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Abstract
BACKGROUND: Many plant essential oils show a broad spectrum of activity against pests. This study investigated the effects of two essential oils on Tetranychus urticae, one of the most serious pests in the world.
RESULTS: The chemical composition of the two oils was characterised by GC-MS. The most abundant component in the Santolina africana (Jord. & Fourr) oil was terpinen-4-ol (54.96%), while thymol (61%) was prevalent in the Hertia cheirifolia (L.) oil. Mortality and fecundity were measured upon treatment with oil concentrations ranging from 0.07 to 6.75 mg L-1 with a Potter spray tower. Mite mortality increased with oil concentration, with LC50 values of 2.35 mg L-1 for S. africana and 3.43 mg L-1 for H. cheirifolia respectively. For both oils, a reduction in fecundity was observed at concentrations of 0.07, 0.09 and 0.29 mg L-1. Artificial blends of constituents of oils were also prepared and tested with individual constituents missing from the mixture. The results showed that the presence of all constituents was necessary to equal the toxicity of the two natural oils.
CONCLUSION: S. africana and H. cheirifolia oils can provide valuable acaricide activity with significantly lower LC50 values. Thus, these oils cause important mortality and reduce the number of eggs laid by females. © 2012 Society of Chemical Industry
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1     INTRODUCTION
Plants have long been used by many societies throughout the world to kill or repel pests. Indeed, plants would be extinct if they had no defence against insects and other arthropod pests.1 Plants produce chemicals that function as defence mechanisms to reduce feeding injury caused by phytophagous organisms. These natural chemicals have multiple modes of action, including antifeedant and repellent activities, moulting and respiration inhibition, growth and fecundity reduction and cuticle disruption.2-8 These multiple modes of action are advantageous because they delay the development of resistance among arthropod pest populations.9 In addition, most essential oil chemicals are relatively non-toxic to mammals and fish in toxicological tests, and their low toxicity to humans make them attractive for use in pest control.10 For example, essential oils have shorter residual activity and are less persistent than conventional pesticides because they tend to be volatile and are susceptible to temperature and UV light degradation.11,12 Because of these properties, essential oils from aromatic plants have been widely investigated in the search for plant-derived chemical alternatives to conventional pesticides. In fact, previous investigations have demonstrated mite repellent effects for several different essential oils.13-20 However, the efficiency of essential oils may depend on numerous factors, including the precise exposure concentration during application, highlighting the importance of conducting efficiency analyses for plant-derived pesticides over a wide range of concentrations.
Since 1900, the two-spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae) has become an increasingly important agricultural pest.21 It is a worldwide pest of many plant species, including several economically important agricultural crops.22 In fact, the wide ecological range of this mite is best reflected by the large diversity of host plants that the species exploits: to date, a total of 3877 host species have been reported around the world.23
T. urticae is usually controlled by application of synthetic acaricides,23-27 and integrated T. urticae pest management is largely dependent on the use of a few selective acaricides.28 However, management of T. urticae is becoming increasingly difficult, because some populations have developed resistance to the chemicals used for their control.29 Thus, the use of chemical insecticides is becoming increasingly inefficient and is associated
with significant ecological concerns. Therefore, it is imperative to develop other methods to prevent, or at least limit, the extent of damage from T. urticae.20
Synthetic acaricides usually contain a single active compound; however, botanical pesticides such as plant essential oils are complex mixtures of several constituents. Previous studies reported the acaricidal activities of essential oils and their major constituents against T. urticae.8,12,31 Indeed, many plants, including garlic (Allium sativum L.), rosemary (Rosmarinus officinalis L.) have been used to control this pest.3,12,29
In the present study, plants were selected on the basis of their local use as insect controllers or insecticides. S. africana and H. cheirifolia (Asteraceae) are both alternatives to synthetic chemical pesticides and are widely distributed in northern and central Tunisia.30,32,33
Therefore, the purpose of the present study was to evaluate the effectiveness of Santolina africana Jord. & Fourrand Hertia cherifolia L essential oils on the fecundity and mortality rates of T. urticae as a function of extract concentration. In addition, because little data were available in the literature on the bioactivities and chemical characteristics of S. africana and H. cheirifolia, these plants were analysed directly to determine which compounds could be responsible for their observed effects. Afterwards, to corroborate the role of each constituent in the toxicity to T. urticae, we reconstituted an artificial blend based on the proportion of the different compounds in natural oils but one and that for each of the major constituents.
2    MATERIALS AND METHODS
2.1     Chemicals
Pure compounds were purchased from Sigma Aldrich (St Louis, MO). Purities of these compounds varied from 95 to 99%.
2.2     Mite cultures
Tetranychus urticae were collected from infested plants in citrus orchards in Tunisia and transferred to a climate-controlled room [26 °C, 50-60% RH, 16:8 (L:D)] in a laboratory at the Biodiversity Research Centre, UCL, Louvain-la-Neuve (Belgium). The strain was reared on bean leaves placed on moistened cotton (Phaseolus vulgaris) in petri dishes (33). Only young adult females (24 h old) were chosen for bioassay experiments.
2.3     Plant materials
Aerial parts (leaves and stems) of S. africana and H. cheirifolia used for this study were collected locally in Tunisia (Téjrouine, Sud West Kef) in June 2010 and were free of any preharvest chemical treatments (organic products). Plant samples were freshly harvested, sorted for uniformity and inspected to ensure the absence of defects. Plant samples were stored at -2°C until analysis.
2.4    Essential oil extraction
S. africana and H. cheirifolia oils were obtained from 3 kg of the aerial parts of the plants by hydrodistillation for 3 h using a Clevenger-type apparatus. Resulting oils were diluted 1:100 in absolute ethanol.
The essential oil yield of the plants used in the present study was 0.5% of the dry weight of S. africana and 0.7% of H. cheirifolia; however, the colour of the two oils is clear and non-viscous.
2.5    Chemical analysis of essential oils
2.5.1     CC-MS analyses
GC-MS analyses of essential oils from S. africana and H. cheirifolia extracts were conducted in the Department of General and Organic Chemistry at Gembloux Agro-Bio Tech (University of Liège, Belgium).
Conventional GC/MS analyses were conducted using an Agilent GC 7975 coupled with an El mass selective detector (Agilent, Diegem, Belgium) and equipped with an HP5-MS capillary column (30 m × 0.25 mm ID, 0.25 µm film thickness).8 The oven temperature programme was initiated at 40°C, held for 5 min at this temperature, then raised at a rate of 6°C min-1 to 120°C, held for 5 min and then raised in a second ramp at a rate of 8 °C min-1 to 300 °C. Helium was used as a carrier gas at a constant flow rate of 1 mL min-1. An injection volume of 1 µL was used in splitless mode. The injection temperature was 250°C. MS detection was performed in electron impact (EI) mode at 70 eV by operating in full-scan acquisition mode in the 40-550 amu range. Volatile compounds were identified by comparing obtained mass spectra with those from the Wiley 275 L spectral library and with their retention indices.
Retention indices were determined relative to the retention times of a series of n-alkane standards (C9-C30, Sigma-Aldrich, 0.025 µg µL-1 in n-hexane) measured under the chromatographic conditions described above, and were compared with literature values.34
2.5.2    Fast GC analyses
Fast GC analyses were conducted on a Thermo Ultra-Fast Trace GC gas chromatograph operated with a split/splitless injector and a Thermo AS 3000 autosampler (Thermo Electron Corp.). The GC system was equipped with an ultrafast module (UFM) incorporating a direct resistively heated column (Thermo Electron Corp.): UFC-5,5% phenyl, 5 m × 0.1 mm ID, 0.1 µm film thickness. The following chromatographic conditions were used to obtain a suitable peak resolution. The UFM temperature programme was as follows: initial temperature at 40°C, held for 0.1 min, ramp 1 at 30°C min-1 to 95°C, ramp 2 at 35°C min-1 to 155°C, ramp 3 at 200°C min-1 to 280°C, held for 0.5 min.The injection temperature was 240°C, the injection volume was 1 µL, the carrier gas was He at a constant flow rate of 0.5 mL min-1 and the split ratio was 1:100. The GC unit had a high-frequency fast flame ionisation detector (300 Hz FID). The temperature was 250°C, the H2 flow rate was 35 mL min-1, the air flow rate was 350 mL min-1 and the make-up gas (N2) flow rate was 30 mL min-1. Data processing was performed using Chromcard software (v.2.3.3).
2.6    Bioassays
2.6.1    Acute toxicity effect
• Screening acute toxicity. A group of 25 T. urticae females (24 h old) were randomly selected and transferred to fresh bean leaf discs (35 mm diameter) placed adaxial side up on moistened cotton in petri dishes (90 × 15 mm) and were exposed to 12 different concentrations of oils (0.07,0.09,0.29,0.74,1.49,2.25, 2.99,3.74,4.5,5.24,5.99 and 6.75 mg L-1 ). A Potter spray tower, which produces a deposit following a settling time of 1.5 min, was used to spray the mites on the leaf discs at a pressure of 1.4 bar at 20 ± 2°C. The distance of the sprayer nozzle from the leaves was 50 cm. Tests were repeated 5 times per concentration. Control tests were performed using water and ethanol (6:1). The bean leaf discs were maintained at room temperature (26 ± 1 °C, 60 ± 10% RH) at a photoperiod of 16:8h(L:D).
•    Effect of essential oil on mortality. Mites were considered to be dead if their appendages did not move when prodded with a fine pencil 72 h post-treatment. For each concentration, the mortality rate (mean number of deaths post-treatment minus the mean number of deaths in the control) divided by the total number of females at the beginning of the tests (25 females) was calculated.7,8 Each treatment was repeated 5 times, and the mean of the number of deaths was calculated from the five repetitions.7,8 A test solution of a mixture (1:1) of the two oils was also studied. The distribution of mortality rates was best fitted using a sigmoidal curve (probit analysis).
•    Effect of constituents of essential oils on mortality. The toxicity experiments were repeated with commercially available constituents of the essential oil and with blends of these oils with the same proportion as reported in Tables 1 and 2. To identify the relative contribution of each constituent to the toxicity of these oils, artificial blends of each of the two oils were made, including all major constituents of each oil called a 'full mixture' (FM for S. africana oil and TM for H. cheirifolia oil). Then the full mixture was compared with artificial blends, each missing one constituent (Figs 1 and 2). This classification of toxicity was similar to that used by Miresmailli et al.12
Table 1. Major chemical constituents in S. africana essential oil and their relative proportions in the pure oil. Components were identified by GC-MS and quantified by fast GC-FID (%: compound percentage)
	Components
	Retention time (min)
	Retention index (measured)
	%

	Limonene
	11.28
	1028
	1.2

	1,8-Cineole
	11.33
	1030
	3.59

	Camphor
	13.37
	1149
	3.61

	trans-Chrysanthenol
	13.64
	1166
	3.65

	Borneol
	13.72
	1171
	8.37

	Terpinen-4-ol
	13.9
	1182
	54.96

	α-Terpineol
	14.09
	1194
	14.06

	Carvenone
	15.12
	1262
	1.12

	Carvacrol
	15.68
	1302
	1.39

	cis-Jasmone
	17.08
	1405
	0.63

	Guaiol
	20.28
	1669
	1.75

	α-Bisabolol
	20.56
	1707
	1.13


Table 2. Major chemical constituents of H. cheirifolia essential oil and their relative proportions in the pure oil. Chemical components were identified by GC-MS and quantified by fast GC-FID (%: compound percentage)
	Components
	Retention time (min)
	Retention index (measured)
	%

	1,-8-Cineole
	11.35
	1032
	1.29

	Camphor
	13.38
	1150
	5.82

	Terpinene-4-ol
	13.9
	1182
	5.48

	para-Cymen-8-ol
	14
	1188
	0.91

	α-Terpineol
	14.10
	1195
	3.58

	Myrtenol
	14.20
	1201
	0.91

	Thymol
	15.69
	1302
	61

	2,6-Dimethoxy-phenol
	15.91
	1319
	12.83

	6-Methyl-alpha-ionone
	22.33
	1859
	1.27


Figure 1. Mortality caused by selected blends of constituents of S. africana oil to T. urticae when applied at levels equivalent to those found in the 100% lethal concentration of the pure oil (LC100 = 4.06 mg L-1). Error bars represent the standard error of the mean often replicates, each replicate containing 25 females. Means corresponding to each treatment with different letters are significantly different from each other (Newman-Keuls test, P < 0.05). (FM-) indicates a blend of twelve constituents missing the compound noted.
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2.6.2   Effect on fecundity
Sublethal concentrations (0.07, 0.09, 0.29 mg L-1) were used to test the effect of these oils on female fecundity (25 females). After spraying, each female was transferred to a bean leaf disc (diameter 15 mm) to check for fecundity. The number of eggs laid by treated females was recorded for a period of 12 days before being destroyed. The number of eggs was best fitted to a sigmoidal curve (GraphPad Prism, Copeland, 2000), using the formula
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where Y represents the value of the cumulative number of eggs at age X, K' is equal to the inflection point when h = 1, M is the maximum number of eggs (plateau value) and h represents the slope.7,8 The fecundity of females treated with 0.07, 0.09 and 0.29 mg L-1 essential oils was compared with a solvent (water and ethanol) control.
2.7    Statistics
All the data were corrected using Abbott's formula. The LC50, LC90 and LC100  values were determined by probit analysis using the Statplus program v.2009 (AnalystSoft Inc.). Tests were performed using one-way analysis of variance (ANOVA), and Newman-Keuls tests were used to compare means using Graph Pad Prism v.5.01 for Windows (GraphPad Software, San Diego, CA, http://www.graphPad.com). All tests were applied under the two-tailed hypothesis, with the level of statistical significance P set at 0.05.
Figure 2. Mortality caused by selected blends of constituents of H. cheirifolia oil to T. urticae when applied at levels equivalent to those found in the 100% lethal concentration of the pure oil (LC100 = 5.37 mg L-1). Error bars represent the standard error of the mean of ten replicates, each replicate containing 25 females. Means corresponding to each treatment with different letters are significantly different from each other (Newman-Keuls test, P < 0.05). (TM-) indicates a blend of nine constituents missing the compound noted.
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3    RESULTS
3.1     Chemical composition of the essential oils
The chemical compositions of the two essential oils evaluated in this study are shown in Tables 1 and 2. Experimental retention indices were compared with literature values,35 and El mass spectra from each peak were compared with the library. Using this approach, it was possible to identify 12 individual components from S. africana and nine components from H. cheirifolia, representing 95.46 and 93.09% of the total weight respectively.
The two oils differed in their most abundant components. The most abundant components in the Santolina oil were terpinen-4-ol (54.96%), α-terpineol (14%) and borneol (8.37%) (Table 1), whereas thymol (61%) and 2,6-dimethoxy-phenol (12.83%) were most prevalent in the Hertia oil sample (Table 2).
3.2    Toxicity of essential oils
After 72 h, all mites in the control group were still alive. However, a few mortalities were observed at 0.07, 0.09 and 0.29 mg L-1 for both essential oils, and for the mixture of the two oils (Tables 3 and 4). For both S. africana and H. cheirifolia oils, female mortality increased with increasing concentration of essential oil. The experimental distribution of mortality rates was fitted with a sigmoid curve (R = 0.96, df = 64, N = 25, P < 0.0001; = 0.98, df = 64, N = 25, P < 0.0001 for H. cheirifolia and S. africana respectively). There was a significant difference between the three treatments-S. africana, H. cheirifolia and the mixture of both oils (F12,52 = 71.21, P < 0.001; F12,52 = 133.92, P < 0.001; F12,52 = 257.42, P < 0.001 respectively) - when comparing the different concentrations to control.
Interestingly, a combination of oils from H. cheirifolia and S. africana provided better mite control (LC50 and LC90 values of 1.6 and 3.07 mg L-1) than each oil individually (2.35 and 3.79 mg  L-1 for S. africana and 3.43 and 5.07 mg L-1 for H. cheirifolia respectively) (see Table 3).
3.3    Toxicity of single constituents
The constituents of all oils were tested individually to assess their toxicity effects. A significant difference was found in the lethal toxicity of the single constituents of each oil when all treatments were compared: one-way ANOVA-F = 146.28; df = 14, 135; P < 0.0001 for S. africana (Fig. 3) and F = 195, 79; df = 11, 108; P < 0.0001 for H. cheirifolia (Fig. 4) respectively. Indeed, the Newman-Keuls tests comparing the toxicity of single constituents revealed that four constituents of S. africana (1,8-cineole, borneol, terpinen-4-ol and α-terpineol) were highly toxic, but that they were not as toxic individually as the essential oil and the full mixture.
Four constituents of S. africana (camphor, trans-chrysanthenol, carvenone and carvacrol) were slightly toxic, whereas the remaining constituents (limonene, cis-jasmone, guaiol and α-bisabolo) were not toxic to. T. urticae not differ significantly from the mortality rate found in the control (Fig. 3).
Four constituents of H. cheirifolia (1,8-cineole, terpinen-4-ol, α-terpineol and thymol) were highly toxic, but they were not as toxic individually as the essential oil and the full mixture. Four constituents of H. cheirifolia (camphor, para-cymen-8-ol, myrtenol and 6-methyl-alpha-ionone) were slightly toxic, whereas the remaining constituents (2,6-dimethoxy-phenol) were not toxic to T. urticae and did not differ significantly from the mortality rate found in the control (Fig. 4).
3.4    Toxicity of recomposed oils
Based on the 100% lethal concentration (LC100 = 4.06 mg L-1 for S. africana and LC100 = 5.37 mg L-1 for H. cheirifolia), and following the natural composition of each oil as indicated by GC-MS (Tables 1 and 2), bioassays with recomposed oils for S. africana (limonene, 1,8-cineole, camphor, trans-chrysanthenol, borneol, terpinen-4-ol, α-terpineol, carvenone, carvacrol, cis-jasmone, guaiol,and α-bisabolol) and for H. cheirifolia (1,8-cineole, camphor, terpinen-4-ol, paracymen-8-ol, α-terpineol, myrtenol, thymol, 2,6-dimethoxy-phenol and 6-methyl-alpha-ionone) showed that the greatest mortality rate was obtained when all constituents were present (full mixture) (Figs 3 and 4). The mortality of these two full mixtures was significantly higher than the mortality rates for the most toxic constituents of each oil. Indeed, the mortality rate caused by the full mixture (a blend of 12 constituents of S. africana and nine constituents for H. cheirifolia) did not differ significantly to the mortality caused by the pure oil for each plant used in this study.
3.5   Toxicity of selected blends
In the S. africana oil, component elimination assays indicated that the absence of 1,8-cineole and α-terpineol caused the largest decrease in toxicity of the blend. Missing of camphor, carvacrol, borneol, terpinen-4-ol, trans-chrysanthenol and carvenone resulted in significant decreases in mortality compared with both the oil and the full mixture, but less so than for 1,8-cineole and α-terpineol. The missing of any other constituent (limonene, c/s-jasmone, guaiol or α-bisabolol) did not produce any significant differences in mortality from either the pure oil or the full mixture (Fig.1).
In the H. cheirifolia oil, 1,8-cineole, α-terpineol and thymol were found to contribute to the toxicity of the oil, whereas terpinen-4-ol, camphor, myrthenol and paracymen-8-ol had only a moderate influence on toxicity. The missing of the remaining constituents (2,6-dmethoxy-phenol or 6-methyl-alpha-ionone) had a low influence on toxicity (Fig. 2).
3.6    Effect of oils on fecundity
Fecundity was reduced following treatment with low concentrations of extract (Table 3). The experimental distribution of fecundity was fitted with a sigmoid curve one-way ANOVA (R = 0.78, df = 99, N = 25, P < 0.0001; R = 0.55, df = 99, N = 25, P < 0.0001; R = 0.80, df = 99, N = 25, P < 0.0001 for H. cheirifolia, S. africana and the mixture of the two oils respectively).
Maximum values for the cumulative number of eggs were significantly reduced compared with the controls for sublethal extract concentrations (0.07, 0.09 and 0.29 mg L-1). There was a significant difference between the three treatments - S. africana, H. cheirifolia and the mixture of both oils (F3,96 = 39.53, P < 0.0001; F3,96 = 114.5, P < 0.0001; F3,96 = 135.8, P < 0.001 respectively) - when comparing the cumulative number of eggs to control.
4    DISCUSSION
In the present study, an examination was made of the effect of different concentrations of S. africana and H. cheirifolia essential oils on their efficacy as natural pesticides against an important arthropod pest, T. urticae. Both oils were found to cause significant mortality in T. urticae. Moreover, the effects of a wide range of essential oil concentrations were quantitifed: essential oil treatments caused significant T. urticae mortality at low concentrations, with LC50 values of 2.35 mg L-1 for S. africana and 3.43 mg L-1 for H. cheirifolia. In addition, the effects of individual essential oil treatments versus a mixture of the two oils on T. urticae fecundity were investigated. Although the lowest tested concentrations (0.07, 0.09 and 0.29 mg L-1) do not affect female survival rates, they do affect female fecundity versus the control group.
Table 3. The effects of different concentrations of S. africana and H. cheirifolia essential oils on the percentage mortality of T. urticae adults. Each % mortality value is an average of five replicates ± confidence interval with 25 female adult mites per replicate. The estimated lethal concentration (LC50 and LC90) values (mg L-1) for each essential oil, the chi-square, the degree of freedom and the standard error were estimated using probit analysis. Mean percentages in any column are significantly different at P ≤ 0.05 (*) and P ≤ 0.001 (***); ns: not significant; Newman Keuls test
	
	Essential oil and % mortality

	Concentration of oil (mg/L-1 ) of water
	S. africana oil
	H. cheirifolia oil
	S. africana + H. cheirifolia oils

	Control
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0

	0.07
	0.0 ± 0.0ns
	0.0 ± 0.0ns
	4.8 ± 6.48ns

	0.09
	1.6 ± 2.72ns
	0.0 ± 0.0ns
	1.6 ± 4.44ns

	0.29
	0.0 ± 0.0ns
	10.40 ± 21.54ns
	3.2 ± 5.44ns

	0.74
	16.80 ± 13.78***
	8 ± 12.66 ns
	25.60 ± 37.27*

	1.49
	47.20 ± 12.86***
	33.60 ± 7.53 ns
	54.40 ± 36.6***

	2.25
	54.20 ± 13.42***
	54.4 ± 13.42***
	88.80 ± 10.18***

	3.74
	71.20 ± 14.22***
	71.20 ± 14.22***
	100 ± 0.0***

	4.5
	97.60 ± 4.4***
	97.60 ± 4.4***
	100 ± 0.0***

	5.24
	94.40 ± 10.9***
	94.40 ± 10.9***
	100 ± 0.0***

	5.99
	100 ± 0.0***
	100 ± 0.0***
	100 ± 0.0***

	6.75
	100 ± 0.0***
	100 ± 0.0***
	100 ± 0.0***

	7.5
	100 ± 0.0***
	100 ± 0.0***
	100 ± 0.0***

	LC50
	2.35
	3.43
	1.67

	LC90
	3.79
	5.07
	3.07

	Chi-square
	1.540, 4523
	517.560, 9093
	537, 8438

	Degree of freedom
	1497
	1497
	1497

	Standard error
	LC50 (0.12)
	LC50 (0.0473)
	LC50 (0.33)

	
	LC90 (0.15)
	LC90 (0.072)
	LC90 (0.35)


Interestingly, the present experimental results demonstrate that a combination of S. africana and H. cheirifolia oils provides better mite control than each oil alone.
Previous studies of H. cheirifolia showed the presence of six sesquiterpenoid compounds: 8β-methoxy-10β-hydroxyere-mophilenolide, 10β-hydroxyeremophilenolide, 8β,10β-dihy-droxyeremophilenolide, bakkenolide A, the 6α,8/3-dimethoxy-10β-hydroxyeremophilenolide and 3β-angeloyloxy-10β-hydro-xyeremophilenolide.34,36,37
The activity of the S. africana oil may be explained by the presence of 1,8-cineole and α-terpineol, in spite of their low percentage in the oil. Their role as major contributors to toxicity was confirmed by missing 1,8-cineole (3.59%) and α-terpineol (14.06%) from the full mixture, leading to a significant decrease in the mortality caused by the oil (<20% mortality) (Fig. 2). However, in some instances, minor constituents were responsible for the overall activity of the oil. Missing of the major constituent terpinen-4-ol (54.96%) from the full mixture of S. africana produced a significant decrease in the mortality, but less than in the case of 1,8-cineole and α-terpineol.
Similarly, the activity of H. cheirifolia oil may be attributed to the presence of 1,8-cineole, α-terpineol and thymol. In fact, their role as major contributors to toxicity was confirmed by missing 1,8-cineole, α-terpineol and thymol from the full mixture, leading to a significant decrease in the mortality caused by the oil (<20% mortality) (Fig. 2).
In previous works, some other oils have demonstrated the same effect, where missing of major constituents has led to a significant decrease in toxicity of the oil.8,12,13 In many cases, missing of major constituents from the mixture led to a significant decrease in toxicity;12 for example, in Hertia oil, missing thymol (61%) from the full mixture produced a significant decrease in the mortality of T. urticae (<20% mortality); however, the missing of thymol did not differ significantly from the missing of 1,8-cineole and α-terpineol respectively. It can be inferred that thymol, 1,8-cineole and α-terpineol have the same effect against T. urticae. This indicates that the activity of some oils may be attributed to more than one compound, resulting in a synergetic effect between major compounds or minor compounds.8,12
The present results are in agreement with a previous report12 that 1,8-cineole is responsible for the major toxicity of rosemary oil against T. urticae. Understanding the role of each constituent to the overall activity of the oil provides an opportunity to create artificial blends that optimise their efficacy against different pests.
One interesting aspect of the present study was the difference found in the role of the major constituents in a mixture as opposed to their individual toxicities; thus, the missing of the same compound from two different oil artificial mixtures produced the same proportion of mortality, in spite of the difference in their proportion in the pure oils. 1,8-Cineole constituted 3.59 and 1.29% of the artificial mixture of Santolina and Hertia oils respectively. Similarly, α-terpineol constituted 14.06 and 3.58% of the artificial mixture of Santolina and Hertia oils.
In previous work, oxygenated monoterpenes, such as camphor, terpinen-4-ol and borneol, which were detected as major components in Salvia hydrangea oil, were shown to have antibacterial activity.38,39
In the present study, 1,8 cineole and α-terpineol were found to be the major constituent contributors to toxicity in Santolina oil. Similarly, 1,8-cineole, α-terpineol and thymol were the major contributors to the toxicity of Hertia oil. However, essential oils contain numerous components, and other major and/or minor compound(s) may also play a role in their acaricidal activity.
The chemical composition of S. africana and H. cheirifoliα oils can provide valuable acaricide activity in the field, with significantly lower LC50 values (2.35 and 3.43 mg L-1) compared with other acaricides, such as fenbutatin oxide, which has an LC50 value of 20.6 mg L-1.31
The highest mortality rates were obtained in both oils when all the constituents were present in the mixture (>90% mortality).
Knowing the role of each constituent in toxicity and the effects on fecundity of these oils makes it possible to create an artificial blend of different constituents on the basis of their activities and their effect on the pest.
The quantitative composition of the essential oils of many aromatic plants is also greatly influenced by both the genotype and agronomic conditions, such as harvesting time, plantage and crop density.40 S. africana and H. cheirifolia provide an essential oil yield of <0.8%.
Thus, although these oils provide good mortality and reduce the number of eggs laid by T. urticae females, their poor yields limit their large-scale applicability. Therefore, further development will be needed to implement these oils in pesticide applications, and more efficient methods of oil extraction and plant culture are required.
Figure 3. Mortality caused by the oil, full mixture and individual constituents to T. urticae when applied at levels equivalent to those found in the 100% lethal concentration of the pure oil of S. africana (LC100 = 4.06 mg L-1). Error bars represent the standard error of the mean of ten replicates, each replicate containing 25 females. Means corresponding to each treatment with different letters are significantly different from each other (Newman -Keuls test, P < 0.05).
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Figure 4. Mortality caused by the oil, full mixture and individual constituents to T. urticae when applied at levels equivalent to those found in the 100% lethal concentration of the pure oil of H. cheirifolia (LC100 = 5.37 mg L-1). Error bars represent the standard error of the mean of ten replicates, each replicate containing 25 females. Means corresponding to each treatment with different letters are significantly different from each other (Newman -Keuls test, P < 0.05).
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Table 4. Comparison between the cumulative number of eggs laid by females treated with three different concentrations (0.07. 0.09 and 0.29 mg L-1) of S. africana and H. cheirifolia essential oils and with the control solution. Parameters: Top = the plateau value indicating the maximum number of offspring, or the number of eggs laid after 12 days. LT50 is the period of time (days) that provided a response half-way between 0 and the maximum number of eggs (plateau); h = the hill slope
	
	0.07 mg/L-1
	0.09 mg/L-1
	0.29 mg/L-1
	

	
	S. africana
	H. cheirifolia
	S. africana + H. cheirifolia
	S. africana
	H. cheirifolia
	S. africana + H. cheirifolia
	S. africana
	H. cheirifolia
	S. africana + H. cheirifolia
	Control 
(ethanol + water)

	Top
	26.90
	38.56
	19.30 
(16.08-to
22.51)
	23.69
	12.02
	10.17 
(9.418-to
10.93)
	25.74
	10.67
	7.596 
(7.044-to
8.148)
	50.61

	
	(25.42-to 28.38)
	(36.54-to 40.59)
	
	(22.61-to 24.78)
	(11.43-to 12.62)
	
	(24.33-to 27.15)
	(10.03-to 11.30)
	
	(48.73-to 52.50)

	TL50
	3.504
	4.009
	2 245
	3.130
	3.293
	2.357 
1.355-to
3.358)
	4.038
	3.412
	2.403 
(1.359-to
3.447)
	1.859

	
	3.052-to 3.956)
	(3.529-to 4.489)
	(-3.234-to 7.724)
	(2.505-to 3.754)
	(2.836-to 3.750)
	
	(3.457-to 4.620)
	(2.752-to 4.071)
	
	(0.3807-to 3.337)

	Hill slope
	0.5834
	0.4333
	0.1846
	0.4206
	0.5500
	0.6058
	0.3572
	0.4453
	0.5603
	0.2934

	
	(0.2945-to 0.8722)
	(0.2634-to 0.6032)
	(0.001323-to 0.3678)
	(0.2495-to 0.5918)
	(0.3015-to 0.7985)
	(0.07095-to 1.141)
	(0.2225-to 0.4918)
	(0.2223-to 0.6684)
	(0.09623-to 1.024)
	(0.1850-to 0.4017)

	R2
	0.5406
	0.6456
	0.4152
	0.6493
	0.5876
	0.2941
	0.6740
	0.5384
	0.3232
	0.7655
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