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Baits and lures for trapping and monitoring the invasive vinegar fly Drosophila suzukii Matsumura (Diptera: Drosophilidae) are currently derived from fermentation volatiles. Volatile organic compounds from alternative sources could improve monitoring efforts and optimize capture of gravid females. Through electroantennography and behavioral assays, we evaluated male and female D. suzukii responses to blends of selected synthetic fruit volatiles in combination with the fruit compound isoamyl acetate and the strawberry leaf terpenoid β-cyclocitral. Blends that were attractive to both male and female D. suzukii were then evaluated for attractiveness to a non-target drosophilid, Drosophila melanogaster. A simple 3-component blend of isoamyl acetate, β-cyclocitral and methyl butyrate was attractive to D. suzukii, particularly females, relative to fresh blueberry volatiles. The 3-component blend was not attractive to D. melanogaster. Additional research is needed to determine the effectiveness of this blend to attract D. suzukii under field conditions.
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INTRODUCTION

Phytophagous insects utilize volatile organic compounds (VOCs) emitted from plants for host location (Metcalf and Metcalf, 1992; Bruce et al., 2005), and varying blends of the abundant VOCs can have differing effects on an insect’s searching behavior (Bruce and Pickett, 2011). For example, certain mixtures of VOCs have been shown to be more attractive than their individual components for Manduca sexta (L.) (Lepidoptera: Sphingidae) (Fraser et al., 2003), Aphis fabae Scopoli (Hemiptera: Aphididae) (Webster et al., 2008), Anastrepha ludens (Loew) (Diptera: Tephritidae) (Robacker et al., 1992) and the drosophilids Drosophila melanogaster (Meigen) (Zhu et al., 2003), and Drosophila suzukii Matsumura (Piñero et al., 2019), among other species. Such blends of volatiles can play a vital role in integrated pest management (IPM) systems (Metcalf and Metcalf, 1992; Szendrei and Rodriguez-Saona, 2010), especially for monitoring purposes (Rodriguez-Saona and Stelinski, 2009), mass trapping (El-Sayed et al., 2006) and push-pull applications (Cook et al., 2007).

Drosophila suzukii, also known as the spotted-wing drosophila, is an invasive vinegar fly native to Southeast Asia, but whose distribution now includes many of the small and stone fruit growing regions of the world (Lee et al., 2011a,b; Calabria et al., 2012; Cini et al., 2012; Deprá et al., 2014; Ørsted and Ørsted, 2018). Damage done by D. suzukii comes from its ability to oviposit into ripe or ripening soft fruit with a serrated ovipositor (Walsh et al., 2011; Asplen et al., 2015; Karageorgi et al., 2017). Such damaged fruit then becomes unmarketable through larval feeding (Walsh et al., 2011; Ioriatti et al., 2015) which can reach devastating levels if fly populations are left unmanaged (Bolda et al., 2010; Goodhue et al., 2011).

Current methods for fruit damage prevention begin with an effective monitoring program. Commercially available baits for monitoring D. suzukii include fermentation products, such as apple cider vinegar, grape wine, baker’s yeast, sugar, and water mixture, acetic acid, and ethanol (Cha et al., 2012; Landolt et al., 2012a,b; Iglesias et al., 2014; Kleiber et al., 2014). Generally, fermentation volatiles have been associated with D. suzukii feeding sites and fruit volatiles are used to locate oviposition sites (Karageorgi et al., 2017; Mori et al., 2017). A more D. suzukii-specific lure derived from the headspace components of rice vinegar and wine has been developed and incorporated into commercial lures (Cha et al., 2012, 2014, 2017).

Drosophila suzukii has been reported to oviposit on 130 different hosts (Diepenbrock and McPhie, 2018). The overlapping volatile profiles of suitable host fruits may be the cause for such a broad range of potential fruit hosts (Lance, 1983), and identifying species-specific volatiles has been a challenge. Electroantennogram (EAG) tests have revealed that D. suzukii can detect blends of many VOC compounds emanating from ripening fruit (Abraham et al., 2015; Revadi et al., 2015; Karageorgi et al., 2017; Liu et al., 2018). However, for many phytophagous insects competing background odors from ripening fruit often outcompete synthetic attractants (Schröder and Hilker, 2008), and such a phenomenon may be true for D. suzukii as well (Hamby et al., 2014; Hampton et al., 2014; Abraham et al., 2015; Alnajjar et al., 2017).

The strawberry leaf terpenoid, β-cyclocitral, has been previously reported to be specifically attractive to D. suzukii, but not detected by D. melanogaster and some other commonly occurring drosophilid species (Keesey et al., 2015). Using EAG and behavioral bioassays, Bolton et al. (2019) quantified the attractiveness of nine fruit plant volatiles, including β-cyclocitral, to D. suzukii. These authors reported that β-cyclocitral had a synergistic effect on the attractiveness of ethyl hexanoate and an additive effect when combined with methyl butyrate, ethyl acetate, and isoamyl acetate (Bolton et al., 2019). Piñero et al. (2019) demonstrated that the addition of β-cyclocitral to tart cherry juice synergistically increased attraction in female D. suzukii.

Many drosophilids are attracted to the fruit VOC isoamyl acetate, a ubiquitous odor found in the ripening to early fermenting stages of many fruits (Stökl et al., 2010; Keesey et al., 2015; Revadi et al., 2015). Isoamyl acetate has been shown to reduce attraction in D. suzukii when it is combined with ethanol and acetic acid (Cha et al., 2012). However, D. suzukii attraction to isoamyl acetate may depend upon the concentration used and additional components of a mixture (Revadi et al., 2015). It is known that Hanseniaspora uvarum, a yeast microbe closely associated to D. suzukii (Hamby et al., 2012), emits isobutyl and isoamyl acetate as volatiles and it is reported that D. suzukii had higher antennal sensitivity to isoamyl acetate than D. melanogaster did (Scheidler et al., 2015).

The overall goal of this study was to explore the sensitivity and responsiveness of D. suzukii toward β-cyclocitral and isoamyl acetate when combined with several other selected fruit volatiles. The specific objectives of this study were: (1) To quantify electroantennographic responses of male and female D. suzukii to increasingly complex fruit volatile blends, (2) To characterize the level of male and female attraction to selected volatiles in 3, 4, 5, 6, and 7-component blends, (3) To determine the attraction level of selected blends to a non-target drosophilid, and (4) To compare the level of attraction of male and female D. suzukii to selected mixtures of VOCs to a common host fruit.



MATERIALS AND METHODS


Fly Colony

Drosophila suzukii flies were reared in 177 mL polypropylene square bottom bottles and fed Nutri-fly™ instant formulation diet (Genesee Scientific, San Diego, CA, United States). Stock bottles were held in an environmental growth chamber set at 24°C and a photoperiod of 16L:8D. The initial colony of flies were obtained in 2014 from a laboratory colony maintained at the Trevor Nichols Research Center (Michigan State University), Fennville, MI.



Volatile Organic Compound Treatments

The following VOCs, associated mostly with fruit ripening, were combined into mixtures with the ester isoamyl acetate (98%, CAS No. 123-92-2) and the strawberry foliar terpenoid, β-cyclocitral (≥95%, CAS No. 432-25-7), and examined for their level of attractiveness to D. suzukii: hexyl acetate (≥98%, CAS No. 142-92-7), methyl butyrate (99%, CAS No. 623-42-7), methyl isovalerate (≥98%, CAS No. 556-24-1), 2-heptanone (99%, CAS No. 110-43-0), ethyl hexanoate (≥98%, CAS No. 123-66-0), ethyl acetate (99.8%, CAS No. 141-78-6), and butyl acetate (≥99%, CAS No. 123-86-4). Isoamyl acetate and β-cyclocitral were selected to form the base of all tested blends based on previous laboratory results (Bolton et al., 2019). All VOC treatments were prepared at diluted concentrations of 10–2–10–8 from the neat solution using laboratory-grade mineral oil as the solvent. Blends were mixed in equal proportions (vol:vol) of each component. Mineral oil alone was tested as a control stimulus. All compounds were purchased from Sigma-Aldrich (St. Louis, MO, United States).



Electrophysiological Bioassays

The degree of antennal sensitivity of D. suzukii to the various blends of volatiles were determined by measuring the response amplitude in electroantennogram (EAG) tests. The examined mixtures consisted of 2- to 7-component blends from the VOCs listed above. The 2–3 component set consisted of eight different blends, the 4-component and the 5-component sets consisted of 10 different blends, and the 6- to 7-component sets consisted of six different blends (Tables 1–8), totaling 24 blends tested in this study. All individual mixtures in a particular component set were exposed randomly to a single fly’s antenna (for three VOC puffs per mixture), and there were 10 flies (per sex) tested per component set.


TABLE 1. Electroantennogram (EAG) responses (mean ± SEM) of female D. suzukii to different concentrations of mixtures with 2–3 compounds.
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TABLE 2. Electroantennogram (EAG) responses (mean ± SEM) of male D. suzukii to different concentrations of mixtures with 2-3 compounds.
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TABLE 3. Electroantennogram (EAG) responses (mean ± SEM) of female D. suzukii to different concentrations of mixtures with 4 compounds.
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TABLE 4. Electroantennogram (EAG) responses (mean ± SEM) of male D. suzukii to different concentrations of mixtures with 4 compounds.
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TABLE 5. Electroantennogram (EAG) responses (mean ± SEM) of female D. suzukii to different concentrations of mixtures with 5 compounds.
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TABLE 6. Electroantennogram (EAG) responses (mean ± SEM) of male D. suzukii to different concentrations of mixtures with 5 compounds.
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TABLE 7. Electroantennogram (EAG) responses (mean ± SEM) of female D. suzukii to different concentrations of mixtures with 6-7 compounds.
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TABLE 8. Electroantennogram (EAG) responses (mean ± SEM) of male D. suzukii to different concentrations of mixtures with 6-7 compounds.
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The EAG preparations consisted of an individual D. suzukii (7–10 days old) first secured in a micropipette tip (the end of the pipette tip was cut to expose the fly’s head). Glass capillary tubes were pulled to form glass probes, which were then filled with Drosophila Ringer’s solution. The probes were inserted over Ag-AgCl wires into micromanipulators (MP-15; Syntech, Hilversum, Netherlands). The first (or grounding) probe was inserted into the eye of the fly and the second (or recording) probe was then positioned on the surface of the anterior third segment of the fly’s antenna.

A stream of humidified and charcoal-purified air was constantly passed over the antennal preparation (0.4 liters/min) through a 15 mm diameter glass tube (constant air tube) that was proximal to the antennae. From each of the tested VOC mixtures, a single 10 μl drop of the diluted VOC sample stock was placed onto 1 cm2 filter paper disks, then placed into a borosilicate glass Pasteur pipette (puff cartridge) (15 cm length × 6 mm dia), with the tip of the cartridge inserted into the constant air tube. The insertion point of the puff cartridge was positioned 13 cm from the end of the constant air tube where the fly’s antennal preparation was stationed. These VOC puff cartridge preparations were freshly created for each new set of tested insect antennae. Control puffs consisted of air passed over a filter paper disk treated with a 10 μl droplet of mineral oil.

The EAG signals from the antennae were passed through a 2-channel signal acquisition interface controller (IDAC-2; Syntech, Hilversum, Netherlands) then recorded and processed using Syntech software (GC-EAD 2010). Both constant airflow and air puffs were generated with a stimulus flow controller (CS-55; Syntech, Hilversum, Netherlands). Three puffs of the same VOC treatment (one second in duration at 100 ml/min) were delivered 30 s apart for each stimulus and averaged, with one minute allowed between every new dilution and treatment compound. Seven dilutions of each treatment were tested in ascending order, ranging from the lowest (10–8) to the highest (10–2) concentrations. Before and after recording a mixture series, a control stimulus (mineral oil) and a standard stimulus of Z-3-hexen-1-ol were applied (Bolton et al., 2019). All amplitudes of the responses were measured as an absolute value.



Behavioral Bioassays With Drosophila suzukii

We sought to conduct a comprehensive assessment of male and female D. suzukii responses to simpler and more complex mixtures, and this necessitated the inclusion of a large number of treatments. The level of behavioral attraction that D. suzukii exhibited toward the various component VOC mixtures was evaluated in screened cages (33 cm3) (BugDorm-43030F, MegaView Science Co., Ltd., Taichung, Taiwan).

In each cage, a 5 ml polystyrene cup (33 mm diameter) (Globe Scientific Inc., Mahwah, NJ, United States, Item No. 3601) was placed in two diagonally opposing corners. One of the cups contained 200 μl of mineral oil (control) and the other cup contained 200 μl of one of the mixture treatments diluted in mineral oil to a 10–2 dose. The mineral oil facilitated capture and drowning of flies as they entered and explored the interior of each cup (Bolton et al., 2019). Twenty D. suzukii (same sex), 7–10 days old and anesthetized with CO2, were placed in a small petri dish and released into a cage after an hour of recovery. A moist paper towel was placed in the center of the cage as a water source for the flies. The cages were then placed in a desktop environmental chamber (interior dimensions: 67 × 76 × 43 cm) programmed for a 16L:8D photoperiod and constant temperature of 23°C (Percival, Model 130BLL, Perry, IA, United States). After 24 h, the cages were removed, and the number of flies captured in the control and treatment cups were counted and recorded. Both male and female flies were tested, and each VOC component blend mixture had six replicate cages per fly sex per dose.



Behavioral Bioassays With Drosophila melanogaster

Nineteen synthetic VOC component mixtures that were electrophysiologically sensitive to both male and female D. suzukii and that also induced a high fly recapture rate in the cage bioassays were used in cage studies with D. melanogaster. This experiment determined the relative selectivity of each selected VOC mixture blend [isoamyl acetate + β-cyclocitral (known as “base”), base + methyl butyrate, base + 2-heptanone, base + methyl isovalerate, base + ethyl acetate, base + ethyl hexanoate, base + ethyl acetate + methyl butyrate, base + methyl isovalerate + ethyl hexanoate, base + ethyl acetate + 2-heptanone, base + ethyl hexanoate + ethyl acetate + methyl butyrate, base + ethyl hexanoate + 2-heptanone + methyl butyrate, base + methyl isovalerate + ethyl acetate + methyl butyrate, base + methyl isovalerate + ethyl acetate + 2-heptanone, base + ethyl hexanoate + ethyl acetate + 2-heptanone, base + methyl isovalerate + ethyl hexanoate + ethyl acetate + 2-heptanone, base + methyl isovalerate + ethyl acetate + 2-heptanone + methyl butyrate, base + methyl isovalerate + ethyl hexanoate + 2-heptanone + methyl butyrate, base + methyl isovalerate + ethyl hexanoate + ethyl acetate + methyl butyrate, base + methyl isovalerate + ethyl hexanoate + ethyl acetate + 2-heptanone + methyl butyrate], with D. melanogaster acting as a model non-target species. The experimental design for the cage bioassays was the same as described above for D. suzukii (except that only 19 selected VOC mixtures were used).



Comparison of Selected Mixtures Against Blueberry Volatiles

Lures used for trapping often have to compete against ripening fruit volatiles in fields and orchards, and less attractive lures and traps that don’t effectively capture or kill D. suzukii can result in a spillover effect, leading to an increase in fruit infestation (Hampton et al., 2014; Alnajjar et al., 2017). To determine whether the selected VOC component blends were more attractive than a common fruit host, the four most promising blends from the cage bioassays that were attractive to D. suzukii but not to D. melanogaster, were compared against blueberry fruit with a moderate level of attractiveness to D. suzukii (Abraham et al., 2015; Urbaneja-Bernat et al., 2021). Blueberry was used due to its availability, the space limitations of the trap cups, and the need to avoid cutting fruit due to the emission of induced volatiles. Thirty to 40 D. suzukii flies (sex ratio 1:1) were prepared in the same way as previously described. Trap cups were also prepared in a similar manner, with the VOC mixture being placed in one trap and one uncut blueberry (1.5–2.0 g) placed in another cup with 200 μL of mineral oil underneath the blueberry. Other elements of the experimental design were identical to the previously described behavioral assays.



Data Analysis

The EAG treatments were arranged as a 2 × 8 factorial (2 sexes and 7 doses + control) in which the main plot effect was “sex” and the sub-plot effect was “dose” and “sex” by “dose.” EAG responses (amplitudes) were analyzed with a split plot analysis of variance (ANOVA) using SAS PROC GLIMMIX (SAS 9.4, SAS Institute Inc., 2017 Cary, NC, United States) as described in Littell et al. (1998). A Dunnett’s post hoc test was used to assess mean differences from controls. The EAG responses that are statistically distinguishable from the control indicated a threshold dose. Threshold dose is defined as the lowest concentration of a blend that induces a response significantly different from control responses (Raguso et al., 1996). Behavioral assay data (x + 0.01 to account for zero values) were prepared using Logit Link, a binomial distribution and a completely randomized design. Data were analyzed with ANOVA using SAS PROC GLIMMIX and the model using a ratio of T/T + C, where T is the number of flies that chose the treatment and C is the number of flies that chose the control.




RESULTS


Electrophysiological Responses


2-3 Compound Mixtures

Electroantennogram (EAG) responses of all 2- and 3-component blends increased as concentration increased. However, there was no interaction between sex and concentration for any of the mixtures [ANOVA, Mixture 2A, F(1,7) = 0.20, P = 0.9856; Mixture 3A, F(1,7) = 0.32, P = 0.9427; Mixture 3B, F(1,7) = 0.24, P = 0.9742; Mixture 3C, F(1,7) = 0.76, P = 0.6245; Mixture 3D, F(1,7) = 0.32, P = 0.9432; Mixture 3E, F(1,7) = 0.10, P = 0.9981; Mixture 3F, F(1,7) = 0.12, P = 0.9970; Mixture 3G, F(1,7) = 0.55, P = 0.7918]. Female EAG responses were detectable at a minimum threshold at the 10–4 dose (Table 1), except for mixtures 2A, 3A, and 3G which were detected at 10–5, and 3B and 3D which were detected at10–6 and 10–7 concentrations, respectively. Overall, males were more sensitive to the blends (i.e., responded to lower threshold doses) than the females. All male EAG responses at the 10–5 dose were significantly different from the control (Table 2). Three mixtures had a male sensitivity threshold at the 10–6 dose (Mixtures 3C, 3D, and 3G) and one mixture was first detected by males at the 10–7 dose (Mixtures 3A).



4-Compound Mixtures

The EAG responses to the ten 4-compound mixtures that were evaluated increased significantly with increased concentration for both sexes, although there was no interaction between sex and concentration for any of the mixtures [Mixture 4A, F(1,7) = 0.72, P = 0.6589; Mixture 4B, F(1,7) = 0.29, P = 0.9583; Mixture 4C, F(1,7) = 0.55, P = 0.7928; Mixture 4D, F(1,7) = 0.71, P = 0.6628; Mixture 4E, F(1,7) = 0.35, P = 0.9292; Mixture 4F, F(1,7) = 0.18, P = 0.9896; Mixture 4G, F(1,7) = 0.60, P = 0.7571; Mixture 4H, F(1,7) = 1.36, P = 0.2276; Mixture 4I, F(1,7) = 0.10, P = 0.9980; Mixture 4J, F(1,7) = 0.22, P = 0.9809].

The threshold dose for female EAG responses was the 10–4 dose for mixtures 4D, 4G, 4I, 4J, and the 10–5 dose for mixtures 4A, 4B, 4C, 4E, 4F, and 4H (Table 3). Male responses (Table 4) showed similar results at a 10–4 threshold (Mixtures 4A, 4B, 4F, and 4G) or 10–5 (4C, 4H, and 4I). Mixture 4D was different from the control at the 10–6 dose and mixture 4J was first detected at 10–3.



5-Compound Mixtures

For all ten mixtures comprising five compounds, there were interactions between sex and the concentration of the mixture [Mixture 5A, F(1,7) = 5.97, P < 0.001; Mixture 5B, F(1,7) = 4.40, P = 0.0002; Mixture 5C, F(1,7) = 2.21, P = 0.0369; Mixture 5D, F(1,7) = 5.38, P < 0.001; Mixture 5E, F(1,7) = 4.99, P < 0.001; Mixture 5F, F(1,7) = 6.10, P < 0.001; Mixture 5G, F(1,7) = 2.15, P < 0.001; Mixture 5H, F(1,7) = 2.79, P = 0.0095; Mixture 4I, F(1,7) = 5.96, P < 0.001; Mixture 5J, F(1,7) = 4.20, P = 0.0003]. Males and females responded differently depending on the concentration level of the mixture. For example, male responses at the two highest doses (10–3 and 10–2) for all 5-component mixtures were significantly higher than female responses at those doses (Table 6). Additionally, male responses at 10–4 doses for mixtures 5D and 5E were higher than female responses. In general, males detected mixtures at lower concentrations (Table 6) than females (Table 5). Males had a threshold dose between 10–6 and 10–5 (Table 6), with two mixtures being detected at the lowest concentration (Mixture 5H and 5J). Females were less sensitive than the males to these mixtures, with five mixtures being first detected at the 10–4 concentration (5B, 5E, 5F, 5G, and 5J) two mixtures detected at 10–5 (5D and 5I) and three mixtures detected at 10–6 (5A, 5C, and 5H).



6-7 Compound Mixtures

Only three mixtures with six compounds present and the compound with seven compounds present had interactions between sex and concentration of the mixtures [Mixture 6A, F(1,7) = 2.16, P = 0.0411; Mixture 6D, F(1,7) = 3.11, P = 0.0043; Mixture 6E, F(1,7) = 3.53, P = 0.0016; Mixture 7A, F(1,7) = 2.19, P = 0.0387]. The remaining mixtures had no interaction [Mixture 6B, F(1,7) = 1.10, P = 0.3681; Mixture 6C, F(1,7) = 1.44, P = 0.1956]. Female responses to Mixture 6A (Table 7) were significantly lower than male responses at the 10–3, 10–4, 10–5, and 10–6 doses (Table 8). Male responses to mixtures 6D and 6E were different from females at 10–2, 10–3, 10–4, and 10–5 doses. Male responses to mixture 7A were only significantly different from females at 10–3, 10–4, and 10–5 doses. Males detected mixtures at the 10–7 threshold dose (Table 8) and were more sensitive to these mixtures than females (Table 7).




Behavioral Responses of Drosophila suzukii


2-3 Compound Mixtures

While the overall main effects for treatment and sex were insignificant [F(8,90) = 0.46 P = 0.8810; F(1,90) = 0.32 P = 0.5715], there was an interaction between the two [F(8,90) = 2.98 P = 0.0052]. The 2-component mixture of isoamyl acetate + β-cyclocitral (the base combination for all 3-component VOC treatments) captured significantly more male and female D. suzukii than the competing control treatment (base, t = 3.02, d.f. = 90, P = 0.0033; t = 2.46, d.f. = 90, P = 0.0160). In fact, all of the 3-component mixtures captured significantly more male flies than the control treatments (base + methyl butyrate, t = 2.85, d.f. = 90, P = 0.0055; base + 2-heptanone, t = 3.23, d.f. = 90, P = 0.0017; base + methyl isovalerate, t = 3.78, d.f. = 90, P = 0.0003; base + ethyl acetate, t = 2.02, d.f. = 90, P = 0.0461; base + ethyl hexanoate, t = 3.25, d.f. = 90, P = 0.0016; base + butyl acetate, t = 4.52, d.f. = 90, P < 0.0001; base + hexyl acetate, t = 3.83, d.f. = 90, P = 0.0002). The component mixture containing butyl acetate attracted the greatest mean number of male D. suzukii (Figure 1). For female D. suzukii, all of the 3-component mixtures (base + methyl butyrate, t = 4.62, d.f. = 90, P < 0.0001; base + 2-heptanone, t = 3.91, d.f. = 90, P = 0.0002; base + methyl isovalerate, t = 3.85, d.f. = 90, P = 0.0002; base + ethyl acetate, t = 4.80, d.f. = 90, P < 0.0001; base + ethyl hexanoate, t = 4.63, d.f. = 90, P < 0.0001), except those containing butyl acetate and hexyl acetate (base + butyl acetate, t = −1.26, d.f. = 90, P = 0.2125; base + hexyl acetate, t = 1.16, d.f. = 90, P = 0.24803), attracted significantly more females that the competing control treatments.
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FIGURE 1. Response of male and female D. suzukii to mixtures of one fruit volatile added to isoamyl acetate and β-cyclocitral (VOC) against the mineral oil solvent (Control). P-values with * indicate P < 0.05 and “ns” indicates a non-significant difference where P > 0.05.


The 3-component mixture containing the base + ethyl acetate captured the greatest mean number of females (Figure 1). Interestingly, the mean female responses to the methyl butyrate-containing blend were almost double to that of the male responses, and the female responses to base + ethyl acetate was nearly three times greater than the male responses. Conversely, the responses to the base + 2-heptanone, methyl isovalerate and ethyl hexanoate treatments were similar for both sexes. Overall, the greatest increase in mean female captures involving the base 2-component mixture (isoamyl acetate + β-cyclocitral) occurred with the addition of either methyl butyrate, ethyl acetate or ethyl hexanoate. The addition of one of those components resulted in nearly a threefold increase in female captures (Figure 1).



4-Compound Mixtures

Adding two additional volatiles to the base mixture (isoamyl acetate + β-cyclocitral) captured significantly more male and female D. suzukii than the competing control treatments [F(9,100) = 2.22, P = 0.0263]. The pair of compounds added to the 2-component base mixture that increased captures of both males and females in the capturing devices were the (1) ethyl acetate + 2-heptanone (male, t = 3.30, d.f. = 100, P = 0.0013; female, t = 3.55, d.f. = 100, P = 0.0006), (2) ethyl acetate + methyl butyrate (male, t = 2.67, d.f. = 100, P = 0.0089; female, t = 3.12, d.f. = 100, P = 0.0023), and (3) methyl isovalerate + ethyl hexanoate treatments (male, t = 4.28, d.f. = 100, P < 0.0001; female, t = 4.05, d.f. = 100, P = 0.0001) (Figure 2). The treatments that attracted significantly more males, but not females, over the control treatments were (1) ethyl hexanoate + 2-heptanone (male, t = 2.10, d.f. = 100, P = 0.0382; female, t = 1.16, d.f. = 100, P = 0.2477), (2) 2-heptanone + methyl butyrate (male, t = 2.85, d.f. = 100, P = 0.0053; female, t = 0.49, d.f. = 100, P = 0.6243), and (3) methyl isovalerate + ethyl acetate treatments (male, t = 3.58, d.f. = 100, P = 0.0005; female, t = 1.44, d.f. = 100, P = 0.1519). The treatments that attracted significantly more females, but not males, over the control treatments were (1) ethyl acetate + ethyl hexanoate (male, t = 1.80, d.f. = 100, P = 0.0755; female, t = 2.08, d.f. = 100, P = 0.0401) and (2) methyl isovalerate + 2-heptanone (male, t = 1.05, d.f. = 100, P = 0.2953; female, t = 2.12, d.f. = 100, P = 0.0365). The two treatments that did not reveal a significant difference between male and female captures from the controls were (1) ethyl hexanoate + methyl butyrate (male, t = 1.79, d.f. = 100, P = 0.0772; female, t = 0.95, d.f. = 100, P = 0.3461) and (2) methyl isovalerate + methyl butyrate (male, t = 0.89, d.f. = 100, P = 0.3757; female, t = 1.89, d.f. = 100, P = 0.0611).
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FIGURE 2. Response of male and female D. suzukii to mixtures of two fruit volatiles added to isoamyl acetate and β-cyclocitral (VOC) against the mineral oil solvent (Control). P-values with * indicate P < 0.05 and “ns” indicates a non-significant difference where P > 0.05.


The treatment that captured the greatest mean number of female D. suzukii was the base + ethyl acetate + 2-heptanone (with nearly 72% making a choice), and the most attractive treatment for the males was the base + methyl isovalerate + ethyl hexanoate (with nearly 38% of the males making a choice) (Figure 2).



5-Compound Mixtures

The majority of the 5-component mixtures (all having the 2-component base mixture of isoamyl acetate + β-cyclocitral) were more attractive to both male and female flies than the respective controls [F(9,100) = 2.48, P = 0.0135]. Of the ten treatments, only two were not attractive to males: (1) base + methyl butyrate + ethyl acetate + 2-heptanone (male, t = 0.75, d.f. = 100, P = 0.4566; female, t = 5.40, d.f. = 100, P < 0.001), and (2) base + methyl isovalerate + methyl butyrate + 2-heptanone (male, t = 1.34, d.f. = 100, P = 0.1844; female, t = 4.17, d.f. = 100, P < 0.0001) (Figure 3). The two most female-attractive treatments were (1) base + ethyl acetate + 2-heptanone + methyl butyrate (Figure 3) and (2) base + methyl isovalerate + ethyl acetate + methyl butyrate (male, t = 3.62, d.f. = 100, P = 0.0005; female, t = 4.60, d.f. = 100, P < 0.0001). Two treatments, (1) base + ethyl hexanoate + ethyl acetate + methyl butyrate (male, t = 4.39, d.f. = 100, P < 0.0001; female, t = 3.95, d.f. = 100, P = 0.0001) and (2) base + methyl isovalerate + ethyl hexanoate + methyl butyrate (male, t = 4.55, d.f. = 100, P < 0.0001; female, t = 3.23, d.f. = 100, P = 0.0017), were the most attractive to males, both having about 40% of the males responding and making a choice (Figure 3). The remaining mixtures that were attractive to males and females were (1) base + 2-heptanone + methyl butyrate + ethyl hexanoate (male, t = 3.14, d.f. = 100, P = 0.0022; female, t = 4.33, d.f. = 100, P < 0.0001), (2) base + 2-heptanone + ethyl acetate + ethyl hexanoate (male, t = 3.96, d.f. = 100, P = 0.0001; female, t = 4.48, d.f. = 100, P < 0.0001), (3) base + methyl isovalerate + 2-heptanone + ethyl acetate (male, t = 3.83, d.f. = 100, P = 0.0002; female, t = 4.26, d.f. = 100, P < 0.0001), (4) base + methyl isovalerate + 2-heptanone + ethyl hexanoate (male, t = 3.31, d.f. = 100, P = 0.0013; female, t = 2.12, d.f. = 100, P = 0.0365), and (5) base + methyl isovalerate + ethyl acetate + ethyl hexanoate treatments (male, t = 4.01, d.f. = 100, P = 0.0001; female, t = 3.68, d.f. = 100, P = 0.0004).
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FIGURE 3. Response of male and female D. suzukii to mixtures of three fruit volatiles added to isoamyl acetate and β-cyclocitral (VOC) against the mineral oil solvent (Control). P-values with * indicate P < 0.05 and “ns” indicates a non-significant difference where P > 0.05.




6-7 Compounds

While the overall main effects for treatment and sex for the five 6-compound mixtures and single 7-compound mixture were insignificant [F(5,60) = 1.24, P = 0.3016 F(1,60) = 0.01 P = 0.9043], there was an interaction between the two [F(5,60) = 3.29, P = 0.0163]. The two treatments that were the most attractive to female D. suzukii were (1) methyl isovalerate + ethyl hexanoate + ethyl acetate + methyl butyrate (t = 4.60, d.f. = 50, P < 0.0001) and (2) methyl isovalerate + ethyl hexanoate + 2-heptanone + methyl butyrate (t = 4.53, d.f. = 50, P < 0.0001), both treatments having close to a 71 and 51% response, respectively, of the released females (Figure 4). The treatment most attractive to males was also methyl isovalerate + ethyl hexanoate + ethyl acetate + methyl butyrate (t = 4.39, d.f. = 50, P < 0.0001). It is interesting to note that when methyl isovalerate was removed from the blend of volatiles, the percentage of female response dropped from 71 to 10% capture. No such drastic a reduction in male captures was evident with the removal of any compound (Figure 4). Additionally, when 2-heptanone was removed from the 7-component blend, the percentage of male and female flies making a choice nearly doubled.
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FIGURE 4. Response of male and female D. suzukii to all selected fruit volatiles added to isoamyl acetate and β-cyclocitral (VOC) against the mineral oil solvent (Control) and a subtraction strategy where one volatile from the entire blend was removed. P-values with * indicate P < 0.05 and “ns” indicates a non-significant difference where P > 0.05.





Behavioral Responses of Drosophila melanogaster

Of the nineteen mixtures that were evaluated with D. melanogaster six mixtures were found to not be attractive to either sex (Figure 5). For example, isoamyl acetate + β-cyclocitral alone (the base combination for all 3–7 component VOC treatments) was not significantly attractive to either sex (female, t = 0.69, P = 0.4941; male, t = 1.73, P = 0.0851). Such a lack of significant attraction still occurred despite the addition of methyl butyrate (female, t = 1.35, P = 0.1804; male, t = 1.83 P = 0.0693), 2-heptanone (female, t = 1.10, P = 0.2751; male, t = 1.47, P = 0.1438) and methyl isovalerate (female, t = 0.80, P = 0.4247; male, t = 1.96, P = 0.0517). These three mixtures were attractive to both male and female D. suzukii (Figure 1) and had higher responses to these volatiles than D. melanogaster (Figure 5). The 5-compound mixture consisting of base + methyl isovalerate + ethyl acetate + methyl butyrate was not significantly more attractive to male and female D. melanogaster than the solvent control (female, t = 1.19, P = 0.2352; male, t = 1.52, P = 0.1292); however, this 5-component mixture was highly attractive to both sexes of D. suzukii (Figure 3). Finally, a 6-compound mixture that lacked 2-heptanone was not attractive to either sex of D. melanogaster (female, t = 1.20, P = 0.2328; male, t = 1.19, P = 0.2352), but was attractive to male and female D. suzukii, especially with females, with 70.8% making a choice (Figure 4).
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FIGURE 5. Response of male and female D. melanogaster to selected mixtures of fruit volatiles added to isoamyl acetate and β-cyclocitral (VOC) against the mineral oil solvent (Control). P-values with * indicate P < 0.05.




Comparison of Selected Mixtures Against Blueberry Volatiles

Four mixtures (two 3-component blends, one 5- and one 6-component blend) that were attractive to D. suzukii but unattractive to D. melanogaster were compared against volatiles emitted by a single blueberry (Figure 6). Of those four mixtures, only the 3-component mixture with methyl butyrate (added to the 2-component base mixture of isoamyl acetate + β-cyclocitral) was significantly more attractive to females than the blueberry fruit (t = −2.42, P = 0.0173); however, the males were not. The levels of attractiveness of the remaining VOC mixtures toward D. suzukii were not significantly different from that of the blueberry fruit treatments, indicating an adequate level of D. suzukii response to the synthetic mixtures.
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FIGURE 6. Response of male and female D. suzukii to mixtures of fruit volatiles added to isoamyl acetate and β-cyclocitral (VOCs) against a whole blueberry (Blueberry). P-values with * indicate P < 0.05 and “ns” indicates a non-significant difference where P > 0.05.





DISCUSSION

This study has demonstrated that a simple, high concentration blend of isoamyl acetate + β-cyclocitral + methyl butyrate (in equal proportions) is (1) attractive to both sexes of D. suzukii, (2) not attractive to the non-target species D. melanogaster, and (3) is more attractive to females than blueberry fruit. Moreover, methyl isovalerate, methyl butyrate, and ethyl acetate in various combinations with isoamyl acetate + β-cyclocitral were attractive to D. suzukii but not to D. melanogaster.

Our EAG results indicated that as the complexity of the mixtures increased, D. suzukii ability to detect the volatiles at lower concentrations increased. Overall, males were able to detect mixtures with 5–7 components at lower concentrations than females, and male EAG responses were typically higher than those recorded in females. Generally, antennal sensitivity did not correlate with behavioral activity; however, a 3-component mixture of isoamyl acetate + β-cyclocitral + ethyl acetate was detected by females at the lowest threshold of all 3-component mixtures, and females were more sensitive to this mixture than males, both electrophysiologically and behaviorally. Similar results were obtained for males exposed to a 4-component mixture (isoamyl acetate + β-cyclocitral + 2-heptanone + methyl butyrate). However, this pattern was not true for all mixtures that produced significant electrophysiological results for males or females. What is driving the difference between male and female responses is still unclear. D. suzukii has been shown to be attracted to a synthetic blend of volatiles from raspberry headspace in laboratory assays (Abraham et al., 2015) and in cage bioassays, males responded more to the synthetic blend than females. Males were more electrophysiologically and behaviorally sensitive to the fruit volatile benzyl acetate than females.

The individual addition of methyl butyrate, 2-heptanone, ethyl acetate, and ethyl hexanoate to the base component mixture of isoamyl acetate + β-cyclocitral enhanced the attractiveness to females. Males, on the other hand, were not as attracted to base + ethyl acetate, but were attracted to the addition of butyl acetate and hexyl acetate. This data supports the synergistic effects that β-cyclocitral has on several fruit volatiles, specifically on ethyl acetate and ethyl hexanoate (Bolton et al., 2019). Previously, Piñero et al. (2019) documented synergistic interactions between β-cyclocitral and isoamyl acetate in male but not female D. suzukii. Although 2-heptanone was considered antagonistic to D. suzukii attraction (Bolton et al., 2019), the addition of other fruit volatiles negated those effects in this study. However, when 2-heptanone was removed from the 7-component blend, there was a higher numerical response from females.

As the blend of volatiles increased in complexity, there was an increase in attraction to the 5-, 6-, and 7-compound blends. Despite being more attractive than a mineral oil control, the more complex mixtures were not more attractive than the volatiles emanating from whole blueberry. For example, the simple blend of isoamyl acetate + β-cyclocitral + methyl butyrate was more attractive than blueberry to D. suzukii but not to the non-target D. melanogaster. This combination of volatiles may be promising for field trapping and monitoring. For example, a field study that evaluated the effect of adding methyl butyrate at high concentration over a yeast/sugar drowning solution caught more D. suzukii and less non-targets than just the yeast/sugar drowning solution alone (G. Bolton unpublished data). The same study evaluated a high concentration of isoamyl acetate, which had similar results to methyl butyrate. These two compounds are also present in the blush red phase of strawberry and D. suzukii responds earlier electrophysiologically to these compounds than D. melanogaster or D. biarmipes Malloch (Keesey et al., 2015). Therefore, the combination of these two compounds may play an important role in the insect’s ability to locate ripening fruit.

Drosophila suzukii responds to the volatile profiles of many fruit hosts (Burrack et al., 2013) and a species-specific blend or ratio may not be as important in host location for D. suzukii as it is for other pest species (Bruce et al., 2005; Bruce and Pickett, 2011; Abraham et al., 2015; Revadi et al., 2015). Previous research investigating volatiles from several host fruits has led to a wide range of promising compounds attractive to D. suzukii (Abraham et al., 2015; Feng et al., 2018; Dewitte et al., 2021; Urbaneja-Bernat et al., 2021), although there is little volatile overlap between these suggested blends (Cloonan et al., 2018). For example, isoamyl acetate was an attractive component of the volatile profile of wild blueberries (Urbaneja-Bernat et al., 2021), but wasn’t in blackberry (Dewitte et al., 2021), apple (Feng et al., 2018), or raspberry (Abraham et al., 2015). Our results demonstrate that several mixtures and blends of high concentrations of overlapping fruit volatiles including isoamyl acetate, in addition to β-cyclocitral, are attractive to D. suzukii. Such findings support the notion that phytophagous insects rely on commonly distributed plant volatiles blends, despite a probable redundancy in the mixture (Bruce and Pickett, 2011). It is conceivable that overlapping fruit volatiles may extend the host range of an insect and thus promote polyphagy (Lance, 1983). A “super-blend” of overlapping volatiles would not rely on using VOCs from one particular fruit, but instead, use commonly attractive “host” VOCs and certain combinations that the insect is sensitive to (Del Socorro et al., 2010).

Overall, the simplest blend that was most attractive to females in this study was isoamyl acetate + β-cyclocitral + ethyl hexanoate + 2-heptanone, although this blend was also highly attractive to our non-target model, D. melanogaster. Therefore, a simple blend like isoamyl acetate + β-cyclocitral + methyl butyrate, that was attractive to female D. suzukii, not attractive to D. melanogaster, and more attractive than whole blueberry fruit, needs further investigation. Future work is also needed to determine if different ratios of each compound would optimize attraction both in laboratory assays and in field studies. Field studies using the most attractive mixtures need to be conducted to corroborate our laboratory results. Additionally, testing attractive blends against more attractive fruit other than blueberry, such as strawberry and raspberry (Revadi et al., 2015), would determine whether this blend of volatiles capture adequate numbers of D. suzukii with differing competing background cues. These efforts to find an attractive blend of fruit ripening volatiles could improve early monitoring of D. suzukii when fruit is not yet susceptible.
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Mixture! Compounds present EAG response at each concentration

Control 10-8 10-7 10-6 10-5 104 10-3 10-2
6A IA + BC + 2HN + EA + MB + EH 0696 +0.162 1708 +0.141 2.832+0.128* 4.116+0.182"+ 5434 +0.252"  7.642 +£0.307"+ 11.679 4+ 0.443"+  14.310 & 0.633"
6B IA + BC 4+ Ml + MB + 2HN + EA 0.8114£0.222 2223+0250 3.134+0.163* 3.613+£0.350* 5208+ 0.388*  7.340 £0.531*t  10.909 +0.700"t  14.310 £ 0.511*
6C IA + BC + Ml + MB + 2HN + EH 0702 +0.166 1543 +0.179 2.402 +0.180* 3.254 +0.255*  4.706+ 0.304*  7.750 £0.492*+  11.144 + 0.546*+  14.833 + 0.668"
6D IA + BC + MI 4 2HN + EA + EH 0.774+0.174 1572 +0.251 2.463 +0.208* 3.744 +£0.294* 5342 +0.264" 7.996 +0.249*+ 11516+ 0.296"+ 15.087 & 0.419*+
6E IA +BC 4 Ml + MB + EA 4+ EH 0717 +£0.196 1.325+0.111 2208 +0.172* 2.944 +0.183*  4.341 +0.267* 6.195£0.436*t  10.486 £ 0.395"t  13.550 & 0.511*
7A IA+BC+ M +MB+EA+EH+2HN 0713+0.133 220640216 3.284 +0.263* 4193 +0.215* 5959+ 0.421*t  8.494 +£0.487*t+ 11.885+0.615*t  14.903 + 0.868"

1 Mixture code for better clarification of mixture identity. The number in front signifies the number of compounds in the mixture and the letter identifies the mixture.

Asterisk indicates significant difference from control within row (P < 0.05).

tindicates significant difference from female responses in Table 7 (P > 0.05).

Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different from the control response.
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Mixture! Compounds present

EAG response at each concentration

Control 10-8 10-7 10-6 10-5 10~ 10-3 10-2
6A IA + BC + 2HN + EA + MB + EH 0696 +0.110  1.437 £0.182  1.696+0.222  2224+0297  3.083 +£0.392* 5718+0.632" 8877 +0.888  13.328 + 1.095*
6B IA + BC + Ml 4+ MB + 2HN + EA 0.700 £0.096 1257 £0.227  1.789+0.266  2548+0292  3.343 +£0.296* 5499 +0.559*  8.835+ 0.763*  13.722 + 0.939*
6C IA + BC + Ml + MB + 2HN + EH 0676 £0.126  1.396 +£0.153  2.100+0.280  2.960 + 0.385*  3.750 + 0.444* 5421 +0.579* 9263+ 0.851*  14.056 + 1.123*
6D IA + BC + MI 4 2HN + EA + EH 0617 £0.087 1.812+0.184 2251 +0.267 2.865+0.285* 3.533+0.372* 5537 +£0.605° 878140795  13.697 +1.077*
6E IA +BC 4 Ml 4+ MB + EA 4 EH 0.665+0.064 1512+0.240 2027 +0233 2179+0274  2.858 +0.283* 4501 +0.434*  7.477 £0.695*  12.346 + 0.891*
7A IA+BC+M +MB+EA+EH+2HN  0.641£0066  1.497 £0.168  2.095+0.239  3.143+0.336* 3.701 +0.404* 5340+ 0579 9.119+0.823*  14.015 + 0.066*

1 Mixture code for better clarification of mixture identity. The number in front signifies the number of compounds in the mixture and the letter identifies the mixture.
Asterisk indicates significant difference from control within row (P < 0.05).

Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different from the control response.
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Mixture! Compounds present

5A IA + BC + MB + EA + 2HN
5B IA+BC + MB + EA + EH
5C IA + BC + MB + EH + 2HN
5D IA + BC + 2HN + EA + EH
5E IA+BC + MB + Ml + 2HN
5F IA +BC + MB + EH + MI
5G IA+BC + MB + Ml + EA
5H IA+BC + 2HN + MI + EA
5l IA+BC + Ml + 2HN + EH
5J IA+BC + EH + Ml +EA

EAG response at each concentration

Control

0.651 £ 0.102
0.250 + 0.069
0.371 £ 0.082
0.565 + 0.127
0.446 £ 0.113
0.214 + 0.054
0.336 £ 0.093

0.441 4
0.290 4
0.510 4

£ 0.087
£ 0.058
£ 0.081

10-8

1.131 £ 0.098
1.026 + 0.161
1.009 + 0.206
1.014 £ 0.161
1.398 + 0.161
0.913 £ 0.159
1.168 £ 0.183
1.783 + 0.203*
1.054 £ 0.076
1.724 & 0.167*

10

~7

1.403 £0.128
0.965 + 0.260
1.132 £0.153

1.027 £ 0.174
1.230+0.128
0.968 + 0.170
1.128 £ 0.174
1.740 + 0.200*

0.987 4
1.444 4

£0.113
£ 0.134

10-9

2.682 + 0.271*
1.463 + 0.232*
1.930 + 0.194*
2.100 £ 0.210*
2.095 + 0.216*
1.572 + 0.226*
1.786 £ 0.187
2.946 + 0.202*
2.045 £ 0.145*
1.874 £0.175"

10-5

2.909 + 0.248*
2.368 + 0.289*
2.523 + 0.194*
3.116 £ 0.125*
2.687 &+ 0.168"
2.066 + 0.205*
2.599 + 0.223*

3.285 4
2.3914
2.670 4

£ 0.193*
£0.131*
t 0.203*

104

5.393 + 0.347*
4.553 + 0.384*
5.083 + 0.347*
5.633 + 0.342%+
5.452 4+ 0.304*+
4.319 + 0.305*
4.390 + 0.284*

5.700 4
4.928 4
4.565 4

1 Mixture code for better clarification of mixture identity. The number in front signifies the number of compounds in the mixture and the letter identifies the mixture.
Asterisk indicates significant difference from control within row (P < 0.05).
tindicates significant difference from female responses in Table 5 (P > 0.05).

Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different from the control response.

£ 0.234*
£ 0.183"
£ 0.310*

10-3

10.1056 £ 0.348*
9.060 + 0.488*
9.808 + 0.606*
10.344 £+ 0.456*
10.227 £+ 0.359*
8.795 + 0.415*
8.014 £+ 0.493*
10.268 + 0.488"
9.732 4- 0.361*
9.011 £+ 0.400*

10-2

156.692 £ 0.356"
14.179 £ 0.439"
16.241 £ 0.843"
15.716 £+ 0.557~
16.060 £ 0.468"
14.462 £ 0.452"
13.129 £ 0.851*

14.875 4
156.402 4
13.977 4

t 0.670*
£ 0.342*
t 0.616"
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Mixture! Compounds present

EAG response at each concentration

Control 10-8 10-7 10-6 10-5 104 10-3 10-2
5A IA + BC + MB + EA + 2HN 0.640 + 0.170 1.877 + 0.281 1.960 + 0.305 3.031 + 0.409* 3.068 + 0.408* 4761 +0.483* 8.292 + 0.446" 13.143 + 0.488"
5B IA + BC + MB + EA + EH 1.155 + 0.377 1.419 £ 0.314 1.208 + 0.289 1.698 + 0291 2.277 £0.273 4.019 + 0.317* 7.721 + 0.463 11.981 + 0.634*
5C IA + BC + MB + EH + 2HN 0.674 + 0.261 1.332 4+ 0.305 1.375 + 0.276 2,339 + 0.314* 2.504 + 0.322* 4.486 + 0.425* 8.417 + 0.642* 13.382 + 0.708"
5D IA + BC + 2HN + EA + EH 0.709 + 0.309 1.242 4+ 0.222 1.247 4 0.200 2.035 + 0.265 2.619 + 0.270* 4.600 + 0.382* 8.416 + 0.555 12.727 £ 0.810*
5E IA + BC + MB + Ml + 2HN 1.108 + 0.395 1.324 + 0.268 1.241 4+ 0.267 1.382 4+ 0.271 1.855 + 0.296 4.343 + 0.380* 8.088 + 0.612* 12.999 =+ 0.893*
5F IA + BC + MB + EH + MI 0.741 £ 0.223 1.536 + 0.251 1.297 4+ 0.181 1.786 + 0.229 2.027 + 0.265 3.788 + 0.434* 6.974 + 0.560* 11.723 4 0.753*
5G IA + BC + MB + Ml + EA 1.135 4 0.440 1.367 + 0.249 1.194 +0.313 1.703 + 0.331 2.052 +0.318 3.779 + 0.371* 6.848 + 0.464* 11.365 + 0.581*
5H IA + BC + 2HN + Ml + EA 0.788 + 0.282 2.212 + 0.404 1.836 + 0.312 2,775 + 0.397* 3.025 + 0.435 4.931 +0.444* 8.449 + 0.529 12.771 £ 0.763*
5l IA + BC + MI + 2HN + EH 0.840 + 0.298 1.554 + 0.317 1.374 + 0.255 2122 £0.315 2.445 + 0.313* 4152 +0.456* 8.332 + 0.506" 12.762 + 0.674*
5J IA+ BC + EH + MI + EA 0.706 + 0.269 2.088 + 0.397 1.459 + 0.306 2.082 + 0.39%4 2.384 + 0.422 3.900 + 0.431* 7.144 + 0.645% 10.900 + 0.905*

1 Mixture code for better clarification of mixture identity. The number in front signifies the number of compounds in the mixture and the letter identifies the mixture.
Asterisk indicates significant difference from control within row (P < 0.05).

Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different from the control response.
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Mixture! Compounds present

4A IA+BC + EA 4+ 2HN
4B IA+BC + EA + EH
4C IA 4 BC + EH 4 2HN
4D IA 4 BC 4 MB 4 2HN
4E IA + BC + MB + EH
4F IA + BC + MB + EA
4G IA 4+ BC + MB +

4H IA + BC + 2HN + MI
4l IA+BC+EA+M
4J IA 4 BC 4 EH +

EAG response at each concentration

Control

1.423 4
1.537 4
1.342 4
1.141 4
1.202 4
1.078 4
227
1.214 4
1.1568 4
1.368 4

£ 0.187
t0.235
£ 0.136
£ 0.186
t0.247
£ 0.159
£ 0212
£0.143
£ 0.164
t0.288

10

2.354 4
1.567 4
1.747 4
1.900 4
1.240 4
1.632 4
1.745 4
1.724 4
2.244 4
1.746 4

-8

t0.481
£ 0.197
t 0.256
£0.214
£ 0.300
+ 0.252
t0.264
£ 0.198
+0.183
£ 0.241

10

2.4083 4
2.014 4
1.939 4
2.228 4
1.703 4
1.899 4
1.944 4
1.966 4
2.262 4
1.695 4

-7

£ 0.472
t 0.306
t 0.332
£0.211
£ 0.247
0272
£ 0.284
t 0.285
t0.243
£ 0.291

10

2.918 4
2.065 4
2.469 4

-6

£ 0.473
t 0.329
t 0.355

2.589 + 0.248*

1.794 4
1.978 4
2.126 4
2.307 4
2.506 4
1.943 4

t 0.233
t 0.256
t0.275
£ 0.301
£ 0.213
£ 0.316

10-5

3.443 £+ 0.508
2.622 + 0.306
2.860 + 0.343*
2.710 £ 0.251*
2.146 +£ 0.244
2.323 +£ 0.311

2.457 +£0.333
2.732 + 0.268*
2.735 + 0.259*
2.823 £ 0.8356

104

4.101 + 0.477*
2.951 + 0.344*
2.750 + 0.294
3.157 + 0.283"*
2.367 + 0.261
2.995 + 0.264*
2.997 + 0.292*
2.804 + 0.338*
2.95240.807*
2.318 £ 0.335

1 Mixture code used in the text for better clarification of mixture identity. The number signifies the number of compounds in the mixture and the letter identifies the mixture.
IA, isoamyl acetate; BC, B-cyclocitral; MIB, methyl butyrate; 2HN, 2-heptanone; MI, methyl isovalerate; EA, ethyl acetate; EH, ethyl hexanoate; BA, butyl acetate; HA, hexyl acetate.
Asterisk indicates significant difference from control within row (P < 0.05).

Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different from the control response.

10~8

6.424 + 0.655*
4.477 + 0.326*
5.343 + 0.520*
5.908 + 0.379*
4.101 + 0.357*
4.696 + 0.333*
4.068 + 0.378*
5.334 + 0.491*
5.051 + 0.432*
3.781 + 0.447*

10-2

14.447
13.075 4
15.458
156.573 4
13.113 4
12.475
13.236 4
15.264
12.859
11.988 4

£ 1.109"
£ 0.495"
t 0.656"
t 0.622*
t0.673"
£ 0.673"
£ 0.737*
£0.711*
£ 0.790*
E0.797"
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Mixture! Compounds present

4A IA + BC + EA + 2HN
4B IA+BC+EA+EH
4C IA 4 BC + EH + 2HN
4D IA 4 BC 4+ MB + 2HN
4E IA+BC + MB + EH
4F IA +BC + MB + EA
4G IA 4+ BC + MB +

4H IA+ BC + 2HN + MI
4l IA+BC + EA 4+ MI
4J IA4BC 4 EH +

EAG response at each concentration

Control

1.629 4
1.471 4
1.717d
1.367 4
1.5689 4
1.619 4
1.695 4
1.445 4
1.621 4
1.314 4

t 0.165
t 0.205
£0.217
£ 0.219
t0.242
£ 0.224
t0.234
t 0.189
t 0.289
£0.214

10

2.381 4
2.357 4
2.429 4
2.210 4
2.445 4
2.407 4
2.280 4
2.493 4
2.652 4
2172 4

-8

t0.332
t0.280
t0.325
£ 0.270
t0.313
t 0.305
t 0.235
t 0.235
t 0.305
t 0.257

10-7

2.329 4
2.323 4
2.3056 4
2.626 4
2.562 4
2.521 4
2.560 4
2.492 4
2.631 4
2.243 4

t0.299
£ 0.867
t 0.332
t0.321
£ 0.272
t 0.337
t 0.254
t 0.258
t 0.338
£ 0.241

10

2.826 4
2.541 4
2.935 4
2.456 4
2.481 4
2.613 4
2,775 4
2.508 4
2.868 4
2.326 4

-6

£ 0.313
£0.312
£ 0.341
£ 0.300
t 0.256
t 0.355
t 0.260
t 0.260
£ 0.404
£ 0.268

10

-5

3.411 £ 0.371*
2.718 + 0.311*
3.054 + 0.271*

2.894 4

t0.291

3.034 + 0.315*
3.460 + 0.309*

2.954 4

£ 0.318

3.335 + 0.247*

3.138 4
2.562 4

t 0.395
t0.220

104

4.390 £+ 0.343*
3.339 + 0.273*
3.372 4 0.265*
3.264 + 0.364*
3.005 & 0.235*
3.749 + 0.289*
3.259 + 0.364
3.524 + 0.288*
3.467 £+ 0.456
2.877 + 0.259*

1 Mixture code used in the text for better clarification of mixture identity. The number signifies the number of compounds in the mixture and the letter identifies the mixture.
IA, isoamyl acetate; BC, B-cyclocitral; MIB, methyl butyrate; 2HN, 2-heptanone; MI, methyl isovalerate; EA, ethyl acetate; EH, ethyl hexanoate; BA, butyl acetate; HA, hexyl acetate.
Asterisk indicates significant difference from control within row (P < 0.05).

Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different from the control response.

10-3

6.943 £0.516"
4.847 £ 0.462*
5.743 £0.311*
5.487 £0.517*
4.920 £ 0.342*
5.335 £ 0.451*
4.426 + 0.459*
5.283 + 0.398*
4.911 + 0.651*
4.262 £ 0.245"

10-2

16.140
13.557 4
14.888 4
14.508 4
14.319 4
13.560 4
12.488 4
14.202
13.281 4
12.843 4

£ 0.493"
t0.482*
t0.592*
t 1.065"
£ 0.472*
£ 0.651*
£ 0.949"
£ 0.645"
£ 0.878"
£ 0.864"
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Mixture! Compounds

present
2A IA+BC
3A IA + BC + MB
3B IA 4+ BC + 2HN
3C IA 4+ BC + MI
3D IA+ BC + EA
3E IA + BC + EH
3F IA + BC + BA
3G IA+ BC + HA

EAG response at each concentration

Control

0.937 £ 0.184
1.078 £0.122
0.965 + 0.124
0.850 + 0.187
0.994 + 0.164
0.729 + 0.081
0.936 £0.158
1.048 £ 0.185

10-8

1.856 + 0.229
1.912 £ 0.236
1.878 £ 0.235
1.379 £ 0.284
1.963 £+ 0.229
1.662 £ 0.126
1.829 £ 0.276
2.014 £ 0.254

10-7

2,123 £ 0.220
2,172 + 0.255*
2.233 + 0.303
1.588 + 0.280
2.242 £ 0.252
1.988 + 0.196
2.032 +0.285
2.265 + 0.265

10-6

2.180 + 0.261
2.275 +£0.218*
2.464 +0.287
2.190 + 0.234*
2.693 + 0.293*
2.1656 £ 0.180
2.349 +£ 0.258
2.518 + 0.261*

10-5

2.617 + 0.238*
2.748 £ 0.195*
2.687 + 0.266*
2.675 + 0.281*
3.085 + 0.313"
2.572 + 0.269*
2.677 + 0.272*
2.921 + 0.329*

10-4

3.462 £0.417*
3.657 £0.213*
4.118 £0.442*
3.067 £ 0.298"
4.110 £0.327*
3.311 £0.337*
3.709 £ 0.655"
4.067 £ 0.343"

10-3

5.409 + 0.637*
6.684 + 0.336"
7.299 + 0.733*
5.799 + 0.477*
6.747 £ 0.470*
6.157 + 0.608*
6.971 + 0.655*
7.535 + 0.543*

10-2

10.806 £ 0.743*
12.163 £ 0.387~
13.029 £ 0.627*
10.956 + 0.609*
12.159 £ 0.641*
10.936 £+ 0.875*
12.016 £ 0.923"
13.135 £ 0.589*

1 Mixture code used in the text for better clarification of mixture identity. The number signifies the number of compounds in the mixture and the letter identifies the mixture.
IA, isoamyl acetate; BC, B-cyclocitral; MB, methyl butyrate; 2HN, 2-heptanone; MI, methyl isovalerate; EA, ethyl acetate; EH, ethyl hexanoate; BA, butyl acetate;

HA, hexyl acetate.

Asterisk indicates significant difference from control within row (P < 0.05).
Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different

from the control response.
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10-8

1.647 £0.192
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1.611 £ 0.209
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1.890 + 0.206
1.687 £ 0.255
1.701 £ 0.241
1.762 £+ 0.293

10-7

2.326 £ 0.279
1.934 £ 0.235
2.260 + 0.256
2.512 £ 0.350
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2.428 + 0.300
2.139 + 0.265
2.240 + 0.203

10-6
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2.284 +0.245
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2.015+0.213
2.825 + 0.239*
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10-5

2.691 + 0.202*
2.669 + 0.242*
2.845 + 0.229*
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2.878 £0.354
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104
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4.252 + 0.487*
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10-3

5.800 + 0.492*
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7.618 £ 0.524*
5.736 + 0.506"
7.039 + 0.364*
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10-2

11.007 £ 0.709*
12.266 £ 0.652*
12.464 £ 0.779"
10.149 £ 0.866"
11.747 £ 0.632~
10.785 £ 0.987~
11.928 £ 0.916"
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1 Mixture code used in the text for better clarification of mixture identity. The number signifies the number of compounds in the mixture and the letter identifies the mixture.
IA, isoamyl acetate; BC, B-cyclocitral; MB, methyl butyrate; 2HN, 2-heptanone; MI, methyl isovalerate; EA, ethyl acetate; EH, ethyl hexanoate; BA, butyl acetate;

HA, Hexyl acetate.

Asterisk indicates significant difference from control within row (P < 0.05).
Bold values indicate the threshold dose for that mixture, i.e., where the threshold dose is the lowest concentration of a blend that induces a response significantly different

from the control response.
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