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Abstract

Spotted-wing drosophila, Drosophila suzukii Matsumura (Diptera: Drosophilidae), is a polyphagous, invasive

pest of small fruits. Current management relies heavily on chemical insecticides, and an effective oviposition

deterrent could contribute to alternative management approaches that reduce the need for these chemical in-

secticides. A novel deployment method for repelling Drosophila suzukii, thereby reducing D. suzukii oviposition

in fall-bearing red raspberry, was evaluated in the field. Infestations occurring within 4 d after deployment were

significantly lower in 2-m-long plots (Rubus idaeus ‘Caroline’) treated with the repellent (20% 1-octen-3-ol in

specialized pheromone and lure application technology [SPLAT]) compared to control plots (blank SPLAT).

Repellent-treated plots had roughly 28.8 and 49.5% fewer offspring reared per gram of fruit than control plots in

two experiments, respectively. Nontarget effects were also evaluated in 2-m plot experiments as well as 5- by 5-

m plot experiments. There were no differences in the number of parasitic hymenoptera trapped on yellow sticky

cards hung in repellent compared to control plots. While there were no differences in the number of visits to

raspberry flowers observed by honey bees in repellent versus control plots, the number of visits by bumble

bees was greater in repellent plots compared to control plots. Challenges regarding evaporation rates and po-

tential uses for repellents in an integrated pest management program for the control of D. suzukii are discussed.
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Spotted-wing drosophila, Drosophila suzukii Matsumura

(Diptera: Drosophilidae), is a polyphagous, invasive pest of small

fruits and cherries, which incurs serious economic losses in many

fruit-growing regions of the world (Walsh et al. 2011, Asplen et al.

2015). Unlike most other drosophilids that reproduce in overripe

or decomposing fruit, the female of this species possesses a heavily

sclerotized, serrated ovipositor that allows her to oviposit into rip-

ening fruit and the resulting larvae render the fruit unmarketable

(Atallah et al. 2014). Current management relies on an unsustain-

able schedule of foliar insecticide applications (Beers et al. 2011,

Van Timmerren and Isaacs 2013, Diepenbrock et al. 2016). An ef-

fective oviposition deterrent could contribute to alternative man-

agement approaches that may reduce the need for these chemical

insecticides.

Repellent odors have been identified that induce aversive behav-

iors in D. suzukii (Pham and Ray 2015, Wallingford et al. 2015,

Renkema et al. 2016). Of these odors, octenol (1-octen-3-ol) has

been demonstrated to reduce D. suzukii infestations in cultivated

red raspberry in the field (Wallingford et al. 2015). While repellents

are commonly used to protect mammalian hosts from blood-feeding

arthropods (Lupi et al. 2013), this approach is rare in agricultural

settings. An efficient deployment strategy is needed in order to main-

tain a high concentration of a volatile compound over days or weeks

rather than the hours of protection often reported in mammalian

systems.

Raspberry (Rubus idaeus L.) requires insect pollination for opti-

mal yield and fruit quality. An aggregate fruit, or polydrupe, forms

from the fertilization of many ovules within the same flower.

Despite being self-fertile, insect pollination is necessary to ensure

full fertilization and produce commercial-quality raspberries (Crane

and Walker 1984). Raspberry flowering and fruit ripening occur at

the same time within plantings, so crop protection is necessary while

pollinators are visiting flowers. Regular use of broad-spectrum foliar

insecticides is disruptive to pollinators as well as natural enemy

complexes (Pimentel 1995). Avoidance behavior of beneficial in-

sects, like pollinators, predators, and parasitic wasps, due to the

presence of a repellent odor would detract from the value of a repel-

lent as an alternative to foliar insecticides.
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Here we evaluate a novel deployment method for repelling D.

suzukii and reducing oviposition in fall-bearing red raspberry. We

also investigated potential nontarget effects of deploying high con-

centrations of a repellent odor in the field by conducting observa-

tions of pollinator visitation and by monitoring parasitic wasp

densities in treated and untreated areas.

Materials and Methods

Greenhouse Efficacy Trials
In order to estimate an effective concentration of volatile octenol

for deterring D. suzukii oviposition, caged, no-choice tests were

conducted under greenhouse conditions (22 6 1�C, 40–60% rela-

tive humidity, and a photoperiod of 16:8 [L:D] h). Experiments

were conducted in sleeve cages (90 by 45 by 45 cm; BioQuip,

Rancho Dominguez, CA) holding 50 colony-raised D. suzukii (7 d

old, 50:50 male:female) and four store-bought organic raspberry

fruit sitting on an open polystyrene Petri dish (100-mm circumfer-

ence). The fruit were arranged in a circle around a wick (1 by 1 cm;

Absorbal surgical cellulose wadding, Wheat Ridge, CO) sitting at

the center of the dish, fruit receptacle side down so that flies could

not hide inside. Treatments (100 ml) were applied to the wick: 1,

10, or 50% octenol (�98% 1-octen-3-ol; Sigma-Aldrich, St Louis,

MO) or solvent only (mineral oil, Sigma-Aldrich). Flies were

allowed to oviposit for 4 h, after which fruit were examined under

a dissecting scope for eggs. Each treatment was replicated in eight

cages and repeated on two separate dates (n¼16). The weight of

each wick or stimulus was recorded before and after each experi-

ment and the difference in weight was used to estimate hourly

evaporative loss. Previous experiments found that weight loss

using this method was linear for all concentrations for at least 6 h

after application.

Field Sites
All field experiments were conducted in insecticide-free, primocane

fruiting (fall-bearing) red raspberry plantings. Research farm sites A

and B were neighboring plantings of Rubus idaeus ‘Caroline’ in

Geneva, NY. The research plantings were approximately the same

size (12 by 40 m). Site A was established in the spring of 2015 while

site B was planted in 2013. Although site A was a newly established

planting, the majority of plants flowered and produced fruit by

August and continued producing new fruit through October. The

commercial farm site was located in Trumansburg, NY, also grow-

ing primocane fruiting R. idaeus (16 by 100 m).

Field Efficacy Trial
A novel deployment method was evaluated for the management of

D. suzukii in fall-bearing red raspberry at research farm site A in

August 2015. The repellent was an experimental formulation con-

taining 20% octenol (�98% 1-octen-3-ol; Sigma-Aldrich) incorpo-

rated into specialized pheromone and lure application technology

(SPLAT), a proprietary slow release matrix from ISCA Technologies

to formulate semiochemical blends, among other active ingredients.

For each of two experiments, 16 plots were flagged (2 m long) and

any ripe fruit was removed, leaving behind green fruit, which would

become ripe during the following 4–7 d. For each plot, a coin flip

determined assignment of control (blank) or repellent SPLAT treat-

ments. Dolops of SPLAT were deployed in paper hangtags hooked

around canes and stapled in place (2–3 g SPLAT per hangtag). In

each plot, 10 hangtags were evenly spaced at fruit height within the

plant canopy (4–6 g/m). Ripe, market quality fruit were harvested at

4 and 7 d after SPLAT was deployed and returned to the lab where

fruit was weighed and transferred to rearing containers (0.5-liter

plastic deli cups with mesh fabric bottoms nested in 1-liter plastic

deli cups and covered with mesh fabric to allow ventilation;

Wallingford et al. 2015). Emerging adults were identified to species

using wing and genital morphology, and the total number of

D. suzukii offspring was tabulated after 14 d in rearing conditions

(22 6 2�C).

Two baited traps were deployed to measure adult activity for the

duration of each experiment. Traps were 16 oz. red solo cups and

lids (Dart Container Corp., Mason, MI) with 40 entry holes

(3.175 mm), holding a fermenting wheat-bait (17.25 g whole wheat

flour, 25 ml distilled water, 2 g sucrose, 1 ml apple cider vinegar,

and 0.325 g baker’s yeast [ACH Food Companies Inc., Memphis,

TN]) over a drowning solution of apple cider vinegar (5% acetic

acid), ethanol (10%), and a drop of odor-free dish detergent

(Seventh Generation Inc, Burlington, VT). Trap contents were

drained at the end of each experiment and held in ethanol (70%)

until the number of adult D. suzukii were counted under a dissecting

microscope.

Hangtag Evaporation Rates
The amount of repellent evaporating from paper hangtags during

field experiments was estimated in the laboratory using a weight

loss method. Hangtags containing 2–3 g of SPLAT were aged in a

fume hood (face velocity¼0.38 m/s) for 0, 1, 2, 4, 5, 6, or 7 d. After

aging, the weight of each hangtag was measured hourly for 4 h to es-

timate hourly evaporation rates.

Pollinator Surveys
Timed observations of naturally occurring pollinator visitation were

conducted in the first two days of SPLAT deployment in three ex-

periments at the commercial farm site and research sites A and B,

August–September 2015. At each site, three interior rows were div-

ided into 5- by 5-m plots. At the commercial farm site, eight

plots were flagged with 3-m buffers between each plot. A coin flip

was used to determine control or treatment assignments to plots in

each of the four blocks. A similar protocol was carried out at re-

search sites A and B, where three interior rows were divided into

eight and six plots, respectively. At research site A there were no

buffers between plots while there were 1-m buffers between plots

at research site B. Control or repellent SPLAT hangtags were de-

ployed as previously described, but at a rate of 40 hangtags per plot

(5–8 g/m).

For each of the three experiments, observations were made on

the day of deployment and again the following day (10AM–1PM).

At the commercial farm site and at research site B, three observers

counted the number of visits to raspberry flowers in each 5-m row

during a 3-min period for each plot, so that all three rows of the plot

were being observed concurrently. This was repeated for each plot

three times so that each row was observed once by each observer. A

similar protocol was repeated at research site A with two observers

and two observations of two rows in each plot.

Parasitic Wasp Densities
We also assessed nontarget effects of the repellent by sampling using

yellow sticky traps in control and repellent plots in each of the 2-m

plot experiments, the commercial site, and the 5- by 5-m plot experi-

ment in research farm site A, as previously described. One yellow

sticky card (7.6 by 12.7 cm; Olson, Medina, OH) was fixed with

binder clips to a bamboo stakes in the center of each of the 2-m plot
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efficacy trials. In 5- by 5-m plot experiments, two sticky cards per

plot were clipped to the canes of plants. Cards were removed 7 d

after repellent deployment, wrapped in clear plastic wrap, and re-

turned to the lab. Cards were held in a freezer (�20�C) until they

could be inspected under a dissecting scope. The total number of

parasitic hymenoptera was recorded for each card, including mem-

bers of Chrysidoidea, Cynipoidea, Chalcidoidea, Platygastroidea,

Ceraphronoidea, Prototrupoidea, and Ichneumonoidea (Lee 2009).

Statistical Analysis
All analyses were carried out in JMP (SAS Institute, Cary, NC;

a¼0.05). For greenhouse efficacy trials, a mixed-model analysis

was carried out to determine the fixed effect of treatment (solvent,

1, 10, or 50% octenol) on infestation, considering experimental day

as a random effect, followed by Tukey’s HSD means separation. For

field efficacy trials, a one-tailed Student’s t-test was carried out to

compare yield and infestation of fruit harvested from control and re-

pellent plots. For pollinator surveys, the number of visits by honey

bees, bumble bees, and other hymenoptera was averaged for each

concurrent observation and a mixed-model analysis was carried out

to determine the fixed effect of treatment (control, repellent) on

number of visits, considering experiment (commercial site, research

site A, site B) as a random effect, followed by Tukey’s HSD means

separation. A Student’s t-test was used to compare number of para-

sitic hymenoptera trapped on sticky cards over 7 d in repellent ver-

sus control plots for each of the four experiments (2 m experiment 1

and 2, commercial site, research site A). To characterize hourly

evaporation rates of 0, 1, 2, 4, 5, 6, or 7 old SPLAT hangtags, the

best fit line was determined from the regression of hourly weight

loss over time for each age.

Results

In greenhouse efficacy tests, experiments using 50% octenol resulted

in lower infestations than control experiments (F¼4.22, df¼3, 63,

P¼0.0092; Table 1). From the best fit line for evaporation rate

(mg/h) versus infestation, we estimated a target deployment rate of

at least 10 mg/h for repellency (Suppl. Fig. 1 [online only]).

In field efficacy trials, D. suzukii infestations 4 d after deploy-

ment were lower in repellent-protected fruit compared to controls

for both experiments (t¼2.14, df¼1,15, P¼0.0337 and t¼1.85,

df¼1, 15, P¼0.0441, respectively; Table 2). Repellent-treated

plots had roughly 28.8 and 49.5% fewer offspring reared per gram

of fruit than control plots in two experiments, respectively. Heavy

rains occurred during the following three days of the first experi-

ment (which likely impaired insect flight) and no offspring were

reared from control or treatment fruit, so no difference in infestation

could be evaluated. There was no difference in infestation from fruit

harvested 7 d after deployment in the second efficacy experiment

(Table 2).

Weight loss over time was linear for control hangtags that were

0 or 1 d old and repellent hangtags that were 0, 1, 2, 3, 4, or 5 d old.

The mean weight lost from hangtags fell below the 10 mg/h target

after 1 d of aging and decreased steadily (Fig. 1) . Evaporation rates

from hangtags that were 6 or 7 d old could not be estimated using

this method, as there was no detectable decrease over a 4-h period.

There was no difference between control and repellent plots in

the number of visits observed by honey bees or other hymenoptera;

however, more visits by bumble bees were observed in repellent

plots than in control plots (F¼7.895, df¼1, 57, P¼0.0059;

Fig. 2).

The number of parasitic hymenopterans captured on sticky cards

was not different in repellent versus control plots at any site. The

mean (6SEM) number of parasitic wasps captured was 8.7 6 0.9,

15.8 6 1.7, 17.8 6 2.1, and 22.4 6 2.0 for 2-m plot experiments 1

and 2, the commercial site, and the 5- by 5-m plot experiment at re-

search site A, respectively.

Discussion

The reduced infestations we observed in the greenhouse efficacy tri-

als and in the first 4 d of the field efficacy trials is noteworthy

(Tables 1 and 2). While not a standalone management tool at this

stage, a repellent would be compatible with regular insecticide rota-

tions and could contribute to an integrated pest management pro-

gram for control of D. suzukii with improvements to deployment

Table 1. Infestation from greenhouse efficacy trials, mean (6 SEM)

eggs observed in raspberry fruit caged with 50, 7-d-old colony-

raised D. suzukii for 4 h, protected by varying concentrations of

1-octen-3-ol in mineral oil (v/v)

Treatment Eggs/g fruit

Solvent 2.43 6 0.34 a

1% 1-octen-3-ol 1.81 6 0.28ab

10% 1-octen-3-ol 1.61 6 0.22ab

50% 1-octen-3-ol 1.22 6 0.19 b

Values followed by the same letter are not different according to Tukey’s

HSD.

Table 2. Yield and infestation from field efficacy trials conducted in August and September 2015, mean (6 SEM) weight of fruit harvested

from 2 -m plots and number of spotted-wing drosophila reared per gram of fruit

Day 4 Day 7 Adult capture

(spotted-wing

drosophila/trap/d)Yield (g) Infestation

(offspring/g fruit)

Yield (g) Infestation

(offspring/g fruit)

Experiment 1

Control 42.4 6 6.7 0.45 6 0.15 25.2 6 3.7 0 2.7

Repellent 43.8 6 5.1 0.13 6 0.02* 21.8 6 4.2 0

Experiment 2

Control 40.8 6 3.8 1.09 6 0.24 28.1 6 5.9 0.92 6 0.20 4.3

Repellent 47.2 6 4.4 0.54 6 0.17* 30.5 6 3.7 0.97 6 0.39

Mean number of female spotted-wing drosophila captured per trap per day in baited traps over each 7-d experiment.

* Asterisk indicates value is significantly lower than the control according to a one-tailed Student’s t-test.
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(Haye et al. 2016). Complete control of D. suzukii populations is

challenging, even with weekly application of foliar insecticides

(Diepenbrock et al. 2016). High-pressure populations occur late in

the season and are particularly challenging in fields neighboring al-

ternate host species (Lee et al. 2015, Klick et al. 2016). There is po-

tential for repellents to decrease pest pressure, thereby improving

foliar insecticide program efficacy, or to extend intervals between

foliar applications.

A repellent could also be combined with attractive odors to cre-

ate a push–pull strategy that improves shortcomings of using either

repellents or attractants on their own to alter insect behavior (Cook

et al. 2007). The attractive odors that are meant to “pull” pests

away from a target, where they are trapped in a mass-trapping de-

vice or killed with an insecticide, often create issues with recruit-

ment. A very attractive stimulus will concentrate pest insects to

areas around a mass-trapping device and therefore increase infest-

ation within proximity to that point source (Hampton et al. 2014).

Protecting this fruit with a repellent may counteract the problems

associated with recruitment. Additionally, the success of a “push”

strategy like the use of repellents may benefit from the addition of

attracticidal baits. Assuming that the repellent acts to reduce ovipos-

ition by diverting oviposition site-searching behaviors to areas

where the repellent is in lower concentrations, fruit that is farther

away from a repellent point source would not be as well protected.

A very attractive stimulus, like an attracticidal bait, could offer a

better alternative than nearby fruit.

While the underlying mechanisms for oviposition deterrence due

to the presence of the repellent are unclear and warrant further

study, the differences in infestation found in our study were likely

due to maternal oviposition choice. Fruit harvested from field effi-

cacy trials were completely intact, so resulting offspring were eggs

or neonate larvae when they were returned to the lab for rearing.

Therefore, exposure to the repellent during development was

minimal. The insecticidal properties of octenol have not been inves-

tigated for D. suzukii; however, larval development of D. mela-

nogaster is negatively affected by volatile octenol (Inamdar et al.

2010, Yin et al. 2015). Additionally, Yin et al. (2015) described the

S-enantiomer of 1-octen-3-ol as marginally more deleterious than

the R-enantiomer, a common component of mushroom volatile pro-

files (Combet et al. 2006). As a commonly occurring volatile organic

compound, the “safer” enantiomer may be something regularly en-

countered by insects in very low concentrations and more likely to

be ignored. While the racemic blend used in our study minimizes the

material cost of the repellent, further study is warranted, as the

S-enantiomer may provide a more robust signal to egg-laying fe-

males of poor oviposition substrate quality.

Several chemicals have been reported as potential repellents or

oviposition deterrents for the control of D. suzukii (Pham and Ray

2015, Wallingford et al. 2015, Erland et al. 2015, Renkema et al.

2016); however, a major barrier to the use of repellents in agricul-

tural system is maintaining relatively high concentrations of a vola-

tile chemical over long periods of time. We considered evaporation

rates above 10 mg/h to be biologically relevant, and that any

D. sukukii encountering concentrations such as these in the field

would be induced to search for food sources or oviposition sites else-

where. While preliminary testing of weight loss from repellent

SPLAT material estimated evaporation rates that exceeded this tar-

get for longer than a week (data not shown), we hypothesize that re-

lease rates were dramatically altered due to our choices in

experimental deployment. While the target release rate was ex-

ceeded on the day of deployment, estimated release rates fell well

below our target after 1 d of aging (Fig. 1). It is likely that the repel-

lent alcohol was wicked away by the paper from the SPLAT mater-

ial, thereby negatively altering the longevity of the material.

Additionally, our method of estimating evaporation rates does not

include variations due to changes in moisture or fluctuating tem-

perature. This could be of particular importance, as behaviors asso-

ciated with mating and oviposition occur in the crepuscular hours

when conditions are often cooler (Lin et al. 2014, Ferguson et al.

2015).

The odor deployed here, 1-octen-3-ol, is generally considered an

aversive odor for drosophilids (Knaden et al. 2012) and likely acts

as a feedback inhibition signal for fungal mycelial growth (Chitarra

et al. 2004, 2005; Yin et al. 2015). However, both positive and

negative behavioral or physiological changes have been reported in

response to volatile 1-octen-3-ol for a wide range of taxa, and these

responses are not necessarily consistent within groups. Several

hematophagous arthropods are attracted to 1-octen-3-ol, as this

compound is a component of mammalian odor profiles and a likely

product of the microbial organisms living on their host’s skin (Hall

Fig. 1. Mean ( 6SEM) hourly weight loss from hangtags after aging in a hood

for 0–5 d.

Fig. 2. Pollinator visitation observed in three experiments conducted in

August–September 2015, mean (6 SEM) number of visits to raspberry flow-

ers by honey bees, bumble bees, or other hymenopterans during a 3-min ob-

servation. Asterisk indicates significant difference according to mixed-model

analysis.
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et al. 1984, Cork and Park 1996, Young et al. 2015). However, the

southern house mosquito (Culex quinquefasciatus Say), which relies

on bloodmeals from a broader host range (mammals and birds), is

repelled by 1-octeno-3-ol (Xu et al. 2015). Behavioral responses to

octenol are often attributed to that organism’s relationship with the

fungal organisms producing the odor and is found to be attractive to

fungivorous insects (Combet et al. 2006). Several studies have iden-

tified 1-octen-3-ol as a component of plant odor profiles, perhaps

originating from epiphytic yeasts and fungi, which are attractive to

pollinator wasps, predatory mites, and phytophagous dipterans,

lepidopterans, and coleopterans (Ozawa et al. 2000, Schlyter et al.

2000, Nojima et al. 2003, Beck et al. 2012, Brodmann et al. 2012,

Jayanthi et al. 2012, Bendera et al. 2015). While the valence of be-

havioral response to 1-octen-3-ol is unpredictable, detection of the

odor by insects is common and the neural pathways involved in de-

tection are likely to be highly conserved (Inamdar et al. 2010).

The high release rate of repellent in the first days of deployment

offered good conditions for evaluating its nontarget effects in the

field. Hymenopteran behavior is particularly critical in raspberry

systems, as bees are the primary pollinators (Wilmer et al. 1994).

Our observations showed that pollinators were not avoiding plots

treated with the repellent. Surprisingly, more visits by bumble bees

were observed in repellent plots than control plots (Fig. 2). This in-

crease in number of visits could indicate an attractant effect; how-

ever, this is unclear, as the number of visits to flowers was recorded

rather than the number of insects visiting plots. Alternatively, detec-

tion of the repellent may have resulted in decreased duration of

flower visits which would therefore lead to increases in the number

of flowers visited. Further study is warranted to explore the role of

volatile octenol on pollinator behavior, as an increase in number of

visits may indicate an unpleasant effect on bumble bees.

Biological control is not always compatible with the regular fo-

liar insecticide applications, and there are only a few products regis-

tered for use on fruit crops that are safe for important natural

enemies (Desneux et al. 2007, Roubous et al. 2014, Biondi et al.

2016). There are several capable predators and pathogens that at-

tack D. suzukii (Cuthbertson et al. 2014, Woltz et al. 2015,

Renkema 2015). Parasitism by native wasp species in North

America and Europe is low for this invasive pest (Chabert et al.

2012; Gabarra et al. 2015; Miller et al. 2015; Stacconi et al. 2013,

2015); there have been several parasitoids of D. suzukii described

from its native range and classical biological control is a possibility

(Mitsui and Kimura 2010, Kasuya et al. 2013, Nomano et al. 2015,

Wang et al. 2016). Pest managers attempting to avoid secondary

pest outbreaks due to the loss of natural enemies or wishing to min-

imize impacts on introduced D. suzuki predators in the future, may

benefit by using a repellent. While further investigation may be ne-

cessary to evaluate the effect of a repellents on the hymenopterans

attacking D. suzukii, we found no difference in the number of wasps

trapped in repellent-treated versus control plots. This implies that

hymenopterans did not avoid areas where the octenol was deployed

and their visual attraction to yellow sticky traps was not impaired.

However, further investigation may be warranted for deployment

strategies that maintain high concentrations of repellent over longer

periods of time.

In conclusion, despite issues with deployment, 1-octen-3-ol has

been demonstrated to reduce infestation by field populations of

D. suzukii in red raspberry. With improvements to deployment, a re-

pellent could contribute to an integrated pest management program

for control of D. suzukii, but nontarget effects should always be

considered.
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