa | Which companion plants affect the performance of green peach aphid on host plants? Testing of 12 candidate plants under laboratory conditions[END_REF] reported that Marigolds (Tagetes spp.) produce a large number of VOCs which can affect aphid performance, an aspect also verified in the plant essential oils. [START_REF] Tomova | The effect of fractionated Tagetes oil volatiles on aphid reproduction[END_REF] Basil (Ocimum basilicum L.) volatiles are well known for their repulsive effects on different aphid species. [START_REF] Tiroesele | The Effect of Companion Planting on the Abundance of Cabbage Aphid, Brevicoryne brassicae L., on Kale (Brassica oleracea var. acephala)[END_REF][START_REF] Issa | Which companion plants affect the performance of green peach aphid on host plants? Testing of 12 candidate plants under laboratory conditions[END_REF][START_REF] Issa | Influence of neighbouring companion plants on the performance of aphid populations on sweet pepper plants under greenhouse conditions[END_REF][START_REF] Digilio | Insecticide activity of Mediterranean essential oils[END_REF] VOCs from rosemary (Rosmarinus officinalis L.) plants are effective as a good aphid repellent. [START_REF] Issa | Which companion plants affect the performance of green peach aphid on host plants? Testing of 12 candidate plants under laboratory conditions[END_REF][START_REF] Hori | Repellency of rosemary oil against Myzus persicae in a laboratory and in a screenhouse[END_REF] Similar properties have been reported for volatiles from lavender (Lavandula latifolia L.) and peppermint (Mentha piperita L.). 9, [START_REF] Wubie | Repellent and insecticidal activity of Mentha piperita (L.) plant extracts against cabbage aphid [Brevicoryne brassicae Linn. (Homoptera: Aphididae)][END_REF][START_REF] Ikeura | Repellent Effect of Herb Extracts on the Population of Wingless Green Peach Aphid, Myzus persicae Sulzer (Hemiptera: Aphididae)[END_REF][START_REF] Pascual-Villalobos | Use of nanoemulsions of plant essential oils as aphid repellents[END_REF] Scientists have put great effort into understanding CP volatile effects on pests. The properties of plant VOCs against aphids, such us repellency, have been frequently discussed in previous studies. [START_REF] Issa | Companion Plants for Aphid Pest Management[END_REF][START_REF] Moreno | Attraction, Repellence, and Predation: Role of Companion Plants in Regulating Myzus persicae(Sulzer) (Hemiptera: Aphidae) in Organic Kale Systems of South Texas[END_REF][START_REF] Hori | Repellency of rosemary oil and its components against the onion aphid, Neotoxoptera formosana (Takahashi) (Homoptera, Aphididae)[END_REF][START_REF] Kasmi | Chemical composition and behavioral effects of five plant essential oils on the green pea aphid Acyrthosiphon pisum (Harris) (Homoptera: Aphididae)[END_REF][START_REF] Halbert | Plant-derived compounds and extracts with potential as aphid repellents[END_REF] In contrast, as it is difficult to monitor whole-system experiments, few studies were focused on their mode of action [START_REF] Deletre | Prospects for repellent in pest control: current developments and future challenges[END_REF] or on the underlying mechanisms. [START_REF] Vucetic | Volatile interaction between undamaged plants affects tritrophic interactions through changed plant volatile emission[END_REF] 
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Nevertheless, in order to optimize the use of CP in pest management, we need not only the confirmation of the effectiveness of the plant VOCs tested but also a greater understanding of the mechanisms involved. [START_REF] Tang | Repellent and attractive effects of herbs on insects in pear orchards intercropped with aromatic plants[END_REF] For this purpose, it is necessary to understand how CP acts and several hypotheses have been proposed for the mode of action of their volatiles towards aphids. By the emission of VOCs, CPs may disrupt aphid behavior directly through repellent activities. [START_REF] Issa | Companion Plants for Aphid Pest Management[END_REF] They can also mask the attractant host plant odoriferous stimuli, thus preventing its recognition by the pest. [START_REF] Held | Evaluating companion planting and non-host masking odorsfor protecting roses from the japanese beetle (Coleoptera: Scarabaeidae)[END_REF] Therefore, chemical interaction between host plant VOCs and VOCs emitted from the surrounding environment and neighboring plants can also have a combined effect on herbivores. Another mechanism evocated is an indirect effect via the airborne communication between an emitter plant (CP) and a receiver plant (host plant). [START_REF] Dahlin | Changed host plant volatile emissions induced by chemical interaction between unattacked plants reduce aphid plant acceptance with intermorph variation[END_REF][START_REF] Ninkovic | Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants[END_REF][START_REF] Heil | Explaining evolution of plant communication by airborne signals[END_REF] Without physical contact, some plants can adsorb and re-release VOCs perceived from neighboring plants [START_REF] Himanen | Betula spp.) leaves adsorb and re-release volatiles specific to neighbouring plants -a mechanism for associational herbivore resistance?[END_REF] and react to diverse signals. VOCs from neighboring plants can be perceived as biologically relevant information by the receiver plant i.e. aerial allelopathy, [START_REF] Godard | Monoterpene-induced molecular responses in Arabidopsis thaliana[END_REF] and consequently modify its biochemical metabolism and/or its volatile emission. [START_REF] Dahlin | Changed host plant volatile emissions induced by chemical interaction between unattacked plants reduce aphid plant acceptance with intermorph variation[END_REF][START_REF] Ninkovic | Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants[END_REF] Thus, VOCs as plant secondary metabolites can play an important role in plant-plant and plantaphid chemical interactions and therefore be used as a tool to control aphids. Furthermore, in order to better understand the action mechanisms of promising CPs, we need to know the effect of their compounds. [START_REF] Deletre | Naturally occurring bioactive compounds from four repellent essential oils against Bemisia tabaci whiteflie[END_REF] According to the information in literature, numerous single volatile compounds present in volatile mixtures of aromatic plants have been referenced to have a good repellent activity towards aphids and various pests, namely bisabolene, β-caryophyllene, camphor, (E)-β-farnesene (EBF), pinene, and linalol [START_REF] Tomova | The effect of fractionated Tagetes oil volatiles on aphid reproduction[END_REF][START_REF] Hori | Repellency of rosemary oil against Myzus persicae in a laboratory and in a screenhouse[END_REF][START_REF] Pascual-Villalobos | Use of nanoemulsions of plant essential oils as aphid repellents[END_REF][START_REF] Hori | Repellency of rosemary oil and its components against the onion aphid, Neotoxoptera formosana (Takahashi) (Homoptera, Aphididae)[END_REF][START_REF] Halbert | Plant-derived compounds and extracts with potential as aphid repellents[END_REF][START_REF] Bruce | Response of economically important aphids to components of Hemizygia petiolata essential oil[END_REF][START_REF] Isman | Plant essential oils for pest and disease management[END_REF] . However, we lack information on the effects of many other compounds towards M. persicae. Also, there is a need to obtain more knowledge of the effect of individual compounds on M. persicae, in order to limit the field area dedicated to CPs and to find the best cultural practices to promote the emission of efficient VOCs.
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The aims of the present study were to investigate the effects of six living aromatic plant species volatiles towards M. persicae orientation responses under laboratory conditions, and to define their mode of action. In order to identify the mechanisms triggered by plant repellent volatiles, we examined the aphids" orientation under two conditions: (1) when M. persicae were submitted to VOCs emitted by the CPs alone (direct repellency hypothesis); and (2) when they were submitted to interactions between the host plant and CP VOCs (indirect effect of CP VOCs on aphid via host plant). Furthermore, we characterized the VOCs emitted by CPs using GC-MS. For a better understanding of the mechanisms involved, we also tested the repellency of individual compounds to establish the link between their repellent properties and the emitted VOC profile.

Material and methods

Plant material

Pepper plants (six weeks old) (C. annuum L., cv. Yolo Wonder) were used as host plants and six CPs [basil (O. basilicum L.), lavender (L. latifolia L.), peppermint (M. piperita L.), rosemary (R. officinalis L.) (Lamiaceae) and two French marigold cultivars (T. patula L., cvs. Nana and Bonita Bolero) (Asteraceae)] were potted in 1 L pots except, for L. latifolia (3 L pots). The choice of these species was mainly based on the previous work of Ben Issa et al. (2016) [START_REF] Issa | Which companion plants affect the performance of green peach aphid on host plants? Testing of 12 candidate plants under laboratory conditions[END_REF] . For T. patula, we tested two cultivars to check another source of variability in volatile emissions so as to determine if genetic variability influences the CP effectiveness.

Based on previous works on the effective phenological stage [START_REF] Dardouri | How French marigold (Tagetes patula L.) volatiles can affect the performances of green peach aphid?[END_REF] All plants were cultivated without the use of chemical pesticides or fertilizers and were watered using a drip irrigation system.

Based on the results of the direct effect of plant VOCs on M. persicae (Y-tube olfactometer), we selected two species to test the indirect effects of their volatiles on aphids" orientation i.e. O. basilicum (direct repellent effect), T. patula cv. Nana (no direct repellent effect but a significant repellent effect in the presence of the host plant). CP (emitter) and C. annuum (receiver) plants were intercropped in a phytotron (22 ± 2°C, 60%-70% r. h. and L16:D8 photoperiod cycle) for 5 days before the experiment. [START_REF] Ninkovic | Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants[END_REF] We used potted plants arranged in alternate rows of CPs and rows of C. annuum plants (20 cm between rows and pots in a row). Pots were placed in pot saucers so as to avoid any interaction between plant roots. Control C. annuum plants were grown simultaneously in another phytotron without CPs. Controls and treatment were used in olfactory bioassays. Pepper (C. annuum) Previously Intercropped will be further referred to as PPI.

Myzus persicae insects

Viviparous wingless females of M. persicae (clone Mp05), originally collected from a peach orchard of the INRA of Avignon, were reared on potted C. annuum plants in controlled conditions (temperature of 22 ± 1°C; r. h. of 60%-70% and L16:D8 photoperiod). Ten-dayold adult aphids (issued from the nymphs laid by females for 24 hours) were used for all olfactory tests.

Response of aphids to companion plant volatiles (Y-tube olfactometer bioassays)

In order to study the effect of VOCs from CPs on aphid olfactory orientation behavior under controlled conditions ( Accepted Article olfactometer (one 14 cm length arm and two 15 cm length branched arms, ID = 1.5 cm, angle between branched arms = 110°) (Figure 1A). A Y-shaped steel rod was placed in the center of the Y-tube glass and the olfactometer was positioned vertically. [START_REF] Hori | Onion aphid (Neotoxoptera formosana) attractants, in the headspace of Allium fistulosum and A. tuberosum leaves[END_REF] Approximately four hours before beginning the bioassay, the plants used as an odor source were placed inside two airtight glass cages (Figure 1B) and the following choices were tested: (A), six C. annuum During testing, 300 mL min -1 of air (monitored by flow meter) was channeled from each cage (potential VOCs source) into one of the two olfactometer arms. Using a fine paintbrush, a single aphid, starved at least for 2 h before the tests, was placed on the rod at the base of the olfactometer. The aphid could exhibit negative geotaxis and climb on the rod until the Y-junction where it made a choice between one of the two odor sources. The decision was recorded when the aphid reached one of the two olfactometer arms finishing lines, located 8 cm from the Y-junction. Aphids that did not make any choice within 5 min were scored as non-responders and were excluded from statistical analysis. In order to homogenize light in the experimental room and avoid any visual influence, the observations were performed in the dark with a red light lamp placed centrally above the olfactometer. In order to avoid device bias, after testing 10 individuals, the Y-tube was cleaned with ethanol at 70% (v/v) and distilled water and let dry for 5 min in the vacuum oven at 110 °C. Then, the positions of the olfactometer arms were reversed. After each experiment, the device was washed with soapy water (odorless detergent), ethanol (70%) and distilled water. For each modality, 120 responder aphids were individually tested. A permutation of odor sources was carried out

plants
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between the two cages after each 50% of observations (60 responder aphids). All the olfactory tests were conducted between 1 pm and 5 pm.

Collection and analysis of volatile compounds

VOCs emitted by CPs were collected in controlled conditions (22± 1 °C; 60-70% r. 
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commercial standards (for available compounds), and with those found in the NIST11 (National Institute of Standards and Technology, Gaithersburg, MD, USA) spectral library.

Chemical standards and reagents

Based on VOCs profile analyses, the following compounds, identified as major compounds in the volatile profiles of effective plants against M. persicae (i.e. O. basilicum and T. patula cv.

Nana) and/or common compounds of these plants, were tested individually in this study (respective standard purity represented in brackets): EBF (93%), eucarvone (99%), eugenol (98%), geranyl acetone (97%), limonene (97%), linalol (97%), methyleugenol (98%), myrcene (90%), ocimene mixture (90%), p-cymene (97%), piperitone (98%), sabinene (75%), terpinolene (90%), verbenone (93%), α-terpineol (96%), and β-caryophyllene (80%). All these compounds were purchased from Sigma-Aldrich® (France). EBF, the main component of the aphid alarm pheromone, was used as a positive control and pure ethanol was used as a negative control. All the tested compounds were diluted at 0.01, 0.1 and 1.0% (v/v) in ethanol.

Five compounds (i.e. α-bergamotene, δ-cadinene, β-elemene, germacrene-D, and γmuurolene) were not tested as they were not available for purchase.

Aphids' response to individual volatile compounds (still-air olfactometer bioassays)

The Myzus persicae olfactory response to single synthetic compounds was tested using the same assay protocol used by Abtew et al. [START_REF] Abtew | Repellency of Plant Extracts against the Legume Flower Thrips Megalurothrips sjostedti (Thysanoptera: Thripidae)[END_REF] , with some modifications so as to adapt them to aphids" behavior. The linear tube still-air olfactometer consisted of a glass cylinder (L = 10 cm; ID = 2 cm), which was closed at the top with a screen mesh, a treated filter paper (Whatman® N°1. 4.5 cm²) and a rubber cap, in this order, and was closed at the bottom with a perforated transparent rubber box (L = 2 cm; ED = 2 cm) (Figure 2). The olfactometer was divided into three equal parts (3.8 cm per section). A transparent yellow PVC washer (thickness = 0.2 mm; width = 0.5 cm) placed at the end of the top section as a visual cue, 

Where Ri represents the repulsion index; mdT is the mean distance for the top olfactometer part; mdM is the mean distance for the middle section; mdB is the mean distance for the bottom section; t, m, b and n are the number of aphids counted at the top, middle, bottom section and the total number of aphids per olfactometer, respectively.

Each concentration of each compound was repeated eight times simultaneously with eight controls (3 µLof ethanol). The three concentrations of the same compound were tested per day, from the lowest to the highest concentration. All tests were conducted in controlled conditions (22 ± 1 °C; 60-70% r. h.), between 8 am and 6 pm, under a fume hood (Geometra®) illumined from above by fluorescent tubing. The device was washed with odorless detergent, ethanol (70%) and distilled water after each test, and then air-dried for at least 16 h.

Statistical analysis

Statistical analyses were performed with R 3. 
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(odor sources) was analyzed for each treatment conducted by means of Chi-square (χ²) tests with a 50% expected response (α=0.05). The non-parametric Kruskall-Wallis test was used to compare the number of non-responders between the different treatments. For still-air olfactometer bioassays, repellency of tested compounds was calculated using the abovementioned formula. These data were first checked for normality through the Shapiro-Wilk test and for unequal variance using Levene"s test. Given that normality and homoscedasticity were not achieved for all data, the non-parametric Wilcoxon test was applied to compare the olfactory responses of M. persicae between control (no compound) and treatment (individual compounds).

Results

Effect of companion plant volatiles on aphid olfactory response

The majority of the aphids assayed made a choice; only 3% had no response to the 
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O. basilicum-C. annuum mixture (61% repellency), the T. patula cv. Nana-C. annuum mixture affected the olfactory response of M. persicae (63% repellency). Also, when given the choice between C. annuum and PPI with CPs, aphids showed a significant preference for C. annuum (59 %) only against PPI with T. patula cv. Nana.

Analysis of the volatile profiles of companion plants

The GC-MS analyses of volatiles collected from six CPs are shown in Table and a considerable percentage of EBF (7%), α-bergamotene (6%) and eugenol (5%). The main compound of T. patula cultivars Nana and Bonita Bolero was β-caryophyllene (32% and 36%, respectively). They also emitted an equal proportion of limonene (6%). Nevertheless, we observed that chromatographic profiles differed depending on the cultivar. The proportion of terpinolene was higher in Bonita Bolero (17%) than Nana (7%). An important proportion of piperitone (12%), (E)-β-ocimene (10%), verbenone (5%), eucarvone (4%), and p-cymen-8ol (3%) were present in the Nana VOC profile. On the other hand, β-elemene (7%), neo-alloocimene (6%) and δ-cadinene (3%) were important volatiles in the Bonita Bolero profile. We verified the absence of EBF in the VOC blend from Nana plants and of α-terpineol in Bonita Bolero"s. Finally, we observed that some compounds were equally present in different species. The most frequently detected compounds were eucalyptol, geranyl acetone, This article is protected by copyright. All rights reserved.

Version preprint

Comment citer ce document : Dardouri, T., Gautier, H., Ben Issa, R., Costagliola, G., Gomez, L. (2019). Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants. Pest Management Science, 75 (6), 1571 -1584. , DOI : 10.1002/ps.5271

Accepted Article

limonene, linalol, β-myrcene, and terpinolene (identified in the volatile profiles of four different species). Globally, the compounds identified belong to two chemical groups of compounds of terpenic nature: monoterpenes and sesquiterpenes.

Effect of individual compounds on aphid olfactory response

Behavioral responses of M. persicae to individual compounds emitted in greater proportion (> 1%) by two promising CPs (O. basilicum and T. patula cv. Nana) were evaluated at three different concentrations and two assessing moments (Figure 4). Still-air olfactometer tests demonstrated that among the 16 compounds tested, only six (i.e. eucarvone, methyleugenol, limonene, p-cymene, terpinolene, and verbenone) did not have a significant repellent effect on M. persicae, whatever the concentration tested. The repellent activity depended on the concentration used. Only EBF and eugenol exhibited repellent action against M. persicae at the three concentrations. Aphids were significantly repelled by myrcene and α-terpineol at medium concentration (0.1%), and by myrcene, α-terpineol, linalol, geranyl acetone, ocimene, piperitone, sabinene, and β-caryophyllene at the highest concentration (1%). Globally, responses of M. persicae were similar at both exposure times except for α-terpineol, myrcene, sabinene, and linalol.

Discussion

The screening performed in the present study to evaluate the effectiveness of VOCs emitted by living aromatic plants against M. persicae confirmed recent works reporting that VOCs from aromatic plants could affect the olfactory behavior of aphids. [START_REF] Issa | Companion Plants for Aphid Pest Management[END_REF][START_REF] Issa | Which companion plants affect the performance of green peach aphid on host plants? Testing of 12 candidate plants under laboratory conditions[END_REF][START_REF] Ninkovic | Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants[END_REF] Among the six aromatic plant species tested, only two were repellent plants. The Myzus persicae olfactory response was directly affected by O. basilicum VOCs. In addition, the VOCs of T. patula cv.

Nana only acted on their olfactory orientation in the presence or via the host plant (C.
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Our results corroborate previous reports on the repellency of these compounds against aphids and other insects. [START_REF] Tomova | The effect of fractionated Tagetes oil volatiles on aphid reproduction[END_REF][START_REF] Hori | Repellency of rosemary oil against Myzus persicae in a laboratory and in a screenhouse[END_REF][START_REF] Hori | Repellency of rosemary oil and its components against the onion aphid, Neotoxoptera formosana (Takahashi) (Homoptera, Aphididae)[END_REF][START_REF] Deletre | Naturally occurring bioactive compounds from four repellent essential oils against Bemisia tabaci whiteflie[END_REF][START_REF] Bruce | Response of economically important aphids to components of Hemizygia petiolata essential oil[END_REF][START_REF] Zhang | Molecular basis of alarm pheromone detection in aphids[END_REF][START_REF] Ngumbi | Myzus persicae is arrested more by blends than by individual compounds elevated in headspace of PLRV-Infected otato[END_REF][START_REF] Webster | Volatiles functioning as host cues in a blend become nonhost cues when presented alone to the black bean aphid[END_REF] It is interesting to note that repellent and non-repellent plants share some VOCs that have shown such activity. For example, EBF was present in the odor bouquet of L. latifolia, O. basilicum, and T. patula cv. Bonita Bolero. Odor blends from L. latifolia, O. basilicum, R.

officinalis, and T. patula contain -terpineol, which was associated with M. persicae repellent effects. [START_REF] Hori | Repellency of rosemary oil against Myzus persicae in a laboratory and in a screenhouse[END_REF] Our results confirmed that aphid responses to some individual compounds were not the same when these compounds were mixed with others. [START_REF] Vucetic | Volatile interaction between undamaged plants affects tritrophic interactions through changed plant volatile emission[END_REF] The repellent activity of some

This article is protected by copyright. All rights reserved.
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compounds could be modulated by other compounds which can either inhibit or mask their effects. [START_REF] Bruce | Perception of plant volatile blends by herbivorous insectsfinding the right mix[END_REF] Thus, the absence of repellent activity of a blend containing active compounds can be linked to synergic and antagonistic interactions between the VOCs perceived by aphids. [START_REF] Hori | Repellency of rosemary oil against Myzus persicae in a laboratory and in a screenhouse[END_REF][START_REF] Deletre | Naturally occurring bioactive compounds from four repellent essential oils against Bemisia tabaci whiteflie[END_REF] For example, Webster et al. [START_REF] Webster | Volatiles functioning as host cues in a blend become nonhost cues when presented alone to the black bean aphid[END_REF] demonstrated that the volatile blend of Vicia faba (Aphis fabae attractive host plant) contains 10 compounds that repelled the aphid when individually tested. Recently, we showed that five rosemary clones all emitted a number of repellent compounds against aphids, whereas only one clone presented a repellent activity on M. persicae (Dardouri et al., not published). The presence of repellent or attractive compounds in the plant volatile headspace does not necessarily mean that this plant is repulsive or attractive to the insect. [START_REF] Bruce | Response of economically important aphids to components of Hemizygia petiolata essential oil[END_REF] The function of volatile compounds varies according to volatile combinations. [START_REF] Webster | Volatiles functioning as host cues in a blend become nonhost cues when presented alone to the black bean aphid[END_REF] For example the β-caryophyllene was reported as an effective compound against M. persicae 10 and as an inhibitor of EBF repellent activity. [START_REF] Bruce | Response of economically important aphids to components of Hemizygia petiolata essential oil[END_REF][START_REF] Dawson | Natural inhibition of the aphid alarm pheromone[END_REF] Also, using a Y-tube olfactometer and different Medicago species, Mostafavi et al. [START_REF] Mostafavi | Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants[END_REF] showed that A.

pisum Harris and A. kondoi Shinji were only repelled by volatile blends released by the species with high ratios of EBF relative to β-caryophyllene. These hypotheses could probably explain why volatile blends of the T. patula cultivar cv. Bonita Bolero and L. latifolia had no repellent effect on M. persicae despite containing EBF. Thus, aphids have more sensitivity to specific ratios than to single compounds. [START_REF] Webster | The role of olfaction in aphid host location[END_REF][START_REF] Ngumbi | Myzus persicae is arrested more by blends than by individual compounds elevated in headspace of PLRV-Infected otato[END_REF] Our findings also show that some individual compounds were behaviorally active only when their concentration exceeded a detection threshold (high concentration) i.e. ocimene, piperitone, β-caryophyllene, linalol, sabinene, and geranyl acetone. [START_REF] Webster | Volatiles functioning as host cues in a blend become nonhost cues when presented alone to the black bean aphid[END_REF] Repellency response to volatile compounds depends on their concentration in the blend perceived by the insect. [START_REF] Deletre | Naturally occurring bioactive compounds from four repellent essential oils against Bemisia tabaci whiteflie[END_REF] The same compounds can be attractive at a concentration and repulsive at another and can function as either a kairomone or an allomone.

Obviously, most of the plant repellent properties were related to the mixture of VOCs from these plants and were not only generated by one compound alone. [START_REF] Webster | Volatiles functioning as host cues in a blend become nonhost cues when presented alone to the black bean aphid[END_REF] Further testing should be blend that mimicked the headspace from unexposed potato plants. Our results corroborate those of Amarawardana et al. [START_REF] Amarawardana | Olfactory response of Myzus persicae (Homoptera: Aphididae) to volatiles from leek and chive: Potential for intercropping with sweet pepper[END_REF] , who demonstrated that C. annuum plants previously exposed to chive volatiles became repellent to M. persicae. This mode of action was also observed with other aphids and other pests. For example, exposing barley plants to volatiles from various thistle species may change their volatile profile and reduce their attractiveness to Rhopalosiphum padi [START_REF] Glinwood | Barley exposed to aerial allelopathy from thistles (Cirsium spp.) becomes less acceptable to aphids[END_REF] . Bean fly infestations were reduced when bean plants were exposed to volatiles from leek plants. [START_REF] Bandara | Can Leek Interfere With Bean Plant-Bean Fly Interaction? Test of Ecological Pest Management in Mixed Cropping[END_REF] Probably, the repellent effect of PPI with T. patula cv. Nana compared to unexposed plants is a change in its volatile profile. [START_REF] Glinwood | Airborne interactions between undamaged plants of different cultivars affect insect herbivores and natural enemies[END_REF] Unfortunately, the headspace sampling using SPME and the analysis of volatiles emitted by C. annuum compared to PPI with T. patula did not allow us to identify qualitative differences (data not shown). It seems that the difficulty could be linked to the small quantities of volatiles collected from the C. annuum plant headspace.

Any changes in emitted VOCs should be investigated in future studies with other volatile extraction techniques. [START_REF] Prabakaran | Effect of different solvents on volatile and non-volatile constituents of red bell pepper (Capsicum annuum L.) and their in vitro antioxidant activity[END_REF] On the other hand, electroantennograpic assays (EAG) can be used to investigate aphid olfactory responses to very small peaks and to distinguish active C. annuum volatiles modulated by the presence of PPI with T. patula cv. Nana. [START_REF] Visser | The aphids' peripheral perception of plant volatiles[END_REF][START_REF] Birkett | New roles for cis-jasmone as an insect semiochemical and in plant defense[END_REF] Nevertheless, we can propose two conceivable hypotheses that can explain our results:

(1) either the T. patula cv. Nana volatiles can adhere by adsorption to the surface of C.

annuum plants and be re-released (passive mechanism) [START_REF] Himanen | Betula spp.) leaves adsorb and re-release volatiles specific to neighbouring plants -a mechanism for associational herbivore resistance?[END_REF] , or (2) the T. patula cv. Nana volatiles induced a chemical change of the C. annuum plants via changes in their physiology (active mechanism). [START_REF] Kang | Volatile β-Ocimene Can Regulate Developmental Performance of Peach Aphid Myzus persicae Through Activation of Defense Responses in Chinese Cabbage Brassica pekinensis[END_REF] In addition, receiver plants can modify their metabolism [START_REF] Heil | Explaining evolution of plant communication by airborne signals[END_REF] and their biomass allocation. [START_REF] Ninkovic | Volatile communication between barley plants affects biomass allocation[END_REF]59 For example, Godard et al. [START_REF] Godard | Monoterpene-induced molecular responses in Arabidopsis thaliana[END_REF] showed that the methyl jasmonate accumulation of intact Arabidopsis thaliana changed when they were exposed to ocimene or myrcene blends. Indeed, more research is needed to understand the function of chemical communication signals between C. annuum and T. patula cv. Nana plants. [START_REF] Godard | Monoterpene-induced molecular responses in Arabidopsis thaliana[END_REF][START_REF] Glinwood | Airborne interactions between undamaged plants of different cultivars affect insect herbivores and natural enemies[END_REF] From an ecologic point of view, this laboratory olfactory study has allowed us to select two companion plants that can be introduced into the culture system in order to reduce the nefarious effects of M. persicae. Mixing crops with O. basilicum or T. patula would contribute to reduce M. persicae infestations. The choice of the cultivar together with the adequate species is a key condition. Likewise, we have identified an indirect effect of the T. patula cv. Nana odors via host plants, which can be an important mode of action. It can have a great potential to reduce the appeal of C. annuum and could be used to minimize aphid incidences. However, the sensitivity of aphids to small differences between VOC blends with the complexity of CP-hostplant-aphid interactions requires deeper investigations which take into consideration the major sources of variability (e.g. genetic variability, cultural practices, edaphoclimatic conditions, among others). Furthermore, a combination of repellent plants and diffusers containing repellent compounds, such as eugenol, EBF, α-terpineol or a blend of synthetic compounds could represent an interesting method in an Integrated Pest Management (IPM) program and those could be used as "push" elements for applying the "Push-pull" strategy. Finally, before offering this pest management system to farmers, we need to determine their effectiveness in natural conditions. This article is protected by copyright. All rights reserved.

  against M. persicae (Dardouri et al., not published), plants were used at non-flowering stage except for L. latifolia and T. patula, used at flowering stages. In order to prevent any interaction between their VOCs, CPs and host plants were placed in two separate greenhouses at the National Institute for Agricultural Research (INRA) of Avignon (France). Both greenhouses were maintained under Accepted Article similar climatic conditions (temperature of 20 ± 5 °C; relative humidity (r. h.) of 60%-70%).

  h.) using HS-SPME (headspace solid phase micro-extraction). Two hours before VOC sampling (at 11 am), six plants of each treatment were enclosed in one of the two airtight glass chambers (60 × 60 × 60 cm) (same device and same plants used for olfactory experiments). A dynamic system was used to sample VOCs (Figure1C). An airflow (8 L min - 1 , filtered through an active charcoal filter) was pumped by a compressor into each glass cage containing the odor sources. During sampling, an airflow regulated at a constant rate of 5 L min -1 was pumped from the ventilated glass chamber containing the VOCs source into a glass tube. Then, an SPME fiber (PDMS/DVB, 65 μm; Bellefonte, USA) was inserted into the glass tube through a septum and exposed to the airflow aspired for 30 min. VOC collections were replicated four times for each treatment. After the end of each VOC collection, the SPME fiber was injected directly into a gas chromatograph coupled to a mass spectrometer (GC-MS) (Trace-ISQ. single quadrupole (Thermo Scientific. Austin. TX. USA)) equipped with an apolar capillary column TR-5MS (Thermo) 20 m; 0.1 mm ID; 0.1 μm film thickness. The fiber was left in the injector for 2 min at 250 °C followed by a 30 min analysis. Helium was used as a carrier gas at a flow rate of 0.4 mL min -1 . The oven temperature was set at 40 °C for 2 min and then programmed from 20 °C min -1 to 300 °C. The ionization was by electron impact at 70 eV in the m/z 35-450 range. The integration of the peaks was achieved manually, obtained by using the Thermo Xcalibur software. The identification of peaks and compounds was performed by comparing the mass spectra and retention indices with those obtained from This article is protected by copyright. All rights reserved. Comment citer ce document : Dardouri, T., Gautier, H., Ben Issa, R., Costagliola, G., Gomez, L. (2019). Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants. Pest Management Science, 75 (6), 1571 -1584. , DOI : 10.1002/ps.5271

  1.0 software. Concerning Y-tube olfactometer experiments, the distribution of responders on each arm of the olfactometer This article is protected by copyright. All rights reserved. Comment citer ce document : Dardouri, T., Gautier, H., Ben Issa, R., Costagliola, G., Gomez, L. (2019). Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants. Pest Management Science, 75 (6), 1571 -1584. , DOI : 10.1002/ps.5271

  bioassays. The number of non-responders was not statistically different among the various tests (Kruskall-Wallis: K = 34.89; P-value = 0.07). For both tests setting similar content in both cages (either clean air vs clean air or C. annuum vs C. annuum), M. persicae responded equally to odors from the two Y-arms, confirming that there was no directional bias (Figure3). No preference for C. annuum over the clean air was observed, indicating that the volatile blend from this host plant was not attractive to M. persicae. The results showed that of the six CPs tested, M. persicae were repelled only by O. basilicum volatiles when compared with clean control air or C. annuum volatiles (63 % and 66 % of repellency, respectively).Rosmarinus officinalis, M. piperita, L. latifolia, and both T. patula cultivars had no significant effect on M. persicae orientation responses. However, when the odors of CP and C. annuum plants were mixed against C. annuum odors, in addition to the significant effect observed with This article is protected by copyright. All rights reserved. Comment citer ce document : Dardouri, T., Gautier, H., Ben Issa, R., Costagliola, G., Gomez, L. (2019). Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants. Pest Management Science, 75 (6), 1571 -1584. , DOI : 10.1002/ps.5271
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  with the negative geotactic behavior of aphids, naturally pushes the majority of aphids into this section. However, aphids prefer to remain in the lower part when the tested compound has a repellent property. Individual compound solutions for each volatile were

	prepared in absolute ethanol (as a solvent) at 0.01, 0.1 and 1% (v/v), dosed at a volume of 3
	µL on filter paper (odor source), and fixed in the rubber cap which allows closing the top end
	of the olfactometer. A rubber box containing 10 M. persicae females, previously starved for 3
	h, were placed at the bottom end of each olfactometer. The number of aphids in each section
	was recorded 10 and 20 minutes after the test began. The repulsion index was calculated
	according to the following formula 7 :
	=
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  1. A total of 20, 12, 47, 25, 30, and 30 were identified in the respective volatile profiles of R. officinalis, M. piperita. L. latifolia. O. basilicum. T. patula. cv. Nana, and Tagetes patula. cv. Bonita

Bolero. The main VOCs emitted by R. officinalis were borneol (19%), limonene (15%), ocymene (12%), bornyl acetate (9%), camphor (8%), and α-pinene (7%). Few compounds were emitted by M. piperita. The major components were menthone (35%), menthofurane (24%), menthol (12%), pulegone (10%), limonene (8%), and menthol acetate (7%). Lavandula latifolia emitted important amounts of linalol (42%), camphor (17%), and borneol (18%). The Ocimum basilicum VOC blend was characterized by a high content of methyleugenol (76%)

  Contrary to other studies, our findings demonstrated that none of the headspace volatiles from L. latifolia, M. piperita or R. officinalis plants exhibited significant negative effects against M. persicae.
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  , the findings of the present study confirmed that O. basilicum VOCs have a direct negative effect towards M. persicae olfactory behavior. These results are consistent with Digilio et al.

[START_REF] Digilio | Insecticide activity of Mediterranean essential oils[END_REF] 

observation that vapors of basil essential oils have a repellent effect against two aphid species i.e. M. persicae and Acyrthosiphon pisum. According to Tiroesele and Matshela 5 , O. basilicum repels Brevicoryne brassicae L. in kale cultivation. Ocimum basilicum is also known for its negative effects on This article is protected by copyright. All rights reserved. Version preprint Comment citer ce document : Dardouri, T., Gautier, H., Ben Issa, R., Costagliola, G., Gomez, L. (2019). Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants. Pest Management Science, 75 (6), 1571 -1584. , DOI : 10.1002/ps.5271

  [START_REF] Glinwood | Airborne interactions between undamaged plants of different cultivars affect insect herbivores and natural enemies[END_REF][START_REF] Bandara | Can Leek Interfere With Bean Plant-Bean Fly Interaction? Test of Ecological Pest Management in Mixed Cropping[END_REF] Since we observed a significant effect on aphids" orientation just after a short time of exposure of C. annuum to T. patula cv. Nana volatiles (i.e. tests started 4This article is protected by copyright. All rights reserved.Comment citer ce document : Dardouri, T., Gautier, H., Ben Issa, R., Costagliola, G., Gomez, L. (2019). Repellence of Myzus after placing the mixture of CP and C. annuum plants inside the glass cage), the first hypothesis seems closer than the second one. However, all assumptions remain valid. The exposure of a receiver plant to particular VOCs (for example β-ocimene and (E)-β-ocimene present in T. patula volatile profiles), can cause a change in its defense mechanisms, and can generate definite aphid responses.
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conducted in order to investigate the interaction between different combinations of VOCs and to establish a dose-response relationship that would identify profiles that may have a direct repellent effect on M. persicae. [START_REF] Bruce | Perception of plant volatile blends by herbivorous insectsfinding the right mix[END_REF] In general, effective repellent CPs directly influence aphids" behavior through their

VOCs. Nevertheless, in line with previous studies [START_REF] Vucetic | Volatile interaction between undamaged plants affects tritrophic interactions through changed plant volatile emission[END_REF][START_REF] Dahlin | Changed host plant volatile emissions induced by chemical interaction between unattacked plants reduce aphid plant acceptance with intermorph variation[END_REF][START_REF] Ninkovic | Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants[END_REF][START_REF] Glinwood | Airborne interactions between undamaged plants of different cultivars affect insect herbivores and natural enemies[END_REF][START_REF] Glinwood | Barley exposed to aerial allelopathy from thistles (Cirsium spp.) becomes less acceptable to aphids[END_REF][START_REF] Amarawardana | Olfactory response of Myzus persicae (Homoptera: Aphididae) to volatiles from leek and chive: Potential for intercropping with sweet pepper[END_REF] , our work showed that some plants can act by means of a second mechanism that requires the presence of the host plant.

We demonstrated that C. annuum and T. patula volatiles alone did not exhibit a significant effect on M. persicae aphids, nevertheless, the mixture of these two plants acts significantly on M. persicae olfactory behavior. Since the odors of the host plant were not attractive to M.

persicae, the hypothesis that T. patula VOCs can mask the C. annuum odor 21 can be ruled out.

Tagetes patula cv. Nana seems to have a repellent effect on aphids" behavior that requires the presence of C. annuum. Two possible mechanisms may be involved: i) the volatile combination of C. annuum and T. patula cv. Nana plants has repellent effects on M. persicae, ii) T. patula cv. Nana volatiles changed the C. annuum plant emission from a neutral volatile profile into a repulsive blend. [START_REF] Ninkovic | Repellence of Myzus persicae (Sulzer): evidence of two modes of action of volatiles from selected living aromatic plants[END_REF][START_REF] Glinwood | Barley exposed to aerial allelopathy from thistles (Cirsium spp.) becomes less acceptable to aphids[END_REF] In order to answer this question, we compared the choice of M. persicae between C.