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Drosophila suzukii, more commonly known as the spotted-wing drosophila (SWD), is an invasive pest of soft, thin-skinned fruit responsible for significant economic losses for growers worldwide. To detect and monitor this pest, several host attractants have been developed for use in trapping SWD; however, they lack selectivity. Therefore, there is a significant need for more selective monitoring devices to enable growers to make timely pest management decisions to properly protect vulnerable crops. Previous studies identified a quinary blend (QB), based on fermenting apple juice odors, which offers significantly higher selectivity by reducing non-target captures compared with the standard apple cider vinegar bait commonly used by growers in the orchards. In this study, the selectivity and efficacy of a home-made QB dispenser was compared to an industry formulated version of the QB components (ChemTica) and two commercially available (Scentry and Trécé) SWD dispensers across blueberry and raspberry fields in Maryland, West Virginia, and New Jersey in different seasons. Controlled-release dispensers of the QB (home-made and ChemTica) consistently had higher selectivity within the blueberry and raspberry field sites compared with the two commercial dispensers; although efficacy was compromised such that total SWD captures per trap tended to be lower. The selectivity ratio range of SWD to non-targets (all non-SWD) for a QB-based (ChemTica) dispenser averaged from 15 to 57% compared with other commercial dispensers that ranged from 1 to 30% based on location and year. Due to high selectivity of the controlled-release dispenser of the QB, the potential for this dispenser to be utilized by growers as a SWD detection and monitoring tool is high.
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INTRODUCTION

Spotted-wing drosophila (SWD), Drosophila suzukii Matsumura (Diptera: Drosophilidae), is an invasive vinegar fly that inflicts significant damage to soft, thin-skinned berries and stone fruits worldwide (Beers et al., 2011; Hauser, 2011; Bellamy et al., 2013; Asplen et al., 2015) resulting in significant economic losses (Goodhue et al., 2011; Walsh et al., 2011; Farnsworth et al., 2017; Yeh et al., 2020). Although SWD prefers small fruits such as raspberries, blueberries, and strawberries, it can under certain circumstances attack and infest other fruits such as grapes and apples (Dreves et al., 2009; USDA-APHIS, 2010; Mortelmans and Beliën, 2012; Cai et al., 2019). In order to mitigate the damage caused by this pest, previous studies have endeavored to develop attractive blends made from different host volatile organic compounds to be utilized as synthetic lures for monitoring and trapping of SWD (Landolt et al., 2012; Cha et al., 2014, 2015; Kleiber et al., 2014; Akasaka et al., 2017; Feng and Zhang, 2017; Jaffe et al., 2018; Zhang and Feng, 2020). The commercially available Scentry (Scentry Biologicals, Inc., Billings, MT, United States) and Trécé (Trécé Inc., Adair, OK, United States) SWD dispensers were developed from a 4-component blend of acetic acid, ethanol, acetoin, and methionol (Cha et al., 2014). This blend was shown to have higher efficacy compared to the standard apple cider vinegar bait (ACV; Cha et al., 2015); however, due to its relatively poor selectivity, indicated by high non-target captures, there is still a need for further lure development to improve SWD monitoring (Basoalto et al., 2013; Burrack et al., 2015; Mazzetto et al., 2015; Hamby and Becher, 2016; Feng et al., 2018; Tonina et al., 2018).

Previous research has shown that ACV contains fermentation components that are highly attractive to Drosophila spp. (Mallis, 1969). ACV has been regularly utilized as a cost effective and easily obtained bait for SWD in different orchards by growers (Beers et al., 2011; Lee et al., 2011). In addition to utilizing ripening fruits for oviposition, SWD females are also attracted to fruit wastes including rotting apple and other over-ripe or composting fruits as potential off-season oviposition substrates (Bal et al., 2017). With this in mind, Feng et al. (2018) analyzed the volatile profiles from fresh and fermenting apple juices. Five components of the fermenting apple juice blend: acetoin, ethyl octanoate, acetic acid, phenethyl alcohol, and ethyl acetate were identified as SWD attractants. All of these compounds can also be found in wine and other fruit odors and are produced in greater amounts through the fermentation processes, which has been shown to be attractive to SWD (Feng et al., 2018). Acetoin was determined to be a long-range attractant, while ethyl octanoate was a short-range attractant. The remaining three components acted as synergists to enhance the attractiveness of acetoin and ethyl octanoate. Preliminary testing showed that the selectivity for SWD of this quinary blend (QB) approached ca. 50% (Feng et al., 2018). When formulated this synthetic QB into polyethylene bags as a controlled-release dispenser, a significant reduction in non-target drosophilid captures was observed (Larson et al., 2020). This reduction in non-target drosophilid capture is needed to reduce the time required to identify SWD within the trap, in addition to reducing the chance of misidentification, and ultimately improving sampling efficiency (Kirkpatrick et al., 2017; Cloonan et al., 2019). Furthermore, elucidation of attractive components from fermenting apple juice odors could help develop a lure that outcompetes the background odors, and thus interrupts the host and oviposition site seeking behavior of SWD, within desirable crops. Over the course of fruit development, the amount of host odors within the environment changes over time. Observations have already been made that, during the fruiting season, SWD capture rates are lower than in the off-(post-harvest) season, which is likely due to an increase in SWD population size as the season progresses but also possibly to host odors overpowering the lures (Hennig and Mazzi, 2018; Cloonan et al., 2019; Singh et al., 2021). Moreover, rotting fruits as well as other durable fruits and fruit pomace/compost can attract SWD and provide an important late or early season reproductive resource when small fruit crops are not available (Bal et al., 2017). Development of more selective lures or lures that can be highly attractive during the fruiting and non-fruiting periods to give growers an early warning of infestation is paramount for SWD control.

To determine the potential of a novel QB-based dispenser as an integrated pest management tool for SWD, a comparison to currently available commercial dispensers is needed. To that end, a multi-year (2017–2018), multi-season (early season, harvest, late season, and off-season), multi-state [Maryland (MD), West Virginia (WV), and New Jersey (NJ)], and multi-crop (blueberry and raspberry) trapping field study was conducted in the United States to compare the efficacy and selectivity of a synthetic home-made QB dispenser and an industry formulated version of the QB dispenser (ChemTica) with commercially available dispensers (i.e., Scentry and Trécé). Results of this study also provide some useful information that can help understand the seasonal population dynamics of SWD in the Northeast region of the United States.



MATERIALS AND METHODS


Chemicals

All compounds utilized within this research were purchased from Sigma-Aldrich (St. Louis, MO, United States): acetoin (AT, 3-hydroxy-2-butanone), 99%, CAS 512-86-0; ethyl octanoate (EO), 99 + %, CAS 106-32-1; acetic acid (AA), 99.7 + %, CAS 64-19-7; phenethyl alcohol (PE), 99 + %, CAS 60-12-8; and ethyl acetate (EA), solvent grade, CAS 141-78-6.



Trap

Commercially available Victor® yellow jacket & flying insect traps (Great Lakes IPM Inc., Vestaburg, MI, United States) were used to house the tested dispensers. Liquid traps containing a commercial dispenser or the uncontrolled-release dispenser were filled with ∼300 mL of tap water containing 1.1 ml/L of surfactant (Free & Clear natural dish liquid, Seventh Generation Inc., Burlington, VT, United States) as a drowning solution (Feng et al., 2018; Zhang and Feng, 2020). For activity comparison, Victor® traps filled with 300 mL of ACV (Essential Everyday 5% acidity, Supervalu Inc., Eden Prairie, MN, United States) and the previously mentioned surfactant were placed as well. Control traps consisted of the Victor® traps filled with ∼300 mL tap water and the surfactant.



Dispensers for Quinary Blend With Liquid Traps

The preparation of QB dispensers has been previously described in Larson et al. (2020). In short, a cotton ball, inserted into a micro-centrifuge tube (1.5 mL Eppendorf micro-centrifuge tube, VWR International, Radnor, PA, United States), had 1 mL AT: EO (1:1) loaded onto it. The lid was sealed for transport to the field. Once in the field, the lid was opened and the centrifuge tube was snapped into one of the four openings within the Victor® trap lid (Feng et al., 2018; Zhang and Feng, 2020). PE and a blend of AA and EA (3:1) were then added directly to the drowning solution in the Victor® trap at volumes of 1 and 20 ml, respectively.



Spotted-Wing Drosophila Dispensers

The commercially available SWD Scentry dispenser was purchased from Scentry Biologicals Inc. The Trécé dispenser, Pherocon® (High Specificity Dispenser or PEEL-PAKTM) was purchased from Trécé Inc. The ChemTica (ChemTica International S.A., Heredia, Costa Rica) QB dispensers 4-bag formulation (AT and EO in 1: 1 ratio in single bag) and 5-bag formulation (AT and EO in separate bags) of the same components previously mentioned for the QB dispenser were obtained as free gifts from AgBio Inc. (Westminster, CO, United States, not commercially available).



Field Tests

Several locations were selected for trap deployment. Sampling occurred from June to December 2017 and 2018 at a commercial U-Pick farm in Germantown, MD, United States. Traps were deployed in a managed highbush blueberry field, a managed raspberry field, and two nearby wooded areas. During the summer of 2018 additional traps were deployed in highbush blueberry fields at the Philip E. Marucci Center for Blueberry & Cranberry Research (Chatsworth, NJ, United States), a commercial organic farm in Hammonton, NJ, United States, and an abandoned farm site in New Jersey (Chatsworth, NJ, United States). Additionally, traps were placed in a raspberry field during the summer of 2018 at the USDA Appalachian Fruit Research Station (Kearneysville, WV, United States). All traps were collected every 7 days and were spaced a minimum of 5 m apart. The contents of the liquid traps were emptied into separate containers and returned to the laboratory for identification. Liquid traps were then refilled and randomly placed within the testing areas. Components of the quinary dispenser that were contained within the drowning solution (AA, EA, and PE) were replaced weekly. The components contained within the centrifuge tube (AT and EO) were replaced every other week. Blank control liquid traps consisted of a Victor® trap filled with only the tap-water/soap drowning solution. Trécé dispenser was changed every 2 weeks. ChemTica and Scentry dispensers were changed every 2 to 4 weeks.


Maryland

On June 15, 2017, liquid traps baited with uncontrolled-release dispensers, ACV, Scentry dispenser, and the ChemTica (5-bag) formulation were hung from the branches of mixed variety highbush blueberry bushes. The traps were deployed in six rows skipping one row in between each treatment row (ca. 10 m). Each row received two of each treatment for a total of eight traps per row. Twelve replications were tested for each treatment (N = 12). Traps were set up similarly within a nearby wooded area (ca. 195 m from the blueberry plot) on July 19, 2017; however, only six replicates of each treatment were hung on trees within the area. Trapping concluded on December 19, 2017.

On July 19, 2017, Victor® traps containing the same treatments as previously described were placed into raspberry bushes located ca. 600 m from the blueberries. Six rows were utilized, skipping every other row. Each row received one of each of the treatments for a total of six replicates per treatment. A minimum of 5 m was maintained between each trap. Traps were additionally set up within a nearby wooded area (ca. 140 m from raspberry plot). Similarly, six replicates for each treatment were hung from trees. Trapping concluded on December 19, 2017.

On June 20, 2018, liquid traps baited with the uncontrolled-release dispensers, ACV, ChemTica (5-bag) formulation, and ChemTica (4-bag) formulation were hung from the branches of the mixed variety highbush blueberry bushes and the same wooded area described previously. Reducing the dispenser from a 5- to 4-bag formulation would also reduce cost for commercial mass production, thus verification of efficacy and selectivity being sustained in the 4-bag formulation was required. Traps were again deployed in six rows skipping one row in between each treatment row. Each row received one of each of the treatments for a total of six replicates per treatment (N = 6), the wooded area received the same number of treatments with the same number of replicates. Trapping concluded on October 31, 2018, for traps containing the ChemTica formulated dispensers due to availability of replacement dispensers. Trapping utilizing ACV and the uncontrolled-release dispensers concluded on December 6, 2018.



New Jersey

On June 13, 2018, liquid traps containing uncontrolled-release dispensers, Scentry dispenser, Trécé dispenser, and the ChemTica (5-bag) dispenser were placed into highbush blueberry bushes. Both the P.E. Marucci Center and commercial farm received two replicates of each treatment. The abandoned farm site received a single replicate of each treatment, for a total of five replicates per treatment. Trapping concluded on September 26, 2018.



West Virginia

On June 13, 2018, liquid traps containing uncontrolled-release dispensers, Scentry dispenser, Trécé dispenser, and the ChemTica (5-bag) dispenser were placed into raspberry plants. Four replicates per treatment were placed into the plot. Trapping concluded on September 25, 2018. Due to the different type of trap used within the raspberry field in West Virginia large flies and other flies or other arthropods were not counted as they were physically excluded by the traps.




Trap Processing

Trap captures were first strained using a handheld strainer created from mosquito netting. Capture volume was then determined by moving the strained individuals into a 50 mL conical tube. Sub-sampling of the capture occurred if the volume of the capture exceeded 2.5 mL (New Jersey sites) or 4 mL (Maryland sites), sub-sampling was not required at the West Virginia site. For sub-sampling, 2-2.5 mL of the strained individuals were placed into a Petri dish. The individuals were then separated and counted under Olympus SZ60 and SZ61 microscopes (Waltham, MA, United States) whose stages were illuminated by Lexco iLED Series LED light sources (Bothell, WA, United States). For samples that were not sub-sampled the strained individuals were moved directly to a Petri dish and counted under a microscope. Individuals were sorted into the following categories: SWD – males and females, African fig fly (Zaprionus indianus Gupta), other drosophila spp., large flies (house flies, crane flies, etc.), and other arthropods (myriapods, arachnids, etc.). Male SWD were identified by the characteristic spot near the tip of each wing, while females were identified by the large-serrated ovipositor present at the posterior portion of the abdomen (Hauser, 2011; Walsh et al., 2011). The total capture was estimated by multiplying the sub-sampled count by the factor determined by the total volume of the capture divided by the volume of the sub-sample. Within the New Jersey counts of other drosophila were stopped at 500 individuals.



Statistical Analyses

Weekly capture data of each of the six treatment replicates were summed to calculate the attractiveness (average number of SWD caught per trap) and selectivity (average proportion of SWD per trap calculated by taking each individual trap’s selectivity, summing those values, and dividing by the total number of traps to yield an average selectivity per trap) for the entire trapping period. First capture was additionally recorded for each treatment from each location and weekly average capture was plotted over time. Means of capture results were compared using one-way ANOVA followed by a Tukey’s post-test to determine significance (α = 0.05). Trap data were Log(x + 1) transformed for normalcy. Selectivity results were arcsine-square-root transformed to achieve normalcy and the transformed data were then analyzed using one-way ANOVA with a Tukey’s post-test. All data presented are in the untransformed state. Due to low captures in the blank control liquid traps, they were excluded from data analyses (average capture per trap for any given year/location < 0.24 SWD/trap).




RESULTS


Spotted-Wing Drosophila Captures in Maryland (2017–2018)

Average SWD capture and selectivity per trap, from a blueberry field in Maryland during 2017 and 2018, are found in Figure 1. Scentry dispenser baited traps caught significantly more SWD individuals per trap than any of the other trap/dispenser systems in 2017 (Figure 1A). However, both the ChemTica and QB dispenser baited traps had significantly greater selectivity ratios per trap than the ACV or Scentry dispenser baited traps (Figure 1B). In 2018, there was not a significant difference in SWD capture between ACV, QB, and the ChemTica 4-bag dispenser baited traps (Figure 1C). However, the selectivity ratios of the QB and ChemTica 4-bag dispenser baited traps were significantly higher than the selectivity ratio of ACV baited traps. The average SWD trap capture and average selectivity ratio for the traps placed within the nearby wooded area are found in Figure 2. QB dispenser baited traps captured significantly more SWD individuals per trap than any of the other bait/dispenser systems in 2017 (Figure 2A). While ChemTica dispenser baited traps captured the fewest number of SWD per trap, both the QB and ChemTica dispenser baited traps had the highest selectivity per trap compared to the other trap systems (Figure 2B). In 2018, the ACV and QB dispenser baited traps were shown to capture the most SWD individuals per trap compared to the two different formulations of ChemTica dispenser baited traps (Figure 2C). Interestingly in terms of selectivity the QB and ACV baited traps were statistically similar (Figure 2D). However, while the ChemTica dispenser baited traps were statistically lower than QB dispenser baited traps in terms of selectivity, they were not significantly different from ACV baited traps. Over the entire trapping period in the blueberry field in 2017, only the traps baited with ACV and the QB dispenser showed an overall significant increase in SWD captures per week (Figure 3A) showing that with the reduction of available fruit hosts trap capture numbers increase. Within the wooded area, in 2017, there was a significant increase in SWD captures per week for each of the dispensers (Figure 3B). Combining SWD captures from the field and wooded area in 2017, ACV baited traps captured 277,706; QB dispenser baited traps captured 450,703; Scentry dispenser baited traps captured 233,420; and ChemTica dispenser captured 69,780 SWD individuals. Over the course of the entire trapping period in 2018 only the ACV and QB dispensers saw a significant increase in SWD capture per week within the blueberry field (Figure 3C). However, each dispenser type within the wooded area saw a significant increase in SWD capture per week (Figure 3D). Combining dispenser captures from the field and wooded area, ACV baited traps captured 82,430; QB dispenser baited traps captured 51,450; ChemTica 5-bag dispenser baited trap captured 9,875; and ChemTica 4-bag dispenser captured 8,063 SWD individuals.
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FIGURE 1. Average SWD catch per trap and selectivity/trap over the entire trapping period in Maryland in a blueberry field in 2017 and 2018 by traps baited with ACV (apple cider vinegar), Scentry dispenser, ChemTica dispenser, and a quinary dispenser. (A) average catch in the blueberry field in 2017 (N = 1330, df = 3, 379, F = 44.23, and P < 0.0001); (B) selectivity in the blueberry field in 2017 (N = 1309, df = 3, 1305, F = 49.81, and P < 0.0001); (C) average catch in the blueberry field in 2018 (N = 534, df = 3, 530, F = 3.092, and P = 0.0267); and (D) selectivity in the blueberry field in 2018 (N = 530, df = 3, 526, F = 4.651, and P = 0.0032). Means separated by One-way ANOVA with a Tukey’s post-test. Error bars represent standard error. Different letters above bars in each subfigure indicate significant differences at α = 0.05. Data represented are untransformed.



[image: image]

FIGURE 2. Average SWD catch per trap and selectivity per trap for the entire trapping period in Maryland in a wooded area near the blueberry field in 2017 and 2018 by traps baited with ACV (apple cider vinegar), Scentry dispenser, ChemTica dispenser 5-bag, ChemTica dispenser 4-bag, and a quinary dispenser. (A) average catch in the wooded area in 2017 (N = 539, df = 3, 535, F = 12.26, and P < 0.0001); (B) selectivity in the wooded area in 2017 (N = 538, df = 3, 534, F = 18.41, and P < 0.0001); (C) average catch in the wooded area in 2018 (N = 555, df = 3, 551, F = 24.54, and P < 0.0001); and (D) selectivity in the wooded area in 2018 (N = 547, df = 3, 543, F = 4.733, and P = 0.0029). Means separated by One-way ANOVA with a Tukey’s post-test. Error bars represent standard error. Different letters above bars in each subfigure indicate significant differences at α = 0.05. Data represented are untransformed.
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FIGURE 3. Average capture of SWD per week over the entire 2017 and 2018 trapping periods. (A) Blueberry field in Maryland 2017 [apple cider vinegar (ACV): Y = 5.228X–8.541, R2 = 0.2404, Deviation from 0 significant P < 0.0001; Scentry: Y = -0.3306X + 112.2, R2 = 0.0005, Deviation from 0 not significant P = 0.6821; ChemTica: Y = –0.0912X + 30.42, R2 = 0.0004, Deviation from 0 not significant P = 0.6988; and quinary blend (QB): Y = 5.112X + 3.995, R2 = 0.1606, Deviation from 0 significant P < 0.0001]; (B) Wooded area near a blueberry field in Maryland 2017 (ACV: Y = 231.9X–536.3, R2 = 0.2085, Deviation from 0 significant P < 0.0001; Scentry: Y = 59.73X + 804.2, R2 = 0.0636, Deviation from 0 significant P = 0.003; ChemTica: Y = 25.36X + 178.3, R2 = 0.0791, Deviation from 0 significant P = 0.001; and QB: Y = 308.1X–251.7, R2 = 0.1394, Deviation from 0 significant P < 0.0001); (C) Blueberry field in Maryland 2018 (ACV: Y = 4.011X + 26.16, R2 = 0.0538, Deviation from 0 significant P = 0.0043; ChemTica 4-bag: Y = 0.6949X + 16.67, R2 = 0.0079, Deviation from 0 not significant P = 0.3349; ChemTica 5-bag: Y = 0.1086X + 27.88, R2 = 0.0002, Deviation from 0 not significant P = 0.8809; and QB: Y = 1.498X + 18.02, R2 = 0.0315, Deviation from 0 significant P = 0.0299); and (D) Wooded area near a blueberry field in Maryland 2018 (ACV: Y = 45.61X–113.2, R2 = 0.3058, Deviation from 0 significant P < 0.0001; ChemTica 4-bag: Y = 2.528X + 19.93, R2 = 0.0467, Deviation from 0 significant P = 0.0178; ChemTica 5-bag: Y = 2.913X + 31.17, R2 = 0.0542, Deviation from 0 significant P = 0.0105; and QB: Y = 28.7X–63.2, R2 = 0.1917, Deviation from 0 significant P < 0.0001).


Average SWD capture and selectivity per trap, from a raspberry field and wooded area within Maryland in 2017, are found in Figure 4. In the field, ACV and QB dispenser baited traps captured the largest number of SWD individuals per trap, while ChemTica dispenser baited traps captured the fewest (Figure 4A). However, ChemTica and QB dispenser baited traps had the highest selectivity per trap out of all the trapping systems (Figure 4B). Within the wooded area, QB captured the largest number of SWD individuals compared to the other trapping systems (Figure 4C), and like what was seen in the field both QB and ChemTica dispenser baited traps had the highest selectivity (Figure 4D). Over the entire trapping period within the field there was a significant increase in SWD capture per week over time (Figure 5A). However, within the wooded area only traps baited with the QB, ACV, and ChemTica dispensers significantly increased over time (Figure 5B). Combining dispenser captures from the field and wooded area, ACV baited traps captured 210,711; QB dispenser baited traps captured 439,436; Scentry dispenser baited traps captured 169,000; and ChemTica dispenser captured 65,366 SWD individuals.


[image: image]

FIGURE 4. Average SWD capture per trap and overall selectivity over 8 weeks of trapping period in Maryland in a raspberry field and nearby wooded area in 2017 (July 19 to August 9) by traps baited with ACV (apple cider vinegar), Scentry dispenser, ChemTica dispenser, and a quinary dispenser. (A) average capture in the raspberry field in 2017 (N = 532, df = 3, 528, F = 14.66, and P < 0.001); (B) selectivity in the wooded area in 2017 (N = 531, df = 3, 527, F = 46.95, and P < 0.001); (C) average capture in the wooded area in 2017 (N = 511, df = 3, 507, F = 17.62, and P < 0.0001); and (D) selectivity in the wooded area in 2017 (N = 498, df = 3, 494, F = 18.48, and P < 0.0001). Means separated by one-way ANOVA with a Tukey’s post-test. Error bars represent standard error. Different letters above bars in each subfigure indicate significant differences at α = 0.05. Data represented are untransformed.
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FIGURE 5. Average capture of SWD per week over the entire 2017 and 2018 trapping periods in Maryland, New Jersey, and West Virginia. (A) Raspberry field in Maryland in 2017 [apple cider vinegar (ACV): Y = 13.28X–23.82, R2 = 0.1923, Deviation from 0 significant P < 0.0001; Scentry: Y = 3.336X + 52.83, R2 = 0.03561, Deviation from 0 significant P = 0.0284; ChemTica: Y = 2.317X + 5.56, R2 = 0.09525, Deviation from 0 significant P = 0.0005; quinary blend (QB): Y = 12.7X–43.35, R2 = 0.1705, Deviation from 0 significant P < 0.0001]; (B) Wooded area near a raspberry field in Maryland in 2017 (ACV: Y = 137.5X + 68.18, R2 = 0.1773, Deviation from 0 significant P < 0.0001; Scentry: Y = 21.84X + 1107, R2 = 0.0064, Deviation from 0 not significant P = 0.3917; ChemTica: Y = 26.73X + 216.7, R2 = 0.055, Deviation from 0 significant P = 0.0096; QB: Y = 219.7X + 921, R2 = 0.1457, Deviation from 0 significant P < 0.0001); (C) Blueberry fields in New Jersey in 2018 (Trécé: Y = 565.1X–2301, R2 = 0.362, Deviation from 0 significant P < 0.0001; Scentry: Y = 496.9X–2026, R2 = 0.2724, Deviation from 0 significant P < 0.0001; ChemTica: Y = 282.2X–1190, R2 = 0.1819, Deviation from 0 significant P < 0.0001; QB: Y = 615.6X–2632, R2 = 0.3064, Deviation from 0 significant P < 0.0001); and (D) Raspberry field in West Virginia in 2018 (Trécé: Y = 4.345X–10.96, R2 = 0.2086, Deviation from 0 significant P = 0.0001; Scentry: Y = 2.757X–3.547, R2 = 0.3463, Deviation from 0 significant P < 0.0001; ChemTica: Y = 0.7385X–1.965, R2 = 0.3869, Deviation from 0 significant P < 0.0001; QB: Y = 1.015X–2.234, R2 = 0.3929, Deviation from 0 significant P < 0.0001).




Spotted-Wing Drosophila Captures in New Jersey (2018)

The average SWD capture and selectivity per trap from blueberry fields in New Jersey in 2018 are found in Figure 6. Traps baited with QB, Trécé, and Scentry dispensers captured the largest number of SWD per trap; however, QB and ChemTica dispenser baited trap numbers were not significantly different (Figure 6A). There was not a significant difference in selectivity between any of the trapping systems (Figure 6B). Over the course of the entire trapping period, there was a significant increase in SWD capture per week for each dispenser (Figure 5C). In total, QB dispenser baited traps captured 158,363; Trécé dispenser baited traps captured 154,596; Scentry dispenser baited traps captured 135,666; and ChemTica dispenser baited traps captured 73,917 SWD individuals.
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FIGURE 6. Average SWD catch per trap and selectivity per trap over the entire trapping period in New Jersey in blueberry bushes and West Virginia in a raspberry field in 2018. Traps baited with Trécé dispenser, Scentry dispenser, ChemTica dispenser, and a quinary dispenser. (A) average catch in the blueberry bushes in New Jersey in 2018 (N = 324, df = 3, 320, F = 4.573, and P = 0.0038); (B) selectivity in the blueberry bushes in 2018 (N = 317, df = 3, 313, F = 0.3954, and P = 0.7564); (C) average catch in the raspberry field in West Virginia in 2018 (N = 256, df = 3, 252, F = 10.97, and P < 0.0001); and (D) selectivity in the raspberry field in West Virginia in 2018 (N = 242, df = 3, 238, F = 10.87, and P < 0.0001). Means separated by One-way ANOVA with a Tukey’s post-test. Error bars represent standard error. Different letters above bars in each subfigure indicate significant differences at α = 0.05. Data represented are untransformed.




Spotted-Wing Drosophila Captures in West Virginia (2018)

The average SWD capture and selectivity per trap from the raspberry field within West Virginia in 2018 are found in Figure 6. Traps baited with Trécé and Scentry dispensers captured significantly more SWD per trap than the other trap/dispenser systems (Figure 6C). The average selectivity of ChemTica and QB dispenser baited traps was shown to be higher than the other trap/dispenser systems; however, it was ChemTica dispenser baited traps that had a selectivity ratio significantly higher than the Trécé dispenser baited traps (Figure 6D). Over the course of the entire trapping period there was a significant increase in SWD capture per week for each dispenser (Figure 5D). In total, Trécé dispenser baited traps captured 1,374; Scentry dispenser baited traps captured 1,090; QB dispenser baited traps captured 342; and ChemTica dispenser baited traps captured 227 SWD individuals.



Non-Target Captures in Maryland (2017)

Breakdown of Maryland 2017 non-target captures shows that Scentry dispensers trapped significantly more non-target drosophila and other arthropods than the other dispensers within the blueberry field (Table 1). ACV baited traps captured the largest number of large flies. The QB and ChemTica dispenser baited traps captured non-significantly different numbers of each of the non-target categories. Non-target drosophila averages in the wooded area increased up to 10 times of what was caught in the field. Scentry dispenser baited traps captured the greatest number of non-target drosophila, while ACV baited traps captured the greatest number of large flies and other arthropods per trap. ChemTica dispenser baited traps captured the fewest non-target individuals compared to the other dispensers.


TABLE 1. Mean (±SE) catch (per trap) of non-target: drosophilids, large flies, and other arthropods over the course of trapping in a blueberry field (June 15 to December 19) and nearby wooded area (July 19 to December 19; Maryland) in 2017.

[image: Table 1]
Breakdown of the non-target captures within the raspberry field in 2017 are found in Table 2 and show that traps baited with Scentry dispensers captured the largest number of non-target drosophila, while ACV baited traps captured the largest number of large flies per trap. Both dispensers captured similar numbers of other arthropods. The ChemTica and QB dispenser baited traps captured non-significantly different numbers of non-target drosophilids and large flies; however, the ChemTica dispenser baited traps captured the fewest number of other arthropods compared to the other dispensers. Non-target drosophila captures within the nearby wooded area increased up to 16-fold compared to raspberry field captures. Traps baited with the Scentry dispenser captured the largest number of non-target drosophila, while ACV baited traps captured the largest number of large flies and other arthropods. Traps baited with ChemTica captured the fewest non-target drosophila and other arthropods per trap compared to the other dispensers, and both this and the QB dispenser captured the fewest large flies per trap.


TABLE 2. Mean (±SE) capture (per trap) of non-target: drosophilids, large flies, and other arthropods over the course of trapping (July 19 to December 19) in a raspberry field and nearby wooded area (Maryland) in 2017.
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Non-Target Captures in Maryland (2018)

Breakdown of non-target captures within Maryland in 2018 is found in Table 3. Within the blueberry field, ACV baited traps captured significantly more of each of the non-target types than any of the other dispensers. QB dispenser baited traps captured the fewest large flies per trap, while both ChemTica dispensers captured the fewest numbers of other arthropods. Within the wooded area, ACV baited traps captured the largest number of large flies and other arthropods per trap. Both QB and ACV baited traps caught significantly higher numbers of non-target drosophila compared to the ChemTica dispensers. Traps baited with the ChemTica 5-bag dispenser captured the fewest number of non-target drosophila and other arthropods.


TABLE 3. Mean (±SE) catch (per trap) of non-target: drosophilids, large flies, and other arthropods over the course of trapping (June 13 to October 31; Maryland) in 2018.
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Non-Target Captures in New Jersey and West Virginia (2018)

Breakdown of the non-target captures in New Jersey and West Virginia is found in Table 4. In New Jersey, traps baited with the ChemTica dispenser captured the fewest non-target drosophila. Trécé and Scentry dispenser baited traps captured the largest number of non-target drosophila individuals, while the QB dispenser baited traps caught significantly more than ChemTica dispenser baited traps, but not significantly less than Trécé dispenser baited traps. Large fly captures were found to be highest in the Trécé and Scentry dispenser baited traps and lowest in the ChemTica and QB dispenser baited traps. A similar trend was seen with other flies; however, the Scentry dispenser baited trap capture average was not significantly different from the ChemTica or QB dispenser baited trap capture average. In West Virginia, traps baited with the Scentry dispenser captured significantly more non-target drosophila per trap than the other three dispensers. Trécé dispenser baited traps captured the next largest numbers per trap, followed by the QB and finally the ChemTica dispenser baited traps. Non-target large flies, other flies, or other arthropods were not caught in the traps placed in the raspberry field in West Virginia.


TABLE 4. Mean (±SE) capture (per trap) of non-target: drosophilids, large flies, and other arthropods over the course of trapping (June 13 to September 26) in blueberry New Jersey (NJ) and raspberry West Virginia (WV) in 2018.
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DISCUSSION

During the summer and fall of 2017 and 2018, field trials were conducted to compare a QB of acetic acid, ethyl acetate, phenethyl alcohol, acetoin, and ethyl octanoate to the commercially available SWD dispensers made by Scentry and Trécé. Our results indicate that a proprietarily formulated version of the QB, the ChemTica dispenser, consistently performed better in terms of selectivity per trap than the standard ACV bait and the commercial dispensers, produced by Scentry and Trécé (Figures 1–4B,D). Conversely, the commercial dispensers regularly performed better in terms of the number of SWD captured per trap (Figures 1, 3A, 4A,C). Additionally, prior to this study the ChemTica dispenser had only been tested as a 5-bag formulation. The purpose of testing the 4-bag formulation was to reflect more accurately the way the QB dispenser had originally been tested in the field, by combining the two attractants acetoin, and ethyl octanoate into one bag. As there was no significant difference between the two ChemTica formulations, we will further refer to them both as the ChemTica dispenser.

There have been several variations of SWD dispensers that have ranged from 4 to 11 components based on volatiles from raspberry, wine, and yeast (Cha et al., 2014; Abraham et al., 2015; Tonina et al., 2018). The Scentry and Trécé dispensers, developed from those prior versions, are proprietarily formulated four-component mixtures of acetic acid, ethanol, acetoin, and methionol (Cha et al., 2014). Prior research has demonstrated that the 4-component synthetic mixture was more attractive and had greater selectivity than the standard ACV bait (Cha et al., 2015). In commercial formulations, the selectivity of the Scentry and Trécé dispensers within blueberries was shown to be ca. 16.3 and 15.1%, and ca. 11.2 and 7.8%, respectively, within raspberries. This was a significant improvement over the selectivity of ACV that was found to be ca. 6.5% in blueberries and 5.3% within raspberries (Cha et al., 2018). In this study, the selectivity of the Scentry dispenser ranged from 1 to 30%, while the selectivity of the Trécé dispenser ranged from 6 to 13% depending upon the year and location. Poor selectivity (in terms of low value as well as high variability due to regional and temporal placement) and efficacy have repeatedly been cited as barriers to achieving a highly successful SWD dispenser (Basoalto et al., 2013; Iglesias et al., 2014; Feng et al., 2018; Tonina et al., 2018; Larson et al., 2020). Improving the efficacy and selectivity of a dispenser can have several positive effects including reduction in beneficial by-capture, increased ease of identification of the target pest, ability to mass-trap or trap-out the pest, and a reduction in decaying off-target bio-mass which in turn could improve the length of time a dispenser is attractive (Adams et al., 1989; Landolt et al., 2012). Burrack et al. (2015) found that a synthetic dispenser based on the Trécé four-component dispenser achieved a selectivity of ca. 40% within blueberries (Burrack et al., 2015). Then in 2018, Feng et al. (2018) reported on a novel QB that achieved ca. 47% selectivity within blueberries. The present study has shown that the ChemTica QB formulation has a selectivity that ranges between 15 and 57% during the harvest season, a significant improvement over the non-formulated QB and the commercially available dispensers. A portion of the improvement in selectivity could be attributed to the fact that the dispenser components within the ChemTica dispenser are contained within bags that are meant to control the components’ release rates. Further support for this can be found in Larson et al. (2020) where the QB was formulated into polyethylene sachets as a controlled-release dispenser which resulted in the selectivity for this version of the QB to range between 41 and 51%.

It was also seen that, over the entire period of trapping, SWD captures increased over time. Previous studies have found that attraction and selectivity increase as the season progresses (Cloonan et al., 2019; Larson et al., 2020). This increase can likely be explained by the fact that as the season progresses there is an increase in fly population due to emergence from the berry hosts. Coupled with the fact that there is a reduction in viable resources within the field for SWD to utilize, this could result in the dispensers becoming more attractive. Hennig and Mazzi (2018) additionally found that fewer SWD individuals were captured where cherry fruit was abundantly available. Cloonan et al. (2019) lend support to this conclusion by stating that it is likely that the selection behavior of SWD is altered due to whether background odors, i.e., the presence of fruits/leaves, are present or not.

This current study additionally saw that attraction increased over the course of the harvest season with more captures occurring during late season (end of harvest) and off season, lending support to the theory that background odors within the field play a role within the behavioral decision making of SWD. It can additionally be speculated that the distance an individual SWD is from a trap during the harvest season plays a role in an SWD decision making process. Dependent on how far from the trap a dispenser odor can be detected by the SWD, the background odors (i.e., ripening berries) are more ubiquitous throughout the field providing more concentrated stimuli resulting in less dispenser acceptance.

While the selectivity of the QB and ChemTica dispensers show pronounced improvement over the commercial dispensers and ACV bait, the efficacy of the dispensers in terms of attractiveness is still lacking compared to the commercial dispensers in the field settings. Improved efficacy would allow for mass trapping, though as SWD has a broad host range (Bellamy et al., 2013; Asplen et al., 2015) this would likely be time consuming and expensive. Lower efficacy may not be problematic for growers as current control practices follow a zero-tolerance rule wherein, at the first detection of SWD, control measures are undertaken to reduce the impact of the pest (Iglesias et al., 2014; Burrack et al., 2015).

A potentially important aspect of a dispenser would be how early in a season to reliably detect SWD. The earlier a detection can be made the sooner management steps can be made by growers. Previously, the commercial dispensers have been shown to provide earlier detection for SWD compared to ACV (Cha et al., 2018), and Larson et al. (2020) showed that the QB provided earlier detection as well. Here, mixed results were found in early detection based on year and location. Within Maryland in 2017, the QB, ChemTica, and Scentry dispensers captured SWD during the first trapping week; however, the Scentry dispenser captured a larger number of SWD. A similar observation was made during the second week of trapping within New Jersey where Scentry dispensers captured three-fold more than the combined SWD capture of the QB and ChemTica dispensers. Then, during the third trapping week in West Virginia, the Scentry dispenser captured two-fold more SWD individuals than the combined capture from the QB and ChemTica dispensers. This indicates that the Scentry dispenser is potentially more sensitive to SWD than the QB and ChemTica dispensers. However, this could additionally be explained by the possibility that the Scentry dispenser has a larger dispenser surface of effect. With a larger dispenser surface of effect more SWD individuals could be attracted to the dispenser. Further testing would be required to establish the distance at which efficacy of the dispensers is diminished. Timing the placement of traps is another hurdle that needs to be taken into consideration when monitoring for this pest. SWD could be captured routinely during winter months (Rossi-Stacconi et al., 2016). In addition, the population during these months can likely play a role in determining when a grower could expect to see the next growing season’s pest pressure. Different regions will experience varying temperature fluctuations yearly during the winter months. Further studies would be recommended for these areas within this study to develop baseline information on winter populations of SWD to better inform the growers of the region onto when they could expect high pest pressure. In this study, we have demonstrated that a formulated version of the QB dispenser, consisting of AA, EA, PE, AT, and EO (Feng et al., 2018) had a significant increase in selectivity compared to the commercially available Scentry and Trécé dispensers as well as the standard ACV bait. Though sensitivity was compromised within QB dispenser baited traps the fact remains that growers utilize dispenser/trap systems to monitor for SWD and once detected enact further control methods to reduce the pest pressure. A dispenser at this point does not need to capture large quantities of SWD to provide this information, but one that has higher selectivity protects non-target beneficial insects such as pollinators. Additional testing is required to further improve attractiveness and selectivity by pairing this synthetic dispenser with an appropriately designed trapping system. The current study utilized the Victor® yellow jacket & flying insect trap system, which is a trap that has a prominent yellow top covering the entry holes. Previous work has shown that SWD are attracted to red and black colors predominantly more than other colors (Basoalto et al., 2013; Rice et al., 2016; Kirkpatrick et al., 2018). Development of a complete trapping system utilizing a positive visual cue in tandem with a highly selective dispenser, with proven early detection capability, would provide growers with a much-needed insect pest management tool that would enable them to make accurate and timely pest management decisions for their crops.
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A: Liquid trap baited with apple cider vinegar. Q: Liquid trap baited with the quinary
blend dispenser. C5: Liquid trap baited with the ChemTica 5-bag dispenser. C4:
Liquid trap baited with the ChemTica 4-bag dispenser. Traps were collected every
7 days. Means in the same column followed by the different letters are signifi-
cantly different (a = 0.05) by One-way ANOVA. For the blueberry field Non-target
drosophilids: N = 470, df = 3, 466, F = 6.825, and P = 0.0002; large flies: N = 470,
df =3, 466, F=113.1, and P < 0.0001; other: N = 470, df = 3, 466, F = 44, and
P < 0.0001; and selectivity: N = 470, df = 3, 466, F =9.021, and P < 0.0001. For
the blueberry wooded area non-target drosophilids: N = 480, df = 3, 476, F = 72,
and P < 0.0001; large flies: N = 478, df = 3, 474, F = 185.5, and P < 0.0001;
other: N = 478, df = 3,474, F = 83.32, and P < 0.0001; and selectivity: N = 478,

df=3,474, F=0.8172, and P = 0.4848.
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T: Liquid trap baited with the Trécé dispenser. Q: Liquid trap baited with the quinary
blend dispenser. C: Liquid trap baited with the ChemTica dispenser. S: Liquid trap
baited with the Scentry dispenser. Traps were collected every 7 days. Means in the
same column followed by the different letters are significantly different (o« = 0.05) by
one-way ANOVA. For the blueberry NJ non-target drosophilids: N = 321, df = 3,
317, F =36.69, and P < 0.001, large flies: N = 317, df = 3, 313, F = 11.69, and
P < 0.001; other flies: N = 311, df = 3, 307, F = 0.3861, and P = 0.763; and
selectivity: N =317 df =3, 313, F =0.395, and P = 0.756. For the raspberry West
Virginia non-target drosophilids: N = 250, df = 3, 246, F = 112.2, and P < 0.001;
selectivity: N = 210, df = 3, 206, F = 13.72, and P < 0.001.
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Blueberry field

A 63.1 £3.9b 56.3 £3.9a 11.6 £ 0.55b
Q 44.9 + 2.4bc 0.92 £ 0.1¢c 5+0.31c
C 34.3+23c 058+ 0.07¢ 3.5+ 0.24c
S 2243 + 11.9a 235 +1.8b 157+ 4a
Woods

A 645.2 +69.2b 58.1+b.58 40.5 £ 5.5a
Q 452.6 + 44.6bc 2+ 0.45¢c 16.94:1.8b
C 167.4 +17.8c 0.62 £ 0.15¢ 5.94+08c
s 1117 £ 154.5a 16.1 £1.8b 10.8 + 1.3bc

A: Liquid trap baited with apple cider vinegar. Q: Liquid trap baited with the quinary
blend dispenser. C: Liquid trap baited with the ChemTica dispenser. S: Liquid trap
baited with the Scentry dispenser. Traps were collected every 7 days. Means in the
same column followed by the different letters are significantly different (o = 0.05) by
One-way ANOVA. For the blueberry field Non-target drosophilids: N = 1315, df =3,
1311, F=192.2, and P < 0.0001; large flies: N = 1313, df = 3, 1309, F = 150.2,
and P < 0.0001; other: N = 1313, df = 3, 1809, F = 80.94, and P < 0.0001;
and selectivity: N = 1309, df = 3, 1305, F = 70.31, and P < 0.0001. For the
blueberry wooded area non-target drosophilids: N = 538, df = 3, 534, F = 20.34,
and P < 0.0001; large flies: N = 538, df = 3, 534, F = 71.81, and P < 0.0001;
other: N = 538, df = 3, 634, F = 27, and P < 0.0001; and selectivity: N = 538,
df =3, 534, F=18.41, and P < 0.0001.
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Woods

A 624.1 + 90.6b 39.1 +3.8a 38.6 +4.1a
Q 646.7 + 54.5b 0.56 + 0.15¢ 16 +1.7b
C 181.8 + 26.1¢ 2541.2¢ 4.1+043c
S 948.5 + 100.1a 18.3+ 1.7b 16.9 +2.6b

A: Liquid trap baited with apple cider vinegar. Q: Liquid trap baited with the quinary
blend dispenser. C: Liquid trap baited with the ChemTica dispenser. S: Liquid trap
baited with the Scentry dispenser. Traps were collected every 7 days. Means in the
same column followed by the different letters are significantly different (o = 0.05) by
one-way ANOVA. For the raspberry field Non-target drosophilids: N = 5632, df = 3,
528, F=57.51, and P < 0.001; large flies: N = 631, df = 3, 627, F = 563.91, and
P < 0.001; other: N = 531, df = 3, 527, F = 29.50, and P < 0.001; and selectivity:
N =531, df =3, 527, F = 46.95, and P < 0.001. For the raspberry wooded area
non-target drosophilids: N = 500, df = 3, 496, F = 17.99, and P < 0.001; large
flies: N = 501, df = 3, 497, F = 67.39, and P < 0.001; other: N = 500, df = 3, 496,
F =31.25, and P < 0.001; and selectivity: N = 498, df = 3, 494, F = 18.48, and
P < 0.001.
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