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What makes Episyrphus balteatus (Diptera : Syrphidae) oviposit on aphid infested tomato plants ?
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Summary
Under attack by insect pests, many plant species change their volatile chemical emissions to attract natural enemies. Most of the tomato (Lycopersicon sp., Solanaceae) varieties are subjected to infestation by molluscs and insects, including the generalist aphid Myzus persicae Sulzer (Homoptera, Aphididae). Episyrphus balteatus De Geer (Diptera: Syrphidae) is a generalist aphid predator that was here observed to lay eggs on M. persicae infested tomato but not on non-infested plants. In order to identify the volatile chemicals that guide the foraging and oviposition behavior of E. balteatus, we collected and identified volatiles released in the headspace of both aphid infested and uninfested tomato plants by SPME-GC-MS. The identified chemicals were subsequently tested by electroantennography (EAG) on E. balteatus. Monoterpenes and sesquiterpenes were identified, the main volatile chemicals being β-phellandrene, 2-carene, α-phellandrene, 3-carene and α-pinene. Electrical depolarizations were observed for each tested monoterpene, with optimal responses ranging from -0.2 to -0.8 mV. Episyrphus balteatus antennae showed dose-response relationships towards all the active chemicals. (E)-β-farnesene, the main component of the aphid alarm pheromone, was the only active sesquiterpene, and is presumed to act as an ovipositing stimulus for E. balteatus.
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introduction

Aphids represent major agricultural pests in temperate regions, damaging plants directly through feeding and indirectly by acting as important vectors of plant viruses. Increased resistance among aphid populations to crop protection products highlights the need for alternative control methods including the use of natural enemies (Cook et al., 2007). Attempts to develop such alternative control techniques will benefit from a more complete understanding of predators and parasitoids ecology. Aphid communities are indeed subjected to predation by a broad range of specialist and generalist predators or parasitoids arthropods whose distributions vary according to host plant species and phenology, season and weather conditions. Aphid natural enemies such as hoverflies (Gilbert, 1986), coccinellids (Hodek and Honek, 1996), lacewings (Principi and Canard, 1984), gall-midges (Nijveldt, 1988), spiders (Sunderland et al., 1986) and parasitoids (Stary, 1970), are major components of predatory guild associated with aphid colonies. The larvae of about one third of the species, classified in the subfamily Syrphinae, are efficient aphid predators. They are voracious feeders on aphids and are important biological control agents (Ankersmit et al., 1986; Chambers and Adams, 1986). However, many of the recent studies were focused on coccinellids (e.g. Ferran and Dixon, 1993; Sengonça and Liu, 1994 ; Verheggen et al., 2007a). 
Plants respond to insect feeding damages by releasing a variety of volatile chemicals from the damaged and the undamaged sites, and the profile of the emitted volatiles is markedly different from those of undamaged plants (Paré and Tumlinson, 1999; D'Alessandro & Turlings, 2006). Two types of induced plant responses might be cited : (1) The plant responds to herbivory with the production of novel volatile chemicals and/or (2) the plant responds to herbivory with the production of the same compounds as when undamaged or damaged mechanically, but in larger quantities and over a longer time. Like aphid semiochemicals (Pickett & Glinwood, 2007), these induced plant volatiles serve as important foraging cues for natural enemies such as hoverflies, ladybeetles or parasitoids, to locate their prey, adapt their foraging behavior and orientate towards sites appropriate for offspring fitness (Guerrieri et al., 1999; Scholz and Poehling, 2000; Turlings & Wäckers, 2004; Harmel et al., 2007; Verheggen et al., 2008; Almohamad et al., in press). Episyrphus balteatus DeGeer has been poorly studied although it is one of the most economically important syrphid, as it accepts a broad range of aphid species (Völkl et al., 2007). This species discriminates between aphid host plants, aphid colony sizes and aphid species, to select the most suitable oviposition site for larval fitness (Sadeghi & Gilbert, 2000; Sutherland et al., 2001; Almohamad et al., 2007a). Episyrphus balteatus also discriminates parasitized aphids from healthy ones, adapting its searching and oviposition behaviour accordingly, suggesting the perception of aphid semiochemicals (Almohamad et al., 2007b). 

The tomato-induced defences have been studied in previous works (Dicke et al., 1998; Ryan, 2000; Vercammen et al., 2001; Kennedy, 2003; Kant et al., 2004), demonstrating that under herbivore infestation, 20 defence-related proteins are activated leading to changes in volatile emission profile. Whereas the attraction of ladybeetle towards aphid-infested tomato plants has been clearly demonstrated (Rodriguez-Saona & Thaler, 2005), tomato-aphid-hoverfly tritrophic interactions have received little attention. In this study, we evaluated the ability of E. balteatus males and females to perceive and orientate towards the various volatile organic chemicals (VOCs) released from tomato plants infested by Myzus persicae, a significant pest of tomatoes (Yardim and Edwards, 1998). We collected and identified the VOCs released in the headspace of healthy and aphid-infested tomato plants by SPME-GC-MS. This technique has indeed been widely used in tomato volatile analysis (e.g. Markovic et al., 2007). The identified mono- and sesquiterpenes were subsequently tested by electroantennography (EAG) to highlight their antennal perception by hoverfly antennae. 
Materials and methods

Plants and insects
Broad beans (Vicia faba L.) were grown in 30 × 20 × 5 cm plastic trays filled with a mix of perlite and vermiculite (1:1). Tomatoes (Lycopersicon esculentum cultivar Roma) were grown in 8 × 8 × 10 cm plastic pots filled with a mix of compost, perlite, and vermiculite (1:1:1). Both plant species were grown in climate chambers (L16:D8 ; 20 ± 2 °C ; RH : 70 ± 5%). The peach aphid, M. persicae, was mass-reared on broad beans in separate climate chambers set at the same conditions as described above. Adult E. balteatus were reared in 75 ×60 × 90 cm cages and were fed with bee-collected pollen, sugar and water. Broad beans infested with M. persicae were introduced into the cages for 3 hrs every 2 days to allow oviposition. Hoverfly larvae were mass-reared in aerated plastic boxes (110 × 140 × 40 mm) and were daily fed ad libitum with M. persicae as a standard diet. All the hoverfly adults tested in the following experiments were 2 to 4 wks old.
Oviposition assays
Tomato plants were infested with 100 M. persicae 24 hrs prior to the experiment. In no-choice experiments, single E. balteatus females were allowed to lay eggs for 3 hrs on a 20 cm-high non-infested or infested tomato plant. The experiments were conducted in a controlled temperature room at 21 ± 2 °C. E. balteatus females were approximately 21-28 days old and no induction of oviposition had been realized for 24 hrs prior to the experimentation. There were 20 replicates for each of the aforementioned experiments.
Volatile collection

Potted 20 cm-high tomato plants were infested by 100 M. persicae and placed in the volatile collection chamber 24hrs prior to volatile analyses. Volatiles were collected from both uninfested and infested plants using solid-phase microextraction (SPME, Supelco®, Pennsylvania, USA). While the quantitative precision of SPME may not be as reliable as that achievable by other methods, the sensitivity, simplicity, speed, low cost, and gentle treatment of compounds outweigh this disadvantage for the purposes of the present study (Tholl et al., 2006). The adsorbent material covering the SPME fiber consisted of PDMS/CAR/DVB (polydimethylsiloxan / carboxen / divinylbenzen : 50/30µm). The plastic pot was covered with aluminum foil and introduced in a glass volatile collection chamber (Schott®, 12 cm base-diameter, 35 cm high), previously washed with acetone and n-hexane. The SPME fiber was cleaned in a GC Split/Splitless injector at 250°C for 1 hr before being exposed in the chamber for 1 hr. The adsorbed chemicals were analyzed by gas chromatography (Hewlett-Packard model 6890 series) coupled with mass spectrometer (Agilent Technologies 5973N), using a splitless injector held at 250°C. The column (30 m x 0.25 mm i.d.) was maintained at 40°C for 3 min before heated to 180°C at a constant rate of 10°C/min. The oven was then heated to 280°C at a constant rate of 20°C/min and maintained for 3 min. Identifications were made by comparing retention times with those of known standards and confirmed by mass spectrometry.
Electroantennography

The hoverfly was immobilized by covering its abdomen and thorax with modeling clay. This setup enabled the recording of electroantennograms for longer time period than if the antenna was excised (Verheggen et al., 2007a, 2007b). Two glass Ag-AgCl electrodes (Harvard Apparatus; 1,5mm OD x 1,17mm ID) filled with saline solution (NaCl : 7.5g/l; CaCl2 : 0.21g/l; KCl : 0.35g/l; NaHCO3 : 0.2g/l) and in contact with a silver wire, were placed on the insect antennae. The ground glass electrode entirely covered one antenna while the recording electrode, linked to an amplifier (IDAC-4, Syntech®, Hilversum, The Netherlands) with a 100 times amplification, was placed on the bottom of the last segment of the second antenna. A 0.5-cm2 piece of filter paper that was impregnated with 10 (l of the chemical under examination was placed in a Pasteur pipette, which was then used to puff an air sample in a constant 1.5 l/min air stream. Paraffin oil was used to make chemical solutions with concentrations ranging from 10ng/(l to 105ng/(l (by 10x increments). Electroantennograms were collected using Autospike 3.0 (Syntech®, Hilversum, The Netherlands). Stimulations with paraffin oil were executed as negative controls before and after the stimulations with the five doses cited above. Stimulations were induced thirty seconds from each other, from the lowest to the highest dose. Previous results indicated that this length of time was adequate to allow the insect to recover its full reactivity to stimuli (Verheggen et al., 2008).

Results

Oviposition assays

In no-choice experiments, the hoverfly gravid females laid 0.45 ± 0.33 egg on non-infested tomato after 3 hrs (N=20), whereas 11.80 ± 2.60 eggs were laid on a tomato plant infested by 100 M. persicae (N=20) (tobs = 4.33 , P<0.001) (Fig. 1). 
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Figure 1. Mean number of eggs laid by Episyrphus balteatus gravid females on non infested and infested tomato (Lycopersicon esculentum) plants in no-choice bio-assays. 

Volatile collection
Gas chromatography analysis of the volatile blend released by aphid infested tomatoes (L. esculentum Roma) (n=4) revealed the presence of several volatile compounds that are listed in Table 1. A typical chromatogram from a M. persicae infested tomato is presented on Fig. 2. Ten monoterpenes were identified while an 11th one could not be identified due to its too small concentration. Three sesquiterpenes were also identified, including (E)-β-farnesene, the aphid alarm pheromone. The only chemical to be emitted in significant different amount with aphid presence is (E)-β-farnesene (1-sample t-test, P<0.05). The major chemicals found in the headspace of aphid-infested tomato were subsequently tested for their perception by E. balteatus antennae using electroantennography.
Table 1. Relative amounts of the identified mono- and sesquiterpenes found in the headspace of healthy and Myzus persicae-infested Lycopersicon esculentum Roma (n=4)
	n°
	Volatile Chemicals
	Relative amounts (% of identified chemicals)

	
	
	Uninfested plants
	Aphid-infested plants

	
	
	Averages
	(minobs - maxobs)
	Averages
	(minobs - maxobs)

	
	
	
	
	
	

	1
	α-Pinene
	4.88
	(2.96 - 6.95)
	3.06
	(1.67 - 5.60)

	2
	β-Pinene
	1.17
	(0.26 - 1.98)
	2.15
	(0.50 - 3.76)

	3
	2-Carene
	23.46
	(17.34 - 32.81)
	22.54
	(19.76 - 26.70)

	4
	α-Phellandrene
	11.51
	(6.02 - 19.82)
	9.18
	(4.98 - 12.80)

	5
	3-Carene
	5.99
	(2.98 - 10.71)
	4.73
	(1.90 - 6.93)

	6
	α-Terpinene
	3.29
	(1.28 - 5.34)
	1.61
	(0.15 - 4.83)

	7
	Cymene
	1.48
	(nd - 2.90)
	2.22
	(nd - 4.77)

	8
	β-Phellandreneb
	38.44
	(31.88 - 46.91)
	42.65
	(36.90 - 49.81)

	9
	γ-Terpinene
	1.40
	(nd - 3.83)
	0.92
	(nd - 1.91)

	10
	Terpinolene
	1.17
	(0.71 - 1.80)
	0.72
	(nd - 1.20)

	11
	Non identified Monoterpene
	0.39
	(nd - 1.11)
	0.34
	(nd - 0.90)

	12
	β-Caryophyllene
	4.89
	(nd - 13.32)
	3.12
	(1.90 - 4.17)

	13
	α-Humulene
	1.94
	(nd - 6.23)
	1.12
	(0.13 - 2.94)

	14
	(E)-β-Farnesene
	0.00
	/
	5.66
	(2.18 - 9.24)
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Figure 2. Chromatogram of volatile compounds emitted by tomatoes submitted to feeding by 100 Myzus persicae. Major compounds are labelled as follows: (1) α-Pinene ; (2) β-Pinene; (3) 2-Carene ; (4) α-Phellandrene ; (5) 3-Carene ; (6) α-Terpinene ; (7) Cymene ; (8) β-Phellandrene ; (9) γ-Terpinene ; (10) Terpinolene ; (11) Non identified monoterpene ; (12) β-Caryophyllene ; (13) α-Humulene ; (14) (E)-β-Farnesene.

Electroantennography

Olfactory responses towards 8 of the major volatile chemicals found in the headspace of aphid-infested tomatoes are presented in Fig 3. All the tested monoterpenes induced antennal activities, while only one of the three tested sesquiterpenes (i.e., (E)-β-farnesene) induced antennal responses. All the EAG active chemicals induced similar responses in males and females, except the aphid alarm pheromone, (E)-β-farnesene, that induced higher EAG responses in females (432 ± 65 µV, N=5) than in males (208 ± 29 µV, N=5) at the highest tested dose only (tobs=3.17, P=0.025). Due to its isomeric instability, β-phellandrene could not be tested using EAG. 

Discussion
Tritrophic interactions between infested plants, herbivorous arthropods and their natural enemies are complex because of the large number of semiochemicals that are typically involved. Several tritrophic systems were investigated in the past (e.g. De Moraes et al., 1998; De Boer et al., 2004; Almohamad et al., 2007) demonstrating that plants are able to manipulate their odours to interact (selectively) with natural enemies of the infesting herbivorous arthropods. Thus, plants that attract parasitoids and predators that respond to herbivore-induced plant volatiles will experience selective advantages. The role of plant secondary metabolites is indeed important for natural enemies of pests as they contribute to their orientation towards appropriate oviposition site (Bargen et al., 1998), rich in food for either adults and/or emerging larvae. Insect-plant interactions involving the genus Lycopersicon have been reviewed by Kennedy (2003). Several tomato species show good morphological and chemical adaptations to pest infestation, involving more than 20 defence-related proteins (Ryan, 2000). Although most research on tritrophic effects involving Lycopersicon has focused on parasitoids, effects involving predaceous arthropods have been documented as well (Kennedy, 2003). Our results complement the available studies on hoverfly-tomato interactions data.
Some aphidophagous syrphids are attracted and lay their eggs on some plant species in absence of aphid, suggesting the role of particular plant secondary metabolites on the oviposition site selection (Chandler, 1968). Several species respond with oviposition to aphid-produced honeydew (or other aphid remains), whereas in others, the aphid prey themselves are needed for oviposition to occur (Steidle and van Loon, 2002). Electroantennogram (EAG) study revealed antennae of female Eupeodes corollae (Diptera: Syrphidae) to be sensitive to some green plant volatile substances (6-carbon alcohols) (Hood Henderson and Wellington, 1982). Shonouda et al. (1998a,b) demonstrated an aphid-synomone, consisting of a group of long chain cosane hydrocarbons, to stimulate the oviposition of E. corollae Fabricius females. Almohamad et al. (2007) explained the preference of E. balteatus for Solanum tuberosum over S. niger as oviposition site by the absence of the main component of the aphid alarm pheromone in the volatile blend of the latter plant species. Our results demonstrated that the hoverfly predator E. balteatus is able to perceive the majority of the secondary metabolites produced by tomato plants. 
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Figure 3. Effect of tomato released mono- and sesquiterpenes ((A) α-Pinene ; (B) β-Pinene ; (C) 2-Carene ; (D) 3-Carene ; (E) α-Phellandrene ; (F) Cymene ; (G) α-Terpinene ; (H) (E)-β-Farnesene) on the antennal responses (±SE) of female and male Episyrphus balteatus (n=5). * indicates significant difference between male and female average EAG responses (Student t-test, P<0.05).
These volatile chemicals consist mainly of monoterpenes and sesquiterpenes, which is in accordance with previous studies (Vercammen et al., 2001; Kant et al., 2004) that also demonstrated β-phellandrene, 2-carene and α-phellandrene as the major tomato-released volatile chemicals. The same authors found linalool and indole to be released by L. esculentum specifically under cotton leafworm (Spodoptera littoralis B.) feeding. We did not isolate these two alcohols under aphid infestation. The composition of herbivore-induced plant volatiles depends on plant species and plant cultivar. But many plant species are also known to respond differently to different herbivore infestations (Gatehouse, 2002), especially when comparing different types of wounds such as those of mites, aphids or caterpillars (Dicke et al., 1998; De Boer et al., 2004). In our case, (E)-β-farnesene only was emitted in case of aphid infestation. Because M. persicae is likely to emit (E)-β-farnesene when disturbed, we can assume that this sesquiterpene is being released from the aphids. However, the infestation time (24hr) might be too short and could explain the absence of induced volatile emissions. Indeed, under spider mite infestation, L. esculentum plants change their volatile emissions after four days (Kant et al. 2004). However, E. balteatus was here shown to discriminate between healthy and infested tomato plants, which suggest (E)-β-farnesene as a potential ovipositing stimulus.  
The perception of (E)-β-farnesene, the main component of the aphid alarm pheromone (Francis et al., 2005), differs between both sexes of adult E. balteatus. The fact that female antennae produce higher electrical depolarization exclusively to (E)-β-farnesene demonstrates their richness in specialized olfactory sensillae and in corresponding receptors in the Syrphidae family (Hood Henderson, 1982). As females are likely to search for suitable oviposition site, this discrimination in the perception of (E)-β-farnesene sounds justified. The aphid alarm pheromone seems therefore to be a key compound in prey-seeking behavior in aphidophagous hoverflies. The two other identified sesquiterpenes, namely β-caryophyllene and α-humulene, showed no antennal activities on E. balteatus. They are both common plant volatiles and β-caryophyllene is also used by another aphid predator, the multicolored Asian Lady beetle Harmonia axyridis, as a potential component of its aggregation pheromone (Verheggen et al., 2007a).
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