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ABSTRACT
BACKGROUND: The pea aphid, Acyrthosiphon pisum (Harris), is a cosmopolitan pest that attacks a wide range of legume crops and vectors important plant virus diseases. In this project, essential oils from the leaf (L) and bark (B) of Laurelia sempervirens (Ruiz & Pavón) Tul. (L) and Drimys winteri JR Forster &G Forster (D) were extracted, and their deterrent and insecticidal activities were tested under laboratory conditions.
RESULTS: By use of GC-MS, safrole was found as the main constituent in LL and LB oils, while the main constituents were more diverse in DL and DB oils. In the deterrent bioassays with A. pisum under choice conditions, the four oils were active, with LL being the most active, followed by LB, DB and DL. The respective deterrence indices were 1.0, 0.89, 0.87 and 0.46 when aphids were exposed for 24 h to 4 µL mL-1. Although there was no aphid mortality when oils were sprayed on faba bean leaves before aphid infestation, there was 58 and 42% mortality when settled aphids were directly sprayed with 4.0 µL mL-1 of LL and LB respectively; DB and DL oils caused <18% mortality. In a third series, the essential oils of LL and LB caused 100% mortality when applied at a dose of 64 µL L-1 air by fumigation to faba bean plants infested with A. pisum; at the same dose, DB and DL oils caused 68 and 63% mortality respectively. When fumigation was limited to 2 h, the respective LC50 values for LL and LB oils were 10.6-14.3 µL L-1 air and 9.8-13.2 µL L-1 air.
CONCLUSION: Because of their high deterrent and insecticidal activities, the essential oils from leaf and bark of L. sempervirens may be explored as potential natural aphicides.
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1     INTRODUCTION
The pea aphid Acyrthosiphon pisum (Harris) isa worldwide pestthat feeds on a wide range of legume plants, including importantforage and vegetable crops. Acyrthosiphon pisum not only damages legume crops by sucking sap but also vectors more than 30 plant virus diseases.1 For many years, growers have been using synthetic and broad-spectrum insecticides to control aphid pests. Therefore, the development of insecticide resistance, together with the increasing public concern and awareness about pesticide safety and possible damage to the environment, is spurring the search for new alternative aphicides.2
Botanical insecticides are seen as excellent alternatives to synthetic chemical insecticides for pest management. Many botanical insecticides are characterised by low mammalian toxicity, reduced effects on non-target organisms and minimal environmental persistence.3 Among the botanical insecticides such as pyrethrum, nicotine and rotenone, essential oils seem to be one of the most promising.4 Essential oils are composed of complex mixtures of monoterpenes, phenols and sesquiterpenes.3 They are obtained through steam distillation of vegetative structures of many plants,5 and most are derived from highly aromatic plant families such as Apiaceae, Lamiaceae, Myrtaceae and Rutaceae.6
Essential oils have fumigant and topical toxicity as well as antifeedant or repellent effects in different insects.4 Although the exact modes of action of essential oils are not yet well known, in most cases their action is rapid, making them useful in killing aphids and in reducing plant damage and virus transmission.3 It should be noted that the insecticidal activity of essential oils can vary for many reasons. Biological activity of essential oils depends on their chemical composition, which can vary with plant phenology and the plant tissues used in the distillation process.7,8 Bioactivity is also affected by interactions among structural components in the essential oil. Even minor compounds can have a critical function owing to additive action between chemical classes and synergism or antagonism.5,8-10
Laurelia sempervirens (Ruiz & Pavón) Tul. (Monimiaceae), also called Chilean laurel or Chilean sassafras, and Drimys winteri JR Forster & G Forster (Winteraceae), also called canelo, are both perennial trees, representing the evergreen native forests in Chile.11 Currently, the Chilean law permits commercial exploitation of native forest under sustainable management plans for wood production. The harvest of these trees also produces high volumes of plant material - branches, leaves, stem bark-that are currently not being utilised; however, these could be a good source of biopesticides for crop protection.
Both D. winteri and L. sempervirens are plants that have long been used by the Mapuche people of Chile for medical purposes. From these plants, numerous chemical compounds with medicinal interest have been isolated and identified,11 but few studies have been published on interactions with herbivores.12,13 Drimys winteri is a well-defended plant containing substantial quantities of essential oil,14 as well as drimane-type sesquiterpenes15,16 such as drimendiol, isotadeonal, isodrimeninol and polygodial,17 which pose a wide variety of biological activities including antibacterial, antifungal, antifeedant, moluscicidal and plant-growth regulatory properties.13,16 For L. sempervirens, phytochemical studies have identified high contents of essential oil in its leaves and bark18 and the presence of aporphynoid and bisbenzylisoquinoline alkaloids in wood and bark.11,19 The essential oil of L. sempervirens is mainly composed of safrole, a methylene dioxy that is also present at high concentration in sassafras oil and that has various industrial applications. For instance, piperonyl butoxide, the well-known insectici-dalsynergist, is derived from safrole.20 Essential oils from the leaves of L. sempervirens have shown biological activity as insecticide, fungicide and acaricide, as well as plant growth regulator.18,21-23
The aim of this work was first to determine the composition of the essential oils extracted from leaf and bark of L. sempervirens and D. winteri by use of MS-GC. Second, a study was made of the potential of using these four essential oils against A. pisum, applied as deterrent, fumigant and by spraying. Overall, these data help to evaluate whether the essential oils can be an alternative for synthetic insecticides to control aphid pests.
2    MATERIALS AND METHODS
2.1    Plant material and essential oil extraction
Leaves and stem bark of L. sempervirens and D. winteri were collected in December 2008 in the southern-central region of Chile (36° 51' S, 71° 57' W). Fresh plant material was washed with distilled water to remove any debris and then crushed. Essential oil was extracted from the plant samples using a Clevenger-type apparatus, wherein the plant material was subjected to hydrodistillation for 4 h. Anhydrous sodium sulfate was used to remove water after extraction. Oil yield was calculated according to the dry weight of the plant material. The extracted oil was stored in a refrigerator at 4°C. The resulting oil solutions were used for the composition analysis and the aphid experiments.
2.2    Analysis of essential oil composition
The oil composition was determined by GC-MS using an Agilent 5973 mass spectrometer coupled to an Agilent 5890 Series II gas chromatograph fitted with a split-splitless injector (splitless mode) fixed at 280 °C. The scanned mass range (EI mode at 70 eV) was from 40 to 400amu (source 200°C, quadrupole 100°C). The molecules of interest were separated on a 5% phenyl-95% dimethylpolysiloxane (CPSil5 Varian) column (30 m length, 0.250 mm ID, film thickness 0.25 µm). The analytical conditions were fixed as follows: temperature programme from 40°C(5 min) to 230° C at 10°C min-1, then to 280°C at 30° C min-1 (hold of 5 min) and finally to 300°C at 20°C min-1 (final hold of 10 min). The carrier gas was helium at 1.28 mL min-1 with a linear velocity of 41 cm s-1. The different constituents were identified on the basis of their retention data and by comparison with the Wiley 2751 MS database. The percentage of each component was determined according to Heuskin et al.24 using a Thermo Ultra Fast Trace GC gas chromatograph and a Thermo AS 3000 autosampler (Thermo Electron Interscience, Louvain-La-Neuve, Belgium). The GC system was equipped with an ultrafast module (UFM) incorporating a direct resistively heated column (Thermo Electron): UFC-5, 5% phenyl, 5 m × 0.1 mm ID, 0.1 µm film thickness. Solutions of the essential oils were prepared in hexane (10 mg mL-1).
2.3    Insects
The bioassays were carried out using newborn nymphs (<24 h old) of the pea aphid (A. pisum). They were selected from a continuous stock colony maintained in the Laboratory of Agrozoology at Ghent University, Belgium. The aphids were reared on faba bean plants (Vicia faba L.) under standard conditions in a controlled environmental growth chamber at 25 °C with 65% relative humidity and a 16:8 h light:dark photoperiod. All bioassays were conducted with these environmental conditions. In all bioassays, aphids were considered dead when no leg or antennal movements were observed upon gentle prodding with a brush and when aphids showed post-mortem colour change.
2.4    Deterrent bioassays
Artificial diet test rings were prepared as described previously25,26 by stretching a layer of parafilm (5.0 cm × 5.0 cm) over a plexiglass ring (3.0 cm diameter and 3.0 cm high) and painting half of the lower surface of the parafilm in the ring with 10 µL essential oil in ethanol (0.25, 0.5, 1.0, 2.0 or 4.0 µLmL-1) and the other half with 10 µL ethanol. After the layer had dried, a drop (80 µL) of artificial diet was placed on the upper surface of both the control and treated halves, and a second layer of parafilm was stretched over the first to keep the diet sealed. The artificial diet consisted of water with vitamins, minerals, sugar and cholesterol, as described previously.25,26 Ten aphids were put inside the ring on the lower treated surface of the parafilm, and the open side of the ring was covered with a net lid and was placed on a six-well assay plate containing humid filter paper. Each treatment was performed with six replicates under the same environmental conditions described for rearing. The numbers of aphids on treated and non-treated surfaces were counted after 2,4 and 24 h. A deterrence index was calculated for each ring as follows: (C - T)/(C + T), where C is the number of aphids on the control half, and T is the number of aphids on the treated half.27
2.5    Spray bioassays
The petiole of fresh leaves of faba bean of similar size (22.01 ± 1.81 cm2) and age (1 week) were inserted in 2 mL Eppendorf tubes filled with water. The leaves were treated with aqueous emulsions of essential oils (0.5,1.0,2.0 or 4.0 µLmL-1) containing 1.0 µL mL-1 Triton® X-114 (Sigma-Aldrich, St Louis, MO), or with a blank formulation containing only 1.0 µL mL-1 Triton® X-114, as control. Six replicates were used, with each leaf consisting of an individual replicate unit. The leaves were sprayed individually from all sides with a handheld mist sprayer until run-off. Leaves were then placed upside down in plastic boxes (500 mL) covered with fine mesh cloth to provide ventilation. Ten aphids were transferred to each leaf 48 h before spraying (post-infestation spray) or immediately after the oil-treated leaves had dried (pre-infestation spray). Following treatment, the boxes were placed in a growth chamber (see Section 2.3), and the numbers of dead aphids were counted in each box after 24 and 48 h. The percentage of mortality was corrected for control mortality using Abbott's formula.28
2.6    Fumigant bioassays
Individual faba bean plants growing in pots, at the stage of four leaves, were placed inside plexiglass cylinders (25 cm high, 18 cm diameter) with the bottom sealed tightly with plastic lids.29 Ten aphids were put on every plant, and then the cylinders were covered with a fine mesh cloth to prevent insect escape but to allow for ventilation. After 48 h, the plants infested with aphids were treated by fumigation with the essential oils (4, 8, 16, 32 or 64 µL L-1 air). The essential oil was pipetted onto a pad composed of a Whatman No. 1 filter paper disc (80 mm diameter) placed in opened petri dishes covered with a fine mesh cloth to prevent the aphids from coming in direct contact with the essential oils. The pads were situated close to the plant base. Following treatment, the tops of the cylinders were also sealed tightly with plastic lids, and the cylinders were kept in a controlled growth chamber (see Section 2.3). Each treatment was replicated 6 times. In the control, a pad with no application of essential oil was used. The numbers of aphids on the plant and dead aphids were counted in each cylinder after 4 and 24 h fumigation. The percentage of mortality was corrected for control mortality using Abbott's formula.28
Based on the previous results of fumigation bioassays, other bioassays were designed to assess 50 and 90% lethal doses for 2 and 4 h of fumigation with essential oils of L sempervirens. Ten aphids were put into 100 mL glass vials with screw lids. Concentrations of the oil tested were 2.0, 4.0, 8.0, 16.0 and 32.0 µL L-1 air. The oil was applied onto pads (1 cm2) of filter paper (Whatman No. 1) attached to the screw caps of the glass vials. The pads were covered with a fine mesh cloth to prevent insects coming in direct contact with the essential oil. Control insects were kept under the same conditions without addition of any essential oil. Each dose was tested with six independent replicates. The glass vials were kept in a growth chamber for 2 or 4 h, and, after this time, the aphids were placed on untreated faba bean leaves (Section 2.3) inside ventilated boxes. The numbers of dead insects were counted 24 h after the exposure to the essential oils.
2.7    Data analysis
One-way analysis of variance (ANOVA) and least significant difference (LSD) multiple range tests were performed on the data to determine significant (P < 0.05) differences among concentrations. Percentages of mortality were transformed into arcsine square root values for analysis. Probit analysis was conducted to estimate the LC50 and LC90 values with their corresponding 95% confidence intervals (Cls) by POLO Plus v.2.0; LC values were considered significantly different when their respective 95% Cls did not overlap.
3    RESULTS
3.1    Yields and chemical constituents of essential oils
The yields, expressed as percentages based on dry weight, of leaf (LL) and bark (LB) essential oils from the hydrodistillation of L. sempervirens were 2.79 and 6.26% respectively; the values for leaf (DL) and bark (DB) of D. winteri were 1.37 and 4.18%.
Table 1 shows the constituents identified and their percentage composition. Totals of 16 and 20 compounds in the oil from leaf (LL) and bark (LB) of L. sempervirens were identified, representing 99.44 and 99.75% of the composition respectively. The main constituents in the leaf oil (LL) were safrole (82.41 %) and limonene + NI (7.76%) (NI = non-identified compound). Safrole was also the main constituent in oil from bark (LB) (49.71%), and methyl eugenol (18.04%) was the second main constituent, followed by limonene + NI (13.49%). In the essential oils extracted from leaf (DL) and bark (DB) of D. winteri, 32 and 16 compounds were identified respectively, and these accounted for 94.41 and 90.96% of the composition. The main constituents in the D. winteri leaf oil (DL) were more diverse, with γ-curcumene + NI (11.12%) and then a group of five compounds comprising 6-9%, i.e. limonene + myrcene, limonene + NI, trans-caryophyllene, α-pinene, sabinene and 4-terpineol. The main constituents in the oil from bark of D. winteri (DB) were α-pinene (57.82%), γ-curcumene (11.22%) and β-pinene + myrcene (7.37%).
Figure 1. Deterrent activity of essential oils on Acyrthosiphon pisum under choice conditions. Data are expressed as means ± SEM based on six replicates consisting often aphids each.
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3.2     Deterrent activity
Acyrthosiphon pisum was deterred by the four essential oils tested under choice conditions (Fig. 1). The highest deterrence indices were found in response to the essential oils from leaf and bark of L. sempervirens. At 4.0 µL mL-1 the index was 0.75-0.85 at 2 h and reached 1.00 for the leaf essential oil and 0.89 for the bark essential oil at24 h. Based on the statisticalanalysisat P = 0.05, the dosage of oil applied (0.25-4.0 µL mL-1) was not determinant in the deterrent activity at 2 and 4 h of exposure. Aphids responded to the oil at even the lowest dose of 0.25 µL mL-1, and most aphids avoided contact with the treated surface (index 0.71 -0.57). At 24 h, the deterrent activity of the oils was dose dependent. For the highest dose of 4 µL mL-1 the index was 1.00 (LL) and 0.89 (LB), while for the lower doses the deterrent activity decayed during the experiment.
For the leaf and bark extracts of D. winteri, the deterrence indices were lower compared with the oils of L. sempervirens. The highest activity was achieved with the oil from bark of D. winteri; when applied at 2 and 4 µL mL-1, the index increased from 0.33-0.39 at 2 h to 0.85-0.87 at 24 h.
3.3    Spray activity
Essential oils of L. sempervirens and D. winteri, when sprayed on faba bean leaves before and after aphid infestation, showed poor insecticidal activity (Fig. 2). When leaves were treated prior to aphid infestation (pre-infestation), all mortality percentages after 24 and 48 h of exposure stayed between 0 and 13%. When oils were sprayed on leaves of faba bean with settled aphids (post-infestation), only the oils of L. sempervirens caused a significant mortality, with a maximum mortality of 58%. For the oils of D. winteri, the highest aphid mortality was 18% after 48 h. The mortality in controls was less than 5%.
3.4    Fumigant activity
The fumigant activity of the essential oils on A. pisum was time and dose dependent (Fig. 3). The most active oil was that of leaf and bark of L. sempervirens, with respective aphid mortalities of 95 and 98% after 4 h of exposure to 64µL L-1 air, and 100% after 24 h exposure. With the lowest concentration of 4µL L-1 air, L. sempervirens oils still caused 45% (LL) and 47% (LB) mortality after 24 h exposure. In contrast, D. winteri oils showed a weak fumigant activity against A. pisum. At 64 µL L-1 air, D. winteri oils caused 10% (DL) and 13% (DB) mortality after 4 h of exposure, while at 24 h the mortality reached 63-68%. The mortality observed in controls was less than 5%.
Figure 2. Mortality (%) of Acyrthosiphon pisum on leaves of V. faba sprayed with essential oils before (be) and after (af) aphid infestation. Data are expressed as means ± SEM based on six replicates consisting of ten aphids each.
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Table 1.    Composition (expressed as area %) of the essential oils from leaf and bark of Laurelia sempervirens and Drimys winteri3
	
	
	Laurelia sempervirens
	Drimys winteri

	Compound
	Retention time
	Leaf(LL)
	Bark (LB)
	Leaf(DL)
	Bark (DB)

	α-Thujene
	0.550
	tr
	tr
	0.39
	-

	α-Pinene
	0.560
	3.49
	6.59
	7.62
	57.82

	Camphene
	0.574
	tr
	0.24
	0.14
	1.09

	Sabinene
	0.592
	0.14
	0.28
	7.03
	0.17

	Limonene + myrcene
	0.599
	-
	-
	8.58
	-

	β-Pinene + myrcene
	0.598
	0.79
	1.49
	-
	7.37

	α-Phellandrene
	0.618
	1.22
	1.73
	0.31
	-

	α-Terpinene
	0.629
	-
	-
	2.27
	-

	p-Cymene
	0.637
	-
	0.42
	0.71
	-

	Limonene + NI
	0.640
	7.76
	13.49
	8.35
	1.12

	Δ3-Carene
	0.649
	0.78
	0.48
	-
	-

	γ-Terpinene
	0.664
	-
	-
	3.69
	-

	γ-Terpinolene
	0.690
	0.12
	-
	1.07
	-

	Linalool
	0.694
	0.29
	2.50
	-
	-

	Camphor
	0.744
	-
	0.24
	-
	-

	4-Terpineol
	0.758
	0.10
	0.34
	6.44
	-

	α-Terpineol
	0.774
	0.35
	0.64
	0.82
	-

	Neo-allo-ocimene
	0.774
	-
	-
	-
	0.18

	Bornyl acetate
	0.843
	-
	-
	-
	0.29

	Safrole
	0.854
	82.41
	49.71
	2.30
	-

	α-Cubebene
	0.888
	-
	-
	-
	1.77

	Bicyclo-elemene
	0.888
	-
	-
	0.58
	-

	Eugenol
	0.893
	-
	-
	0.40
	-

	α-Copaene
	0.910
	-
	-
	-
	0.49

	β-Elemene
	0.918
	-
	-
	0.84
	-

	β-Cubebene
	0.918
	-
	-
	-
	0.46

	Methyl eugenol
	0.922
	-
	18.04
	-
	-

	Santalene
	0.937
	-
	-
	0.86
	3.71

	Eugenol + NI
	0.945
	0.10
	-
	-
	-

	E-β-Farnesene
	0.952
	-
	-
	1.18
	0.95

	α-Humulene
	0.970
	-
	-
	0.40
	-

	Trans-caryophyllene
	0.975
	0.45
	1.46
	7.93
	-

	y-Curcumene + NI
	0.977
	-
	-
	11.12
	11.22

	y-Curcumene
	0.978
	-
	-
	-
	11.22

	Alloaromadendrene
	0.989
	0.19
	0.62
	-
	-

	Germacrene D
	0.989
	0.72
	0.72
	-
	-

	α-Cedrene
	0.986
	-
	-
	-
	0.28

	α-Cedrene + NI
	0.990
	-
	-
	1.25
	-

	Myristicine
	0.999
	-
	-
	4.72
	1.74

	Bicyclogermacrene
	1.001
	0.53
	0.51
	-
	-

	Elemol
	1.013
	-
	-
	4.44
	-

	Nerolidol
	1.013
	-
	-
	-
	2.30

	Elemicin
	1.016
	-
	0.13
	-
	-

	Spathulenol
	1.071
	-
	-
	0.45
	-

	Spathulenol
	1.072
	-
	0.12
	-
	-

	Caryophyllene-oxide
	1.078
	-
	-
	0.67
	-

	Cadinene
	1.119
	-
	-
	3.30
	-

	Eudesmol
	1.144
	-
	-
	3.68
	-

	Driminol + NI
	1.269
	-
	-
	1.29
	-

	Rimerene
	1.517
	-
	-
	0.41
	-

	Kaur-16-en
	1.731
	-
	
	1.17
	-

	Total
	
	99.44
	99.75
	94.41
	90.96


a tr: traces (<0.1%); NI: not identified.
Next to a loss of survival, the four oils also caused sublethal effects on the aphid behaviour. A dose-dependent decrease in numbers of A. pisum present on the leaves was found after 4 and 24 h of exposure. With 64 µL L-1 air of L. sempervirens leaf and bark oils, there were no aphids present on the fumigated plants. With a lower concentration of 16µL L-1 air, only 20-23% of the aphids had settled on the plants at 4 h, and this decreased to 2-6% at 24 h. The mortality percentages were 47-48% at 4 h and 85-90% at24 h. When the oils of D. winteri were tested at 64 µL L-1 air,only 28%(DL) and 37% (DB) of the released aphids were present on the leaves after 4 h of exposure, and these proportions decreased to 7 and 0% after 24 h of exposure.
However, it is to be noted that plants fumigated with D. winteri oils suffered foliar damage after 24 h of exposure, indicating phytotoxic effects. Plants exposed for 24 hat 64 µL L-1 air showed 50% (DL) and 100% (DB) of the leaves burned, and, even with a lower dose of 32 µL L-1 air of the bark oil, 50% of the leaves were burned. In contrast, there was no damage observed in plants fumigated with the leaf and bark oils of L. sempervirens.
A comparison of the LC50 and LC90 values of L. sempervirens essential oilsapplied by fumigation against A. pisum indicated that both leaf and bark oils showed high and almost the same toxicities against this aphid (Table 2). The LC50 values of leaf and bark oils with only 2 h exposure were 12.4 and 11.5 µLL-1 respectively; the respective LCgo values were 28.0 and 25.7 µLL-1. With 4 h exposure, the LC values for leaf and bark oils were similar owing to overlapping confidence intervals, with LC50 = 7.1 µL L-1 and LC90 = 15.5 µLL-1.
Figure 3. Mortality and settling of Acyrthosiphon pisum on leaves of faba bean plants and treated by fumigation with essential oils. Data are expressed as means ± SEM based on six replicates consisting of ten aphids each.
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Table 2. Fumigant toxicity of essential oils from leaf and bark of Laurelia sempervirens against Acyrthosiphon pisum during different exposure times (2 and 4 h)a
	Essential oil
	Exposure time (h)
	LC50a (95% CI)b
	LC90a (95%CI)b
	Slope (± SE)C

	Leaf
	2
	12.42 (10.63-14.30)
	27.98 (22.92-38.40)
	3.64(±0.51)

	
	4
	7.09 (6.04-8.15)
	15.51 (12.94-20.41)
	3.77(±0.51)

	Bark
	2
	11.49 (9.75-13.21)
	25.71 (21.11-35.49)
	3.66(±0.55)

	
	4
	7.13 (6.13-8.17)
	15.53 (13.01-20.05)
	3.79(±0.46)


a LC: lethal concentration, expressed in µL L-1 air, at 25 °C. b CI: confidence interval. c SE: standard error.
4    DISCUSSION
Plant essentials oils that are both deterrent and toxic may be more effective for pest control in practice. Deterrence prevents settling of arriving aphids, and the toxic properties kill the aphids that are already present on the plant/crop before application of the oils. The present results clearly demonstrated a high deterrent activity by the essential oils from L. sempervirens, and that the oils from bark and leaf of L. sempervirens were similar in potency and considerably more deterrent than those from D. winteri. However, it should be noted that this property may not be permanent, as the deterrent activity decreased within 24 h at the lower doses evaluated.
The ability of essential oils to cause deterrence in a variety of insect species seems common. This could be explained by the fact that the essential oils are complex mixtures of various metabolites that have the particularity of being volatile.6,7 Therefore, aphids can detect them very quickly. Good examples are that essential oils from Hemizygia petiolana Ashby (Lamiaceae) deter aphids of A. pisum and Sitobion avenae F.,30 those from rosemary and other Labiatae repel Myzus persicae Sulzer and also reduce their settling31,32 and oils from basil, citrus, eucalyptus, lavender, mint and thyme pose strong deterrent activities against Macrosiphum euphorbiae Thomas.33 The present authors believe that the strong deterrent activity of L. sempervirens oils against A. pisum, as reported here, may be attributed to safrole, as it is the main component in these oils (>50%). Previously, safrole was shown to be a powerful repellent to nymphs of Periplaneta americana L34 However, little is known about the effects of safrole on aphids, and accordingly it is felt that more research is required to investigate the deterrent and/or repellent mechanism of this methylene dioxy compound against aphids. Here, it is of great interest that the 464 Mb draft genome assembly of the pea aphid is recently published,35 allowing the disclosure of the genes and molecular mechanisms behind the responses in the aphid biology on exposure, and the discovery of novel insecticide actions.
Next to deterrence, the present spray experiments demonstrated that the essential oils from L. sempervirens posed lethal effects when A. pisum aphids were directly sprayed. This agrees with previous experiments where citronella and alfazema oils were sprayed directly on Hyadaphis foeniculi Passerini colonies and caused >80% mortality.36 Similarly, significant mortality was also observed when aphid colonies of M. euphorbiae and M. persicae were sprayed with oils extracted from lavender, mint and basil, and Chenopodium ambrosiodes Westwood.33,37 Myzus persicae is also very sensitive to spray with essential oils of Pinus sp. and Eucalyptus sp., resulting in 80% mortality.38 The high toxicity of the essential oils from leaf and bark of L., sempervirens is not all that surprising given that safrole was one of the main metabolites in these extracts. Safrole is also the main constituent (82%) present in the essential oil of Piper hispidinervum DC, which has shown high insecticidal activity when applied topically on different pest insects such as Spodoptera frugiperda Smith larvae,39 Tenebrio molitor L. adults40 and Sitophilus zeamais Motsch adults.41
The essential oils of L. sempervirens also demonstrated high toxicity when applied as fumigant. Here it was of interest that fumigation treatment had a strong and rapid detrimental effect on the settling behaviour of aphids, resulting in mortality. Mortality rates with essential oils of both leaf and bark of L. sempervirens were similar, and the slopes of the mortality curves were close for 2 and 4 h exposure. Interestingly, the high fumigant activity by essential oils of L. sempervirens agree with previous studies with other insects such as the bean weevil (Acanthoscelides obtectus Say), where 8 µL L-1 air caused 100% mortality after 96 h exposure.23 Safrole, the main compound of the L. sempervirens essential oils, showed high insecticidal activity when applied by fumigation against diverse beetles (S. zeamais,42 Tribolium castaneum Herbst and Sitophilus oryzae L. adults43), cockroaches (P. americana),3,4 whiteflies (Bemisia tabaci Gennadius) and thrips (Frankliniella occidentalis Pergande).44 In contrast, essential oils from leaf and bark of D. winteri showed limited effectiveness, and at high concentrations they were phytotoxic, which does not allow their use in practice.
In conclusion, the essential oils from leaf and bark of L. sempervirens seem to be very promising aphicides because of their high deterrent and insecticidal activities. The authors believe that these can have practical use for aphid control, maybe by fumigation in enclosed spaces like greenhouses or plastic tunnels. However, before use in practice, it is necessary to study their fumigant effectiveness under more field-related conditions, considering variables such as temperature and relative humidity, as well as their persistence in the environment and potential hazards to natural enemies and non-target organisms. Although no phytotoxic effects from the oils of L. sempervirens were detected during the present experiments, this should be evaluated in greater depth in future studies. Some investigators have suggested that essential oils from the leaves of L. sempervirens inhibit seed germination and seedling growth of some crops,22 but other studies in cut flowers have demonstrated that safrole, the main compound of these oils, posed no phytotoxicity when applied as fumigant.44
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