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Over the past decade, the spotted-wing drosophila, Drosophila suzukii Matsumara has become one of the most
important pests of soft- and stone fruits throughout Europe. Currently, the majority of growers still rely heavily
on a limited portfolio of chemical foliar spray insecticides. Alternative strategies such as attract and kill (pull) or
behavioral control systems that repel or deter D. suzukii from damaging fruits (push) are less common. We
evaluated the potential of hop (Humulus lupulus L.), as a repellent for the Integrated Pest Management of
D. sugukii, in controlled greenhouse conditions as well as at commercial field sites. In greenhouse cage tests on
fruit or attractant medium, the positive controls thymol and 1-octen-3-ol as well as certain hops significantly
reduced larval infestation levels compared to an untreated control, while other hop products showed only nu-
merical reduction in infestation. A controlled field trial on raspberries (Rubus idaeus L.) failed to replicate these
results, both for the positive control repellents as for the hop samples. In field experiments in commercial
raspberry and blackberry (Rubus fruticosus L.) plantations, no significant reduction in oviposition or differences in
population density could be observed for the hop treated plots as compared to the untreated. Through SPME
headspace analysis of the hops, a number of compounds were associated with the efficacy observed in the

greenhouse, even though different hop varieties were found to have notably different volatile profiles.

1. Introduction

Since its first observation in Europe in 2009, the spotted-wing
drosophila (Drosophila suzukii Matsumara), has expanded steadily
throughout Southern- and Western Europe (Cini et al., 2012) and has
become one of the most important pests of high value fruit crops such as
cherries (Prunus avium L.), raspberries (Rubus idaeus L.), and black-
berries (Rubus fruticosus L.) (Asplen et al., 2015; Cini et al., 2014). The
zero-tolerance policy of the auction houses and retailers means that any
infestation with D. suzukii leads to the complete rejection of a batch
(Asplen et al.,, 2015, M. Thoelen, BELORTA auctions, Personal
Communication, February 24th 2017). The resulting economic pressure
has pushed growers to adopt calendar spray programs with
broad-spectrum insecticides in their attempts to remain competitive
(Asplen et al., 2015; Haye et al., 2016). Increased use of insecticides can
harm beneficial organisms (disrupting natural pest control), lead to
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higher pesticide residues on fruit (Hamilton et al., 2004) and ultimately
hamper the long-term efficacy of insecticides by the development of
genetic resistance (Smirle et al., 2017). Furthermore, the increased
wariness of consumers towards pesticide use (Nur et al., 2011) has led to
increasingly strict pesticide regulations. As a consequence, the devel-
opment of low impact, alternative control methods is highly desirable.

Bio-based substances for the treatment of D. suzukii have been found
in a wide range of plants, including oils from Myrtaceae (Jang et al.,
2016; Park et al., 2017), Lamiaceae (Park et al., 2016) and various other
plant species (Erland et al., 2015; Kim et al., 2016). Both direct contact
toxicity as well as toxic effects from volatile compounds have been
demonstrated on D. suzukii. Monitoring, mass trapping and attract and
kill approaches are common tools in the management of D. suzukii and in
general, they do not require physical contact between treatment and
crop. The same advantage holds for repellent based strategies. Behav-
ioral control is defined as the use of stimuli that either stimulate or


mailto:johan.martens@kuleuven.be
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cropro.2019.05.033&domain=pdf

inhibit a behavior and thereby change its expression (Foster and and
Harris, 1997). Both repellent (long range) and/or deterrent (short range)
effects can be employed in a plant protection strategy. Examples of re-
pellent use in crop protection are lesscommon than attractants, but have
recently started to attract more interest (Deletre et al., 2016; Isman,
2006; Jones et al., 1996).

Knaden et al. (2012) identified 6 aversive substances to
D. melanogaster. 1-Octen-3-ol and geosmin have been confirmed as
possible oviposition deterrents for D. suzukii, both in controlled- and
field environments (Wallingford et al., 2017, 2016, 2015). These sub-
stances have a typical earthy (Gerber and lechevalier, 1967), decaying,
or fungal smell (Rapior et al., 1997), and are thought to be perceived as
warnings for sites that are unsuitable for oviposition (Stensmyr et al.,
2012; Wallingford et al., 2016). Recently, several researchers have
focused on various essential oils as repellent for D. suzukii, of which
thymol proved to be one of the most effective, both under laboratory
conditions (Renkema et al., 2016) as well as under field conditions
(Renkema et al., 2017).

H. lupulus is both a bittering agent and essential aroma source used
extensively in brewing. It produces a myriad of compounds that accu-
mulate mainly in its female inflorescence (hop cones), including alpha-
and beta-acids, flavonoids such as xanthohumulol and various terpenoid
essential oils, of which myrcene, humulene and caryophyllene are the
key ones (De Keukeleire et al., 2003; Verzele, 1986). Compared to hop
cone extracts, H. lupulus leaves contain a much smaller concentration of
volatile compounds (0,05% vs. 2%) (Katsiotis et al., 1990). A large
number of hop cultivars exist, each with its own aromatic profile,
ranging from fruity or herbal to musty or earthy (Eyres et al., 2007;
Meilgaard et al., 1982; Nance and Setzer, 2011). Spent hops from
brewing have been shown to have a repellent effect on storage beetles
(Bedini et al., 2015; DeGrandi-Hoffman et al., 2012) while Jones et al.
(2003, 1996) have shown a repellent effect of hop extracts on the
two-spotted spider mite (Tetranychus urticae Koch). Solvent or distilla-
tion extracts from hops, have also been evaluated as an insecticide for
storage pests (Aydin et al., 2017) and mosquitoes (Bedini et al., 2016).

Based on the earlier studies of plant essential oils for the treatment of
D. suzukii, and the suggestion that hop and hop essential oils act as
potent insect repellents, we evaluated the repellent effect of hop pellets
on D. suzukii in soft fruits, and identified possible target molecules
associated with efficacy.

2. Materials and methods
2.1. Tested products

All hop samples tested were commercially available for food pro-
duction. HOPOO (Herbovan, K12300, wild harvest, 2014 harvest) was
procured from a local health store as unrefrigerated hop cones. HOP01
(var.”Fuggles”, 2014 harvest, 3% Alpha acid (AA)), HOP02 (var.
“Halertau Hersbrucker”, 2016 harvest, 3.7% AA), HOP03 (var. “Haler-
tau hersbrucker”, 2015 harvest, 2.9% AA), HOP04 (var “Amarillo”, 2015
harvest, 8.7% AA), HOPO5 (var “Goldings”, 2015 harvest, 5.1% AA),
HOPO06 (var "Magnum”, 2016 harvest, 14.3% AA) and HOPO7 (var
”CTZ”, 2015 harvest, 17.2% AA) were bought at Brouwland (Beverlo,
Belgium) as refrigerated vacuum packed hop cone pellets. The large
volume supply of HOPOF (var “Magnum”, 2016 harvest, 14.12% AA) for
field testing was obtained directly from a hop grower (Eurohop Lagache,
Poperinge, Belgium) as unrefrigerated modified atmosphere packaged
hop cone pellets. Thymol and 1-octen-3-ol were purchased at Sigma
Aldrich and impregnated onto porous calcium silicates (6,8% v/w) in an
autoclave for 1h at 150 °C and 70 °C respectively.

2.2. Greenhouse test

To evaluate short range efficacy of hops in repelling D. suzukii, a
greenhouse cage experiment was conducted. Flies were reared in a

climate chamber at 24 °C, 60% relative humidity (RH), 16/8 day/night
on an artificial diet containing 90 g of fine cornmeal, 55 g of white sugar,
42 g of fresh baker’s yeast (Saccharomyces cerevisiae Meyen), 3 g of agar-
agar and 2 g of Methylparaben per liter medium. The colony was initi-
ated in 2016 and periodically refreshed with wild type D. suzukii caught
in the untreated plots of a cherry or blackberry orchard located at pcfruit
npo, Sint-Truiden, Belgium.

A first set of choice tests was performed with fully vine ripened
grapes (Vitis vinifera L. cv. Prior sourced from untreated plots at pcfruit
npo, free from insecticide residue. Grapes were removed from their
stems and individually inspected for absence of prior oviposition using a
dissecting scope and subsequently pierced multiple times with a lancet
to increase attraction and facilitate infestation. Four uncovered 135 mm
petri dishes were placed 40 cm apart in an insect cage (BugDorm
BD6610). In each petri dish, a single grape was placed on top of a moist
125 mm filter paper treated with the test products. Two randomly
selected positions were left untreated to serve as a control, one filter
paper was infused with 100 pl of the positive reference repellent Thymol
and one was dusted with 120 mg of pulverized HOPOO hop cones. This
rate equates to approx. 98 kg/ha, a practical maximum in a commercial
setting. Hop cones were pulverized using a knife mill (Retch Grindomix
GM 200) and stored in airtight vials for a maximum of three days. Flies
(20 @ en 5 & of mixed age) were left in the bugdorm cage to mate and
oviposit for 24 h under greenhouse conditions (20 °C + -2 °C, 60%
+-20% RH, 12/12 day/night), after which they were removed. The
number of larvae present in the grapes was then assessed using a dis-
secting scope (Carl Zeiss Gmbh, Stemi 2000).

A second set of choice tests was set up, substituting the grapes with
an attractant medium. The attractant medium was optimized for
maximal attractiveness and reproducibility at times when no fresh fruits
are available. The attractant medium followed the recipe of the rearing
nutrient medium, but water was substituted by strawberry juice
extracted from residue-free fruits, collected from untreated plants
cultivated on site. Drosophila vials (Greiner bio-one, 217101) containing
15 mL of the attractant medium were placed 40 cm apart in the insect
cage, two were left untreated, one was sprayed with the positive control
octenol (100 pl > 98% 1-octen-3-ol at 50% v/v in paraffin oil) and one
was dusted with 120 mg of freshly pulverized hop pellets of cultivars
HOPO1 through HOPQ7. All tests were replicated four times, random-
izing sample positions between replicates.

2.3. Field efficacy trials

2.3.1. Site selection and layout

Large, homogenous plots in the same growth stage, with sufficient
separation and buffer zones between treatments are essential for reliable
behavioral study. Trial locations at commercial farms were selected
based on overall pest pressure in the previous years and site-specific
monitoring of pest pressure level leading up to the trials. Trial layout
(Table 1) was optimized for uniform blocks with homogenous infesta-
tion levels and clear buffer zones between treatments. Four trial fields
were selected, spread across three test sites. Location permitting, treat-
ments were laid out in a randomized complete block design (A and C) or
randomly assigned to one of two blocks (B). Monitoring of trapped in-
sects leading up to the trials showed no obvious zonal effects. The field
efficacy trials were initiated at economic threshold breach (>2 males in
2 or more traps per plot) and ran till the end of harvest.

The first test site (A), 2016 season, was located at the Research
Center for Fruit Growing (pcfruit npo) in Sint-Truiden, in an enclosed,
unheated and untreated polytunnel containing various primocane cul-
tivars. The second site (B), 2017 season, was located at an organically
certified (TUV Nord) commercial farm, covering approximately 6 ha in
Huldenberg (Belgium). The grower did not perform any insecticide ap-
plications prior to or during the trial and overripe fruit was removed
periodically. All Rubus spp. (floricane) were planted in the soil, in an
unheated plastic greenhouse without extra lighting. The third site (C),



Table 1
Trial locations and layout.

LOCATION TRIAL BLOCK SETUP SUBSAMPLES
PER BLOCK

A Sint-Truiden Raspberry 5x4 RCBD 1 fruit sample per
50°46'26.6"N 2016(1) (3 x 3m) block
5°09'38.3"E 3 m buffer

Bl  Huldenberg Raspberry 2x1 2 fruit samples
50°45'48.0"N 2017 (2) (25 x 50 m) per block
4°38'07.3"E 6 m buffer 2 traps per block

B2  Huldenberg Blackberry 2x1 (8 x50m) 2 fruit samples
50°45'48.7"N 2017 (3) 6 m buffer per block
4°38'10.8"E 2 traps per block

C Borgloon Blackberry 2x2 RCBD 2 fruit samples
50°47'55.0"N 2017 (4) (70 x 80m) per block
5°23'36.4"E 12 m buffer 6 traps per block

2017 season, was located in Borgloon (Belgium) at one of the largest soft
fruit producers of the country (30 + ha). Fields were uniformly managed
reflecting current IPM standards. All Rubus spp. were planted in drip
irrigated pots under vented polythene rain covers.

2.3.2. Sampling and treatment

To assess the impact on fruit quality, 100 g of fruits (free from sec-
ondary damage, to rule out secondary infestation) were collected per
subsample during the harvesting time following test product applica-
tion.! Fruit subsamples were taken at random within each plot as
described by the EPPO PP1/281 (1) guideline (EPPO, 2013) and larvae
were counted on the same day. Larvae were extracted using a 10% w/w
NaCl solution following the protocol of Dreves and Cave, (2014),
soaking for 30 min before evaluation.

Pest population levels were evaluated in all test fields before and
during the trials by monitoring traps. Insect traps used at location (B)
were based on the “zorro” design (red-black-red banding) (Basoalto
et al., 2013). Evian® water bottles (500 mL) were perforated on half of
the circumference by 4 mm holes in the black banded area. For the trial
sites (A) and (C), “Drosotrap® NEW” (Biobest, Westerlo, Belgium) traps
were used. Traps were secured in the crop at a height of approximately
1.60 m, corresponding to the main fruiting level of the crop.

All traps were baited with a mixture of apple cider vinegar (75 mL),
red wine (25 mL) and table sugar (6 g), based on the “Droskidrink” lure
composition (Grassi et al., 2014). The attractant mix was replaced by
fresh mix after each weekly sampling. The content of the traps was
visually inspected on the same day, using white serving trays to serve as
a backdrop for counting. Only male flies showing clear wing spots were
quantified, as prior testing showed no sex-imbalance in trapping
efficiency.

Treatment of trial field (A), was done at the start of the trial by
placing 2 open, perforated plastic cups, containing 10 g of hop or cal-
cium silicate impregnated with thymol or 1-octen-3-ol at 50 and 150 cm
from ground level per plot. Thymol foliar spray was done with a
Birchmeyer backpack sprayer with standard nozzle at a 1% v/v con-
centration until leaf runoff. For the field trials at commercial sites (B)
and (C), product application was performed weekly from economic pest
threshold breach till the end of harvest. For each row, 100 kg/ha of test
product was weighed out based on individual row length and distributed
manually at the base of the crop across a 1 m strip. The center path of
each row was left untreated.

2.4. Analysis of hop volatile composition
To determine the profile of the volatiles released by each of the 9 hop

samples used in our experiments, we analyzed two samples of each hop

! Rubus spp. are harvested on a variable interval depending on ripening
speed.

variety using headspace solid-phase micro extraction (HS-SPME) GC-MS
following a protocol modified from Kovacevic and Kac (2001) and
Krofta and Nesvadba (2005). Each sample consisted of 1 g of ground dry
hop placed inside 10 mL headspace vials, which were then analyzed
using HS-SPME GC-MS on a Thermo Trace 1300-ISQ GC-MS equipped
with a TriPlus RSH autosampler. The headspace vials were conditioned
at 60 °C in the autosampler oven under constant agitation. After 5 min of
equilibration, the SPME fiber (triphase DVB/Carboxen/PDMS 50/30 pm
SPME fiber, Supelco Co., Bellefonte, PA, USA) was exposed to the sample
headspace for 30 min. The compounds trapped on the fiber were then
thermally desorbed by heating the fiber for 15 min at 270 °C in the in-
jection port of the GC. The GC-MS was equipped with a low polarity
30 m metal capillary MXT-5 column (Restek) with an internal diameter
of 0.18 mm and a film thickness of 0.18 pm. Splitless injection was used
with an inlet temperature of 320 °C, a split flow of 9 ml/min, a purge
flow of 5ml/min and an open valve time of 3 min. To obtain a pulsed
injection, a programmed gas flow was used whereby the helium gas flow
was set at 2.7 mL/min for 0.1 min, followed by a decrease in flow of
20 ml/min to the normal 0.9 mL/min. The temperature was first held at
30 °C for 3 min and then allowed to rise to 80 °C at a rate of 7 °C/min,
followed by a second ramp of 2 °C/min till 125°C and a final ramp of
8 °C/min with a final temperature of 270 °C. The ion source temperature
and MS transfer line temperature were set to 280 °C ajd 275 °C, and mass
spectra were recorded in centroid mode using a mass acquisition range
of 33-550 amu, a scan rate of 5 scans/s and an electron impact ioniza-
tion energy of 70 eV. The interface and ion source were kept at 275 °C
and 250 °C. A mix of linear n-alkanes (from C7 to C40, Supelco Co.) were
injected into the GC-MS under identical conditions to serve as external
retention index markers.

To analyse the GC-MS data, chromatograms were exported in netCDF
format and overlapping peaks were deconvoluted using AMDIS version
2.71 (Stein, 1999). The obtained spectra were then manually identified
using the NIST MS Search v2.0 g software, using the NIST2011, FFNSC
and Adams (Adams, 2007) target libraries, taking into account the ex-
pected retention time (retention indices), include in these same libraries.
This resulted in the tentative identification of 228 target compounds (cf.
Table S1 in supplemental material). Subsequently, these target com-
pounds were integrated using a custom R script (R Core Team, 2017)
(available from the authors on request), which comprised three main
steps: (1) preprocessing to denoise the chromatograms and (2) subtract
background signal and (3) determining and integrating the target
compound elution profiles using nonnegative least squares analysis.
During the preprocessing step, the individual mass traces were denoised
using a running median filtering followed by Savitsky-Golay filtering
(window size of 4.3s). Subsequently, the signal of a blank chromato-
gram was subtracted from every chromatogram using a smoothed
running quantile subtraction (quantile tau=0.2; window size of
5.1 min). To extract and integrate the compound elution profiles, we
used a file with all our target compounds containing the expected
retention times and spectrum profiles of all our 228 target compounds
(Table S1). We then extracted the elution profile for every compound in
every chromatogram over a time restricted window using weighted
nonnegative least square analysis (Lawson and Hanson, 1995). This was
done by regressing each time scan in the chromatogram against each of
the target compound spectra plus the spectra of other target compounds
that were overlapping with the focal compound under analysis, and by
using the mass weights described by (Stein and Scott, 1994) to give more
weight to more informative mass traces. Next, the area under the curve
(AUC) was computed from the estimated elution profiles using the
trapezoidal rule. Finally, the obtained elution traces were manually
inspected and only the compounds were retained that produced nice
unimodal profiles across all samples. This resulted in a data file with
reliable peak areas for 151 compounds (Table S2). To visually display
the obtained data, we produced a heatmap using the pheatmap R
package, in which rows and columns were clustered using UPGMA hi-
erarchical cluster and one minus the Pearson correlation was used as a



distance metric and row z scores were used to give equal weight to all
compounds (Fig. S1). A separate heatmap was also produced in which
we also clustered the observed efficacy (proportionate reduction in
D. suzukii infestation levels compared to the control calculated from the
fitted Poisson generalized linear mixed-effects model (§2.5) together
with the chemical data to determine possible compound candidates that
might explain the observed repellency (Fig. S2).

2.5. Statistical analysis

Statistical analysis of the experiments was done using R version
3.4.2. Poisson GLMM'’s were constructed for the greenhouse and field
trials using the glmer function of the Ime4 package.

For the greenhouse test, the ‘day of experiment’ and ‘cage repetition’
were fitted as random effects and ‘treatment’ and ‘bait type’ as fixed
effects without interaction. For the field efficacy trial (1), both ‘plot row-
¢ and ‘observation-’ block level effects were fitted as random. ‘log(fruit
sample size)’ was fitted as a fixed effect and ‘treatment’ and ‘time after
trial start” were fitted as fixed effects with interaction. In the commercial
field efficacy trials (2), (3), (4), both ‘larvae in fruit samples’ and
‘number of D. suzukii collected from the traps’ were modelled,
compensating for ‘observation block level-, ‘plot number-‘, ‘fruit spe-
cies- and ‘test site’ random effects. ‘Treatment’ and ‘observation time’
were fitted as fixed effects with interaction. All models used random
intercepts and Nelder-Mead optimization.

Contrast tests were performed using the emmeans package according
to Dunnett, comparing to the untreated control at each observation
timing to compensate for natural population development.

3. Results
3.1. Greenhouse trials

In greenhouse cage tests, no significant difference in attractiveness
could be observed between the two baits used (grape or attractant me-
dium) (ratio: 1.278, SE: 0.280, P =0.2607). No mortality occurred
beyond the normal rate in the colony. Various efficacy levels of the
Humulus lupulus products were observed (Fig. 1), with a significant
reduction in infestation caused by HOPOO compared to the control
(ratio: 0.392, SE: 0.095, P=0.0011). The treatments of both HOP0Q7
(ratio: 0.541, SE: 0.130, P=0.0809) and HOPO3 (ratio: 0.562, SE:
0.123, P =0.0650) showed a moderate reduction in oviposition when
compared to the untreated control. Both the positive control samples 1-
octen-3-ol (ratio: 0.011, SE: 0.006, P 0.0001) and thymol (ratio: 0.294,
SE: 0.081, P =0.0001) were confirmed to reduce oviposition.

3.2. Field efficacy trials

While pest pressure was high and uniform at the start of the trial (1),
(late summer 2016), it declined towards the later observation times (est:
-0.039, SE: 0.014, P =0.0049). No significant reduction in oviposition
could be detected at any one timepoint for the hop treated plots
compared to the untreated control (est: 0.011, SE: 0.020, P = 0.5757),
nor did the positive controls 1-octen-3-ol (est: -0.036, SE: 0.029,
P =0.2166) and thymol (est: -0.036, SE: 0.014, P =0.0101, increase)
show a reduction across time when applied via dispensers. A slight
significant reduction of infestation could be observed for thymol spray
applications at the 4 week (est: -1.059, SE: 0.290, P =0.0031) and 5
week mark (est: -1.351, SE:0.315, P =0.0004) when compared to the
untreated control (Fig. 2). The application of thymol in a foliar spray
application did however cause phytotoxic effects to the raspberry crop,
making them unsuitable for further practical tests in this formulation.

During the trials at commercial field sites (B) and (C), (2), (3) and (4)
(summer 2017), the larval count in fruits showed large variability for
both treated and untreated plots (est: 0.040, SE:0.156, P =0.7973)
leading to inconclusive results. The variability of trapped insect counts
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Fig. 1. Mean oviposition per greenhouse sample. Egg count +95% conf.
interval (poisson), 24 h exposure, significance levels following Dunnett,
Trxxr20.001, ***°<0.01, "*’<0.05, ’.’<0.1 for comparison to untreated control.

between treated plots was equally pronounced (est: -0.017, SE: 0.087,
P =0,8450). In general, no significant reduction of fruit infestation or
population density could be observed in the treated plots compared to
the untreated.

3.3. Hop volatile composition

When comparing the hop volatile composition of the different hop
varieties (Fig. S1), no obvious link with alpha acid content was
observed. The wild harvested HOP0O stood out from the brewing hops,
showing a more extreme relative range of volatile concentrations. The
two Halertau Hersbrucker samples (HOP02 and HOP03) were found to
be clustered together, despite their different harvest year, whereas this
clustering was less close for the Magnum samples (HOP06 and HOPOF),
harvested in the same season (but from different producers). HOP0O,
which showed the highest efficacy level in the greenhouse trial was
found to cluster together with HOPOF used in the field trials, supporting
the choice of this batch for use in the field.

Studying the clustering of possible candidate compounds with effi-
cacy (Fig. S2, box), we find that efficacy associates most closely with
pseudolimonene, butyl acetate, 4-methylpentan-2-one, hexanal and
alpha-terpinyl acetate.

4. Discussion and conclusion

During the greenhouse cage trials performed in 2016, an ovide-
terrent or repellent effect of certain hop varieties on D. suzukii could be
shown in a controlled setting. HOPOO (Herbovan, K12300. wild harvest,
P=0.0011), HOPO7 (var "CTZ”, P =0.065, moderate reduction) and
HOPO3 (var. “Halertau Hersbrucker”, P = 0.0809, moderate reduction)
managed to reduce oviposition in short term, on a small scale test setup.

During commerecial field trials, the application of hop pellets on the
soil resulted in a pungent aroma throughout the crop that lasted for
several weeks. The number of larvae and flies observed in fruits and
traps showed no clear zonal pattern across the treated and untreated
plots. Spatial distribution of volatiles remains an important element to
be considered. Persistence and decay of the odorants, as well as habit-
uation and adaptation of the flies to its components should not be
underestimated. The short-term, close range effects of hop observed in
the greenhouse trial might suggest that the active compound in hop is
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Fig. 2. Mean larval count in weekly fruit samples per plot. Larval count £95% conf. interval (poisson), weeks 1 through 5, 2016 field trial (A), significance levels
following Dunnett: *****<0.001, ***’<0.01, **’<0.05, *.’<0.1 for comparison to untreated control per sampling.

either short lived, is diluted by wind, does not spread sufficiently in the
higher strata of the crop, or causes a simple adaptation/habituation of
the flies in the field. In large scale practical trials, visual cues or other
mechanisms might also play an important role in targeting behavior of
D. suzukii (Rice et al., 2016).

A second element to consider is how monitoring traps deployed
throughout a crop interact with repellent/deterrent strategies at the
same location. Efficacy of push-pull systems on D. suzukii has recently
been evaluated (Wallingford et al., 2018) and questions have been
raised on the efficacy of a “pull” compound when combined with a
“push” treatment. The observation of larvae in fruit is currently
considered by us to be the only reliable indicator for infestation pres-
sure. However, it necessitates a certain infestation level before detection
is possible. In the current “zero-tolerance” market, we believe it is un-
likely that a purely repellent based treatment could find a practical
application in the absence of additional attractants. It is our opinion that
further research on repellents of D. suzukii should include the effects of a
monitoring system (“pull” component) to approximate commercial
practice.

A multitude of plant essential oils have been studied in the past for
their contact or volatile insecticidal effects on D. suzukii, in relatively
confined, short term setups (Erland et al., 2015; Jang et al., 2016; Kim
etal., 2016; Park et al., 2017, 2016). It has been shown that linalool, also
found in some of our hop samples, activates olfactory receptor neurons
similar to 1-octen-3-ol (de Bruyne et al., 2001).

Headspace SPME GC-MS is considered a reliable method for
analyzing hop essential oils (Krofta and Nesvadba, 2005) capable of
identifying a large number of compounds (Liu et al., 2018). Some of the
volatiles we found to associate most strongly with greenhouse efficacy
(Butyl acetate, Hexanal and (pseudo)-Limonene) have been described in
the past as odour-active in D. sugukii (Abraham et al., 2015; Keller and
Vosshall, 2007; Kleiber et al., 2014). While included in the target file,
1-octen-3-ol did not show up as relevant peak in any of the hop varieties.

To summarize, under controlled conditions, a repellent effect for
D. suzukii could be demonstrated for the positive control 1-octen-3-ol
and thymol and the test product HOPOO. The transition from a small-
scale experiment to commercial field trials proved to be challenging.
Hop pellets are easily applicable from a practical point of view and can

fit in a commercial setting with seasonal workers. The effects of at-
tractants in trapping systems and the potential non-target effects should
not be neglected. Pseudolimonene, Butyl acetate, 4-methylpentan-2-one
hexanal and alpha-terpinyl acetate were found to associate with effi-
cacy, and are suggested as potential targets for further study.
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