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Blueberries infected with the fungal pathogen
Colletotrichum fioriniae release odors that
repel Drosophila suzukii
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John J Beck,? ©® Yahel Ben-Zvi,” Fatemeh Khodadadi,? Srdan G Aé¢imovié®
and Cesar Rodriguez-Saona®

Abstract

BACKGROUND: Spotted-wing drosophila, Drosophila suzukii, is a serious pest of thin-skinned fruits. Alternative methods to
control this pest are needed to reduce insecticide use, including new repellents. Previous research demonstrated that
D. suzukii adults use odor cues to avoid blueberries infected with the fungal pathogen Colletotrichum fioriniae, which causes
the disease anthracnose. To identify novel D. suzukii repellents, we investigated the volatile emission from experimentally-
infected fruit, which were inoculated with C. fioriniae isolates in the laboratory, and from field-collected fruit, which were nat-
urally infected and harvested from a field. We then tested the pathogen-induced volatiles on D. suzukii adult behavior.

RESULTS: Volatile emission was similar between all five C. fioriniae strains, with good agreement between experimentally-infected
and field-collected berries. In total, 14 volatiles were found to be more abundant in infected versus uninfected fruit headspace. In
multiple-choice bioassays, nine of the 14 volatiles elicited repellency responses from adult D. suzukii. These nine volatiles were fur-
ther evaluated in dual choice assays, where all nine reduced fly capture by 43-96% compared to the control. The most repellent
compounds tested were the esters ethyl butanoate and ethyl (E)-but-2-enoate, which were more or equally repellent to the known
D. suzukii repellents 1-octen-3-ol, geosmin, and 2-pentylfuran. Dose-response assays identified concentration-dependent effects
on D. suzukii repellency and oviposition when applied individually and consistent aversion observed across doses of a 1:1 blend.

CONCLUSION: We report two repellents from C. fioriniae-infected blueberries that could be useful semiochemicals for the
behavioral manipulation of D. suzukii in the field.

© 2023 Society of Chemical Industry. This article has been contributed to by U.S. Government employees and their work is in the
public domain in the USA.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION

Spotted-wing drosophila (Drosophila suzukii Matsumura, Diptera:
Drosophilidae) is an invasive and highly destructive pest of berries
and cherries.! Females possess a serrated ovipositor, allowing them
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to lay eggs on ripening, instead of rotting, fruit.>* Drosophila suzukii
is controlled by aggressive and unsustainable insecticide
applications,* which can lead to resistance.>” Alternative control
methods, such as strategies that employ odors to manipulate insect
behavior, are needed to reduce insecticide use. Previous attempts
to manage D. suzukii using semiochemicals have achieved some
success,®'? demonstrating the feasibility of this approach. How-
ever, new repellent chemicals could improve the approach by
increasing aversion, enhancing specificity to D. suzukii, or by identi-
fying more affordable chemicals to manufacture or source.

Like many insects, D. suzukii has important interactions with
microbes and microbial volatiles that can be exploited to control
the pest."® For example, D. suzukii adults are attracted to fermenta-
tion odors'*'® and other microbial volatiles.'® Though fermentation
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volatiles are used as lures in the field,'” "' effective repellents are

also needed for successful push-pull management. Currently,
1-octen-3-ol, geosmin, and 2-pentylfuran have been identified as
promising D. suzukii repellents.?>*? Odors from natural products
from floral volatiles,”> peppermint oil,>* and hops® have also been
investigated for repellency to D. suzukii with some promising initial
results but limited success in the field. Because D. suzukii avoids
fruits infected with certain phytopathogens like Botrytis cinerea
Pers.?® and Colletotrichum fioriniae (Marcelino & Gouli),*’ these fungi
and their associated volatiles could provide valuable new repellent
chemistries for its control.

Fungi from the genus Colletotrichum infect the fruit of many cul-
tivated plant species, causing anthracnose and rot diseases that
lead to significant economic losses worldwide.?® Colletotrichum
fioriniae is the causal disease agent of blueberry anthracnose in
the Mid-Atlantic United States.? At least three Colletotrichum spe-
cies have been described to cause insect mortality. For example,
C. fioriniae attacks elongate hemlock scale (Fiorinia externa
Ferris),>® while Colletotrichum nymphaeae (previously known as
Colletotrichum gloeosporioides f. sp. ortheziidae) infects citrus scale
(Orthezia praelonga).31 An unidentified species of the Colletotri-
chum acutatum complex was recently reported to cause mortality
in the Asian chestnut gall wasp.>? This points to the entomo-
pathogenic potential of these fungi that could be useful to inves-
tigate for repellency or biocontrol.

To explore this potential, we examined the volatile emission of
C. fioriniae-infected blueberries and the behavioral response of
D. suzukii adults to these volatiles. We asked: (1) Do C. fioriniae-
infected fruit have differing volatile emission than uninfected
fruit? (2) How do D. suzukii adults respond to individual odors
associated with C. fioriniae infection of blueberry? (3) Are volatiles
from C. fioriniae-infected blueberries as effective at repelling
D. suzukii as other known repellents? (4) How do D. suzukii
respond to differing concentrations of C. fioriniae-induced vola-
tiles? Ultimately, the goal of this study was to identify novel repel-
lents for D. suzukii.

2 MATERIALS AND METHODS

2.1 Fungal isolates and inoculant preparation

Five C. fioriniae isolates originally isolated from apples in New
York, USA were used in this experiment (Table 1; Khodadadi
et al*®). Strains were maintained on potato dextrose agar and
incubated in the dark at 28 °C. Inoculant solution was prepared
by pouring sterile distilled water onto 7-day-old plates of
C. fioriniae and gently scraped with an inoculation loop to liberate
fungal spores from the agar. Spore suspension was then trans-
ferred from the plates, and cell density was determined by an
automated cell counter (Bio-Rad TC20; Bio-Rad, Hercules, CA,

USA). Final cell density in the inoculant solution was adjusted to
1 x 107 cells/mL. Inoculant solutions were placed in small spray
bottles for use in experiments.

2.2 Sample preparation

Two sample types were analyzed, ‘experimentally-infected’ and
‘field-collected’ fruit. To confirm that experimentally-infected
berries exhibited field realistic volatile emissions, infected and
uninfected berries collected from the field were also analyzed.
For experimentally-infected samples, store-bought organic blue-
berries (10-11 g, c. ten blueberries) were surface sterilized by sub-
merging for 2 min each in first 10% bleach, then 70% ethanol, and
finally sterile water. Berries were infected with the inoculant solu-
tion by liberally spraying fruit until runoff. Control samples were
sprayed with sterile water. Three replicates were prepared for
each strain of experimentally-infected samples.

Field-collected fruit were harvested from a commercial highbush
blueberry (Vaccinium corymbosum L.) farm in Hammonton, NJ, USA.
Fruit with visual signs of anthracnose infection (orange droplets
seeping from berries) and control fruit with no signs of infection
were shipped on ice in separate containers overnight to Gainesville,
FL, USA for volatile analysis. Three replicates were analyzed for field-
collected fruit; however, one control replicate was lost (n = 2 field-
collected controls). All berry samples were sealed in 4 oz (118 mL)
Ball® glass jars with custom-made PTFE (polytetrafluoroethylene)
lids, which were fitted with a gas chromatograph septum as
described in Rering et al>* Samples were incubated at room tem-
perature on the laboratory bench before sampling.

2.3 Volatile analysis
Sample headspace was analyzed by gas chromatography-mass
spectrometry (GC-MS), following the methods described in Rer-
ing et al® Volatiles were collected from the experimentally-
infected blueberries 2 and 4 days after inoculation. Incubation
intervals were selected to coincide with pre-symptom and early
symptom disease progression. Two days after inoculation, the
odors of infected berries repelled D. suzukii in a previous
study,?” even though the fruit showed no visible signs of disease.
At 4 days after inoculation, c. 20% of fruit in the samples showed
early signs of infection, for example, minor droplet formation and
sunken and discolored areas. To confirm that treatments were
successful, we incubated all samples for 7 days to allow visual
confirmation of infection (significant orange droplet accumula-
tion on most or all fruit in treated samples). Field-collected sam-
ples were identified as infected by their presentation of disease
symptoms and therefore collected at the early- to mid-symptom
development stage and were analyzed 1 day after receipt.
Headspace was sampled by solid-phase microextraction (SPME;
Supelco, Bellefonte, PA, USA; 50/30 um, 2 cm, divinylbenzene/

Table 1. Colletotrichum fioriniae strains used in this study and their GenBank accession numbers (Khodadadi et al®)
GenBank accession number

Strain GAPDH ITS TUB2
ACFK3 MN689219 MN684827 MN689182
ACFK12 MN689227 MN684835 MN689190
ACFK25 MN689231 MN684839 MN689194
ACFK145 MN689233 MN684841 MN689196
ACFK299 MN689236 MN684844 MN689199
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carboxen/polydimethylsiloxane) fibers, which were inserted
through the gas chromatograph septum installed in the lid and
allowed to collect volatiles for 15 min. Fibers were immediately
injected in the GCinlet for 6 min at 230 °C to desorb volatiles which
were separated by a DB-Wax column (60 m X 320 pm X 0.25 pm,
J&W Scientific, Folsom, CA, USA). The MS was operated in positive
scan mode with an electron ionization source. Technical replicates
were also injected on a GC-MS outfitted with a non-polar DB-1 col-
umn (60 m X 320 pm X 0.25 um) to assist in identification. After
each sample was collected, the sample lid was removed in a biolog-
ical safety cabinet for approximately 5 min to allow for gas
exchange under sterile conditions.

Blueberry and fungal volatiles were identified by comparing sam-
ple and blank chromatograms. Compounds with similar abundance
in both background (no fruit or C. fioriniae) and real samples were
removed from the dataset. When compounds had elevated abun-
dance in samples but were also present at lower levels in the back-
ground, sample peak areas were background subtracted.

Relative peak areas of a selected quantitative ion for each vola-
tile were recorded using MassHunter Quantitative Analysis
(B.07.01; Agilent Technologies, Palo Alto, CA, USA) and normalized
by berry fresh weight. Qualifier ions were monitored to confirm
compound identity. Compound identities were tentatively
assigned based on their match to the National Institute of Stan-
dards and Technology (NIST) library and retention indices on
polar and non-polar columns. Volatiles that were found to be
emitted in higher amounts in anthracnose-infected fruits were
confirmed by comparison to commercial standards. Identification
results, quantitative and qualitative ions, and retention indices are
described in Table 2.

2.4 Fly rearing

The D. suzukii colony used for experiments was initiated in 2013
and maintained on a standard Drosophila artificial diet**** in a
laboratory at Rutgers University (New Brunswick, NJ, USA) at
22 + 2 °C, 55 + 5% relative humidity (RH), and 16 h:8 h (light/
dark) photoperiod. Wild flies were added every 2-3 years to the
colony to help maintain genetic diversity. Male and female flies
used in the experiments were 7-10 days old?>® and thus were
sexually mature.®” Flies were removed from the colony within
5 h from the start of the experiments.

2.5 Chemicals

For this study, we used the 14 differentially emitted compounds from
anthracnose-infected blueberry fruit (Table 2). 3-Hydroxy-2-butanone
(acetoin) (=96%, CAS No. 513-86-0), styrene (>98%, CAS
No. 100-42-5), (E)-2-hexen-1-ol (96%, CAS No. 928-95-0), 2-methyl-
1-butanol (> 99%, CAS No. 137-32-6), ethyl propanoate (99%, CAS
No. 105-37-3), 2-methyl-1-propanol (analytical standard, CAS
No. 78-83-1), diethyl carbonate (> 99%, CAS No. 105-58-8),
2-methylpropanal (> 99%, CAS No. 78-84-2), 3-methyl-1-butanol (ana-
Iytical standard, CAS No. 123-51-3), ethyl 2-methylpropanoate (99%,
CAS No. 97-62-1), ethyl butanoate (99%, CAS No. 105-54-4), ethyl (E)-
but-2-enoate (99%, CAS No. 623-70-1), and 3-methyl-3-buten-1-ol
(97%, CAS No. 763-32-6) were purchased from Sigma-Aldrich
(St Louis, MO, USA). Ethyl 3-hydroxy-3-methylbutanoate (98%, CAS
No. 18267-6-2) was purchased from AmBeed (Arlington Heights, IL,
USA). We also used three known D. suzukii repellents purchased from
Sigma-Aldrich: 1-octen-3-0l*' (= 98%, CAS No. 3391-86-4), geosmin?*
(= 97%, CAS No. 16423-19-1), and 2-pentylfuran® (= 98%, CAS
No. 3777-69-3).

2.6 Multiple choice bioassays #1: comparing D. suzukii
responses to anthracnose-induced volatiles

To screen for behavioral effects among volatiles that were signif-
icantly different between anthracnose-infected and control fruit
on D. suzukii adults, we conducted multiple choice bioassays as
described by Cha et al?®?*® Within a dome cage (60 cm
width x 60 cm length X 60 cm height; MegaView Science Co.,
Taichung, Taiwan), 15 gated traps were positioned randomly in
a circle (40 cm diameter) at equal distance with each trap
8.4 cm apart along the circumference (Fig. 1(A)). Each gated
trap consisted of 50 mL polystyrene tubes (Fisher Scientific, Naza-
reth, PA, USA) covered with aluminum foil and sealed with Paraf-
ilm®, with a 4 mm-diameter hole in the center of the Parafilm to
provide an entrance to flies. All traps had equal quantities (c.
5 g) of store-bought organic blueberry fruit (n = 5); fruit were ster-
ilized with bleach before the study (10% bleach for 2 min, rinsed
three times in distilled water). One of the 15 traps served as a con-
trol (with blueberry fruit only) and the remaining 14 traps had one
of the anthracnose volatile compounds added to the blueberry
fruit. The 14 compounds tested are listed in Section 2.5 earlier.
Each volatile (50 pL, neat, equivalent to 39.5-50.5 mg or 342-
573 pmol) was released from a 1 mL polyethylene vial (Globe Sci-
entific Inc., Paramus, NJ, USA) with a piece of cotton placed inside
each trap (control traps had vials with cotton but without the vol-
atile). To provide flies with water during the experiment, a vial
with a cotton ball soaked with deionized water was placed in
the middle of the arena. Roughly 300 D. suzukii adults (1:1 male/
female ratio) were released inside each arena, and the number
and sex of flies inside the traps was recorded after 24 h. The
experiment started at 1:00 p.m., was replicated four times, and
was done in a laboratory under 22 + 2 °C, 55 + 5% RH, 16 h:8 h
(light/dark).

2.7 Pairwise choice bioassays: evaluating D. suzukii

response to putative anthracnose-emitted repellents

To investigate the effects of individual repellent compounds from
anthracnose-infected fruit (identified from Section 2.6) on
D. suzukii adults, we conducted pairwise choice bioassays as
described by Feng et al® and Urbaneja-Bernat et al.*’ These bioas-
says consisted of arenas using clear plastic cups (946 mL, 114 mm
diameter, 127 mm height; Paper Mart, CA, USA) (Fig. 1(B)). Flies
were given a choice between blueberry fruit without a repellent
(control) and blueberry fruit with one of the repellent compounds
(50 pL, neat, equivalent to 39.5-48.8 mg or 370-548 pmol). Repel-
lents were added to a cotton plug in a 1 mL vial, as previously
described. The nine compounds tested were: ethyl propanoate,
2-methyl-1-propanol, diethyl carbonate, 2-methylpropanal,
3-methyl-1-butanol, ethyl 2-methylpropanoate, ethyl butanoate,
ethyl (E)-but-2-enoate, and 3-methyl-3 buten-1-ol (see Section 3,
‘Results’). In addition, flies were given a choice between untreated
fruit and a blank control to determine their attraction to fruit in
the absence of other odors. The lid of each arena had an 80 mm
diameter circular hole covered with a nylon mesh (anti-thrips insect
screen, mesh size: 81 x 81; BioQuip, Rancho Dominguez, CA, USA)
to provide ventilation while retaining flies (Fig. 1(B)). Two gated
traps consisting of polystyrene vials (same as described earlier),
one containing a repellent compound and one containing nothing,
were placed inside each arena with equal quantities (c. 5 g) of blue-
berry fruit (n = 5) (stored-bought and sterilized as described earlier)
(Fig. 1(B)). Each pair of traps in each choice arena was wrapped with
aluminum foil and sealed with Parafilm with a 4-mm-diameter hole
in the center of the Parafilm to provide an entrance for the flies, as
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Figure 1. Bioassay arenas used in this study. (A) Multiple choice assays were conducted in arenas that consisted of a dome cage. Within the cage, gated traps
containing blueberries and treatment (50 pL, neat of each volatile) were positioned in a circle at equal distance with each trap. A vial with moistened cotton in
the center served as water source. (B) Pairwise choice bioassays were conducted in arenas that consisted of clear plastic cups (946 mL) modified with (1) mesh-
covered opening for air circulation, (2) custom-made gated traps with blueberries and treatment inside, (3) Parafilm with a hole in the center provided an
entrance for the flies, (4) 1 mL polyethylene vial containing the volatile treatment (50 pL, neat) or control (no volatile) applied to a piece of cotton, and (5) vial
with moisturized cotton that served as water source. (C) Dose-response assays were conducted in two-choice arenas that consisted of clear Petri dishes
(90 mm diameter x 15 mm high) with (1) mesh-covered opening for air circulation, (2) custom-made gated traps with blueberries and treatment inside,
(3) micropipette tip entrances, and (4) 1-mL polyethylene vial containing the volatile treatment (neat) or control (no volatile) applied to a piece of cotton.

described earlier, and were placed vertically on opposite sides of the
arenas. A vial with a cotton ball moistened with deionized water was
placed in the center of each arena as a water source for the flies
(Fig. 1(B)). Twenty D. suzukii (1:1 male/female ratio) were released
inside each arena, and the number and sex of flies inside and out-
side the traps was counted after 24 h. All choice tests started at
1:00 p.m., were replicated five times, and were conducted under a
fume hood which exchanged air at least once every 24s, at
22 + 2 °C, 60 + 5% RH, and 16 h:8 h (light/dark).

2.8 Multiple choice bioassays #2: comparing D. suzukii
responses to known and putative anthracnose-emitted
repellents

We conducted additional multiple-choice assays, as described in
Section 2.6, to compare the repellency of the two most effective
repellents identified from anthracnose-infected fruit (ethyl
butanoate and ethyl (E)-but-2-enoate; based on results from Sec-
tions 2.6 and 2.7) with three known D. suzukii repellents (1-octen-
3-ol, geosmin, and 2-pentylfuran). Within each arena, six gated
traps were positioned randomly in a circle (40 cm diameter) at
equal distance with each trap 20 cm apart along the circumfer-
ence. Each gated trap contained c. 5 g of store-bought organic
blueberry fruit (n = 5), as described earlier. One of the six traps
served as a control (with blueberry fruit only) and the remaining
five traps had one of the repellents added to the blueberry fruit.
Each volatile (50 pL, neat, equivalent to 41.9-50 mg or 274-
402 pmol) was released from a 1 mL polyethylene vial with a
piece of cotton placed inside each trap (control traps had vials
with cotton but without the volatile). A vial with a cotton ball
soaked with deionized water was placed in the middle of the
arena. Roughly 150 D. suzukii adults (1:1 male/female ratio) were
released inside each arena and the number and sex of flies inside
treatment and control traps was recorded after 24 h. The experi-
ment started at 1:00 p.m., was replicated six times, and was done
in a laboratory under 22 + 2 °C, 55 + 5% RH, 16 h:8 h (light/dark).

2.9 Dose-response choice bioassay: evaluating D. suzukii
choice and oviposition across a range of concentrations
Experiments were conducted to investigate D. suzukii responses
to different doses of the two most repellent compounds

identified from the pairwise choice bioassays described in sec-
tion 2.7, ethyl butanoate and ethyl (E)-but-2-enoate. We also
tested responses to a 1:1 blend of the volatiles, as they were emit-
ted in roughly equal quantities in infected fruit headspace. Two-
choice arenas were assembled as described by Prokopy et al.**
with slight modifications (Fig. 1(C)). Each arena consisted of an
enclosed Petri dish (90-mm diameter X 15-mm high) with two
(10-mm diameter) holes bored into the lid, 40 mm apart. Dispos-
able polyethylene micropipette tips were trimmed, fit snugly into
each of the holes, and glued flush with the lid. The bottom of the
Petri dish had a 20-mm hole bored into it and was sealed with
nylon mesh for ventilation. During the assays, the arenas were ori-
ented so that the pipette tips were facing downward and cen-
tered over two trap vials, one containing a volatile compound
and one containing a blank control (see Fig. 1(C)). Each trap vial
contained five (c. 5 g) store-bought organic blueberries as an
attractive source. For each individual volatile compound, aliquots
of neat chemicals (2.5, 5, 10, 25, and 50 pL) were pipetted onto a
small piece of cotton inside a small polyethylene tube. For the
1:1 blend of compounds, equal amounts of each volatile com-
pound were used, making the total volume of 5, 10, 20, 50, and
100 pL. Prior to the start of each assay, flies were starved for
24 h, with access only to distilled water. Ten sexually mature (7-
10 days old) females were added to each choice arena. Once
loaded into the arena, and after the arena was centered over
the trap vials, the flies were allowed to make a choice for 2 h. After
2 h, the number of flies captured in each vial were counted and
the berries in the trap vials were collected and observed for eggs.
The assays were conducted under a fume hood which exchanged
air at least once every 24 s, at 22 + 2 °C, 60 + 5% RH from 11:
00 a.m. to 3:00 p.m., and were replicated eight times for each
compound and dose combination.

2,10 Statistical analyses

2.10.1 Volatile analyses

Statistical analyses of the volatile relative abundances were carried
out in R 4.2.2.°° Peak areas were normalized by berry weight. Com-
position among samples was visualized with a nonmetric multidi-
mensional scaling (NMDS) based on Bray-Curtis dissimilarities.
Volatile emission was further investigated with permutational
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multivariate analysis of variance (PERMANOVA) using time, inocula-
tion treatment, and their interaction as effects with the adonis func-
tion in the vegan package.*' Dispersion in the dissimilarity matrix
based on the volatile emission data was compared between treat-
ments and among collection days using the betadisper function. Dif-
ferences in volatile emission between anthracnose-infected and
control fruit were investigated using differential analysis based on
the negative binomial distribution (« = 0.01). A linear model of total
volatile emissions (sum of volatile peak area divided by blueberry
sample weight) with fixed effects of time, treatment, and their inter-
action was used to investigate patterns of volatile emission in sam-
ples. Statistical significance for linear model parameters was
determined using analysis of variance (ANOVA).

2.10.2 Behavioral analyses

Data from multiple choice assays on the percent of male and
female D. suzukii adults responding to each volatile were com-
pared using ANOVA (Minitab version 17; Minitab Inc., State Col-
lege, PA, USA). The ANOVA model included treatment, sex, and
their interaction as fixed factors and block (replicate) as a random
factor. A multi-comparison Tukey test (Minitab) was used to deter-
mine differences among treatments. Percent data were arcsine
square-root transformed prior to ANOVA. Pairwise choice assays
were analyzed using G-tests with William's correction. Non-
responders were excluded from the statistical analyses. For
dose-response bioassays, a repellency index was calculated as
follows:

. Ncontrol —Nvolatil
Repellencymdex:M

Ntotal

where Neontrol Nvolatiler aNd Niorar are the number of flies in the con-
trol tube, treatment tube, and total number of flies in the control
and treatment tubes, respectively. Data on the repellency index
were checked for normality (Anderson-Darling test) and equal
variance (Levene's test) before analysis. The effect of dose on
D. suzukii repellency index was analyzed using one-way ANOVA
followed by Fisher least significant difference (LSD) test
(Minitab). The effect of dose on D. suzukii oviposition was ana-
lyzed using generalized linear models (GLMs). The factors ‘treat-
ment’ (repellent versus control), ‘dose’, and their interaction
were used as fixed effects and were compared following Bonfer-
roni post hoc tests. For data on oviposition, we used a Poisson dis-
tribution with a logitlink function using SPSS Statistics 23.0 (IBM
Corp, Armonk, NY, USA).

3 RESULTS

3.1 Volatile analysis
For all samples and treatments, a total of 63 volatiles were
detected (Table 2), including many compounds that have been
previously reported in blueberry®*™** and fungal* headspace
such as ethyl acetate, methyl butanoate, 2-phenylethanol, linal-
ool, ethanol, and 2- and 3-methyl-1-butanol. Chemical classes
detected include various aldehydes, alcohols, a carboxylic acid,
esters, ketones, monoterpenes, monoterpenoids, and a sesquiter-
pene. Esters were the most frequently detected compound class.
Ordination of sample data via NMDS revealed a high degree of
similarity among the five C. fioriniae strains used to infect fruit in
the laboratory (Supporting Information Fig. S1). Because of this
similarity, all samples inoculated with the pathogen were subse-
quently analyzed as a single group, that is, infected versus control.

Volatile emission differed between infected and control sam-
ples as visualized with NMDS (Fig. 2(A)) and further confirmed
via PERMANOVA results (treatment: F; 5, = 20.1; P < 0.001). Time
(F132 =49.7; P <0.001) and the interaction between time and
treatment (F; 3, = 6.4; P = 0.01) were also significant. Total vola-
tile emission was higher in infected than control fruit (treatment:
F132 = 34.5; P < 0.001) and increased over time for both control
and infected fruit (time: F; 5, = 117; P < 0.001; Fig. 2(B)), although
a significant interaction between time and treatment (time-
X treatment: F; 3, = 8.45; P = 0.006) indicated that total volatile
emission rose more rapidly in infected versus control fruit
over time.

Differences between anthracnose-infected and control fruit
were driven by higher emission of 14 volatiles, listed in Table 2
in bold typeface. They include an aldehyde (2-methylpropanal
or isobutyraldehyde), a benzenoid (styrene), five alcohols
(2-methyl-1-propanol, 3-methyl-1-propanol, 2-methyl-1-butanol,
3-methyl-3-buten-1-ol, (E)-2-hexen-1-ol), a ketone (3-hydroxy-
2-butanone or acetoin), and six esters (ethyl propanoate, ethyl
2-methylpropanoate, ethyl butanoate, diethyl carbonate,
ethyl (E)-but-2-enoate, ethyl 3-hydroxy-3-methylbutanoate). All
14 volatiles which differed between infected and control fruit
were identified with a commercially available standard on two
GC columns. No volatiles were found at higher quantities in con-
trol fruit headspace.

The 14 compounds identified in experimentally-infected fruit
were also found to be elevated in the field-collected
fruit (Table 2). Because field-collected fruit were riper and at a
more advanced stage of infection than the experimentally-
infected berries, field-collected fruit tended to have higher
volatile emission regardless of infection status. Experimentally-
infected fruit showed no visual signs of infection on day 2 and
only subtle cues on day 4, whereas field fruit were identified as
infected by visual cues. NMDS ordination of the field and labora-
tory collected fruit further indicated good agreement between
experimental and field fruit (Fig. S2).

3.2 Multiple choice bioassays #1: comparing D. suzukii
responses to anthracnose-induced volatiles

The 14 volatiles identified as more abundant in the headspace of
infected berries were compared for their capacity to repel
D. suzukii in a multi-choice bioassay. The behavioral response of
D. suzukii adults was affected by treatment (Fi4g7 = 15.92;
P < 0.001) and sex (F; g7 = 5.51; P = 0.021) but not by the interac-
tion between treatment and sex (Fy45; = 0.39; P = 0.975), indicat-
ing that the effect of treatment was not influenced by sex. In the
multiple-choice assay, nine volatiles reduced the number of flies
captured relative to the control (Fig. 3): ethyl propanoate,
2-methyl-1-propanol, diethyl carbonate, 2-methylpropanal,
3-methyl-1-butanol, ethyl 2-methylpropanoate, ethyl butanoate,
ethyl (E)-but-2-enoate, and 3-methyl-3-buten-1-ol. Three volatiles
captured a similar number of flies as the control (2-methyl-1-buta-
nol, (E)-2-hexen-1-ol, ethyl 3-hydroxy-3-methylbutanoate) and
two compounds trapped a higher number of flies than the control
(3-hyrdroxy-2-butanone, styrene). Differences according to fly sex
were observed across all volatiles, with 30% more females caught
than males.

3.3 Pairwise choice bioassays: evaluating D. suzukii
response to putative anthracnose-emitted repellents
The nine volatiles screened in the multi-choice assay were then
tested in dual choice bioassays. All nine showed significant
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Figure 2. Volatile emission by fresh weight of Colletotrichum fioriniae-infected (orange) and uninfected (blue) fruit in experimentally-infected fruit sam-
ples. Panels indicate data summarized over day 2 and day 4. (A) A NMDS plot of volatile data with ellipses denoting 95% confidence limit for infected
samples. (B) Total peak area of volatiles normalized by fruit weight. Boxplots display median value, first and third quartiles, and 95% confidence intervals.

repellency (Fig. 4). The two most repellent compounds were ethyl
(E)-but-2-enoate and ethyl butanoate (> 90% repellency), fol-
lowed by diethyl carbonate, ethyl 2-methylpropanoate, and
3-methyl-1-butanol (> 80% repellency). Both sexes responded
similarly to all compounds.

3.4 Multiple choice bioassays #2: comparing D. suzukii
responses to known and putative anthracnose-emitted
repellents

The two most repellent compounds, ethyl (E)-but-2-enoate and
ethyl butanoate, were compared with previously discovered
D. suzukii repellents, 1-octen-3-ol, geosmin, and 2-pentylfuran,
for their capacity to repel D. suzukii in a multi-choice bioassay.
The behavioral response of D. suzukii adults was affected by treat-
ment (Fsss = 29.69; P <0.001) but not by sex (Fiss=0.1;
P =0.756) or by the interaction between treatment and sex

(Fs;s5 = 0.65; P = 0.663). In the multiple-choice assay, all five repel-
lents reduced the number of flies captured relative to the control
(Fig. 5); however, there were differences in the strength of
repellency among them (Fig. 5). The repellency of ethyl
(E)-but-2-enoate and ethyl butanoate was comparable to or in
some cases greater than that of the other known repellents (Fig. 5).

3.5 Dose-response choice bioassay: evaluating D. suzukii
choice and oviposition across a range of concentrations

The dose of ethyl butanoate (Fs 4, = 6.3; P < 0.001), ethyl (E)-but-
2-enoate ((Fs 42 = 9.34; P < 0.001), and the 1:1 blend (Fs 4, = 2.82;
P =0.028)) had a significant effect on the repellency index. For
ethyl butanoate and ethyl (E)-but-2-enoate, the repellency index
increased with increasing dose (Fig. 6). For the 1:1 blend, the
repellency index for the 5, 10, 20, 50, and 100 pL doses was higher
than the ‘0’ dose or control (no compounds) but was similar across

wileyonlinelibrary.com/journal/ps

© 2023 Society of Chemical Industry.

Pest Manag Sci 2023

This article has been contributed to by U.S. Government employees and their work is in the public domain in the USA.

85UB017 SUOWWIOD BAFe81D) 8|qedldde au Aq peusenob axe ssjoie YO ‘SN Jo S8|ni 10} Arlq18UIIUO A8]IM UO (SUORIPUOD-PUR-SWB}/W00 A8 |IMAeIq 1 jeul U0/ Sd1y) SUORIPUOD Pue SWIB | 84} 88S *[£202/60/92] U0 Ariq1T8uljuo AB|IM ‘uowiLle N 8110 L B | Ad 269/ 'Sd/200T OT/I0p/wioo" 8| 1w Akeiq | puljuo//Sdny Wwoj papeojumoq ‘0 ‘866v92ST


http://wileyonlinelibrary.com/journal/ps

@)
SClL

where science

Anthracnose-infected fruit volatiles repel D. suzukii flies WWW.S0Ci.org meets busmess
» 35
= a
=] [
S 30 - 0% Responders
.f 0% Non-Responders
'g 25 -
N a
a 20 A
Q
— 15 4
&
b
X 10 1 bc bl
- “ bcde
o s def
iy cde
O m |{'| cdef  cdef  def def ef ef  ef  f
& o . . . . . ) I T - T - T . B — W S S
3 3 N N > N N
* & &£ ~° 0'5& <° oz‘q’ © (:53' &L <° && 0'53’ 05@ ~°
S N o & N Ky S & o K S N N N
PO < & o & & R 0 &
Q ¥ NS % &£ N X R\ Y L N & o
» O N N S i R
& & & & & & & ¥ ¢ & & 3
3° b < N ¢ W o Vv N & N &
) o v % ; D ~
X & v NG <& %
& O &
> <&
&
Nd
Q
&

Figure 3. Drosophila suzukii adults captured in a multiple-choice bioassay with blueberries. Bars represent mean percent flies captured; error bars denote
standard error (SE). Different letters on bars indicate significant differences by Tukey tests at P < 0.05. Statistical tests were based on arcsine square-root
transformed data. Means from untransformed data are shown. Compounds within the box captured significantly fewer flies than the control (black bar).
For each compound, 50 pL neat was spiked to cotton and placed inside a vial with c. 5 g fruit. The percent of responders and non-responders are pre-
sented in the circle at the top right of the figure. n = 4.
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Treatment Control G-test Pvalue [y non-Responders
Control l n.s. 0.38 0.54 ®
Ethyl propanoate | * ] 5.31 0.02 C
3-Methyl-3-buten-1-ol [ T | 12.8  <0.001 )
2-Methylpropanal I I | 1212 <0.001 ®
2-Methyl-1-propanol I *E* ] 17.35  <0.001 Q)
3-Methyl-1-butanol [ T I 2348 <0.001 ®
Ethyl 2-methylpropanoate [ L J 36.56 <0.001 )
Diethyl carbonate ] L ' 33.76  <0.001 )
Ethyl butanoate ' T ] 4536 <0.001 )
Ethyl (E)-but-2-enoate ok ] 5413 <0.001 ®
100 50 0 50 100
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Figure 4. Drosophila suzukii adults captured in pairwise choice bioassays with blueberries. Bars represent mean percent flies captured. An asterisk indi-
cates significant differences between treatments at P < 0.05; n.s., not significant (P > 0.05). The percent of responders and non-responders are presented
in the circle at the right of the figure. n = 5. For each compound, 50 pL neat was spiked to cotton and placed inside a vial with c. 5 g fruit.

all doses tested (Fig. 6). When applied as single compounds, the
highest doses of ethyl butanoate and ethyl (E)-but-2-enoate
reached repellency index of c. 0.8, where approximately 80% of
insects chose the control over the volatile-treated trap. Although
the 1:1 blend also achieved repellency, a weaker effect was
observed (repellency index c. 0.5 for all doses).

Both repellent compounds, ethyl butanoate (Wald's y* = 90.567;
P < 0.001), ethyl (E)-but-2-enoate (Wald's y* = 71.299; P < 0.001),
and their 1:1 blend (Wald's y*=115.492; P < 0.001), reduced
D. suzukii oviposition; however, this was affected by dose (significant
treatment x dose interaction; ethyl butanoate: Wald's y? = 79.073;
P < 0001; ethyl (F)-but-2-encate: Wald's y* = 61.444; P < 0.001;
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Figure 5. Drosophila suzukii adults captured in a multiple-choice bioassay with known and putative repellents. Bars represent mean percent flies cap-
tured; error bars denote standard error (SE). Different letters on bars indicate significant differences by Tukey tests at P < 0.05. Statistical tests were based
on arcsine square-root transformed data. Means from untransformed data are shown. The percent of responders and non-responders are presented in the
circle at the top right of the figure. n = 6. For each compound, 50 pL neat was spiked to cotton and placed inside a vial with c. 5 g fruit.

1:1 blend: Wald's y* = 121.858; P < 0.001). For both compounds
and the 1:1 blend, there was no difference between treatments in
the control or ‘0’ dose, but all other doses reduced oviposition
(Fig. 7). There was also a significant dose effect (ethyl butanoate:
Wald's »? = 64307, P <0001; ethyl (F)-but-2-enoate: Wald's
¥ =71.194 P < 0.001; 1:1 blend: Wald's »* = 121.009; P < 0.001).
Females laid the most eggs in the ‘0’ dose (i.e, in the absence of
repellents) and laid fewer eggs with increasing doses of ethyl
butanoate and ethyl (F)-but-2-enoate, while similar number of eggs
were laid across all doses of the 1:1 blend (Fig. 7). Here, even at low
doses the number of eggs per trap was lower when the blend was
applied (0-1 egg per trap at 5 pL), whereas more eggs were
observed in comparable doses of individual compounds (3-4 eggs
at2.5and 5 pL).

4 DISCUSSION

To characterize potential D. suzukii repellents, we identified the
volatiles emitted from anthracnose-infected blueberries, finding
that C. fioriniae infection increased the emission of 14 volatiles,
many of which are associated with ripening blueberries,**™*® like
ethyl butanoate, a putative repellent identified here. Furthermore,
although volatile abundance increased over time in both infected
and control fruit as they matured, emission increased more rap-
idly in infected fruit. Since D. suzukii prefers to oviposit in ripening
as opposed to overripe or rotting fruit*>*° and D. suzukii flies are
known to be very sensitive to fluctuations in fruit ripening
odors,* this may explain their aversion to high concentrations
of specific volatiles as reported here.

Next, using a series of laboratory bioassays, we selected two vol-
atiles that exhibited remarkable repellency for further study. The
first, ethyl butanoate, has been shown to elicit an antennal
response in D. suzukii®' and has been previously identified as a
D. suzukii repellent,’®*? and the other, ethyl (F)-but-2-enoate,
has not been previously identified as a repellent yet has a highly
correlated chemical structure. The performance of these volatiles
in laboratory bioassays indicated comparable repellency to the
known D. suzukii repellents 1-octen-3-ol, geosmin, and
2-pentylfuran.

We further explored the response of D. suzukii to varying
amounts of ethyl butanoate and ethyl (E)-but-2-enoate

individually and in a 1:1 mixture, as dose-dependent responses
of D. suzukii to aversive stimuli have been identified in other stud-
ies.?? As expected, we found D. suzukii response to the individual
volatiles was sensitive to differing doses. However, the 1:1 blend
did not elicit dose-dependent behavior in D. suzukii. It is possible
that since the blend contains two highly structurally similar vola-
tiles that may act on the same D. suzukii receptors, the combined
effects of these volatiles saturate the inhibitory or avoidant
response of the insects such that increasing amounts cannot elicit
further response.

Interestingly, although the individual volatiles seemed to elicit a
stronger repellent effect, especially when high doses were used,
strong oviposition deterrence was observed with the blend, even
at the lowest dose tested. The blend therefore could prove a more
useful tool in preventing infestation in the field, where it can be
challenging to maintain very high concentrations of volatiles over
the course of a growing season. Especially for ethyl butanoate and
ethyl (E)-but-2-enoate, which are more volatile than the other
D. suzukii repellents geosmin, 2-pentylfuran, and 1-octen-3-ol,
maintaining sufficient emission rates in the field will be critical
to potential successful deployment of these repellents. A variety
of techniques have been used to facilitate the slow release of
odors in the field that could be applied to these repellents includ-
ing nanoencapsulation,®® incorporation into an inert matrix, for
example, Specialized Pheromone and Lure Application Technol-
ogy (SPLAT®)," and aerosol diffusers which periodically puff vola-
tiles into field.>*

The use of chemical repellents for crop protection from
D. suzukii infestation has achieved reduction in infestation rates
in raspberries in glasshouse and field studies of cultivated rasp-
berry.'""12212254 Although repellents on their own are not likely
to eradicate D. suzukii infestations, they could be used to supple-
ment foliar insecticide applications, potentially reducing their fre-
quency and thereby reducing environmental contamination and
the risk of pest resistance to insecticides. Additionally, the efficacy
of repellents can be increased by pairing them with attractants as
in ‘push-pull’ strategies that aim to divert pests away from crops
via repellents (‘push’) while enticing them to a physical or chemi-
cal trap that kills the pests (‘pull’). Push-pull strategies have been
successful in reducing D. suzukii infestation in the field, though
efficacy was variable over the course of the growing season.'?
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Figure 6. Dose-response effects of (A) ethyl (E)-but-2-enoate, (B) ethyl butanoate, and (C) a 1:1 blend of both compounds on the repellency index of
Drosophila suzukii. The repellency index was calculated as (number of flies in the control — number of flies in the treatment)/total number of responding
flies. Different letters indicate significant differences among doses. Percent non-responders = 31.8 + 1.6%, n = 8.

We observed high variability in the response rates of D. suzukii in
some of our assays, particularly in the pairwise choice assay,
where some treatments had c¢. 50% non-responders, or flies who
made no choice between treatment and control. We have
observed similar variability in the past. This variability could be

linked to several factors. First, we used store-bought fruit in all
experiments, so it is very likely different cultivars were used. Some
of the cultivars could emit less attractive volatiles blends that
reduced response rates. Second, although we initiated assays
within a specific time window to try to control for effects of time
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Figure 7. Dose-response effects of (A) ethyl (E)-but-2-enoate, (B) ethyl butanoate, and (C) a 1:1 blend of both compounds on the number of eggs laid by
Drosophila suzukii. Different letters indicate significant differences among doses. An asterisk indicates significant differences between the control and the
treatment for each dose; n.s. indicates no significant differences between the control and treatment. Percent non-responders = 31.8 + 1.6%, n = 8.

of day between assays, D. suzukii activity are known to exhibit  the response rate. Third, although we attempted to mitigate the
diurnal fluctuations with increases in activity at dawn and dusk®®  potential for volatiles to interact with one another in the bioassays
and so variation in experiment initiation may have contributed to by conducting bioassays in fume hoods, especially with the assays
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where multiple volatiles were screened simultaneously, fly
response could have been impacted by the mixture of com-
pounds present in arenas and had a disorienting effect. Finally,
although we attempted to standardize experimental conditions,
fluctuations in room temperature and humidity, as well as the
physiological state of flies could have impacted fly behavior. To
account for these differences, we used replicate as a random fac-
tor in our analysis. Despite the variability in percent of responders
observed in some assays, the consistency of the effects observed
across the multiple bioassays presented here suggest that the
compounds function as repellents.

In most assays, no differences in capture rate were identified
between the sexes. However, in multiple choice bioassay #1, we
observed higher capture rates of females than males. According
to previous studies,?’” only D. suzukii females were repelled by vol-
atiles from anthracnose-infected fruit, likely because they are
seeking suitable oviposition sites. Driven by mating behavior, it
is possible that D. suzukii males may follow females into traps,
thereby influencing the number of flies captured and apparent
response to a stimulus. Although male-specific responses to
anthracnose-induced volatiles were not investigated here, we
observed strong repellency and oviposition deterrence in the
dose-response assays where only adult females were tested.

Though it was our aim to identify repellents for D. suzukii in this
study, two attractive volatiles were also identified. The first,
3-hydroxy-2-butanone (acetoin), is a ubiquitous fermentation vol-
atile already known to attract D. suzukii adults."*'®> The second
volatile, styrene, has previously been found attractive to other
flies®” and has been detected at higher emission levels when
blueberries are infected by phytopathogens,®® but until now D.
suzukii response to this volatile was unknown. It would be inter-
esting to evaluate whether incorporation of styrene into lures
could boost their effectiveness.

5 CONCLUSION

The current study is the first to identify promising repellents for
D. suzukii from pathogen-infected fruit. Although previous studies
showed that pathogen infection can repel D. suzukii®®*’ the
repellent compounds were not identified. By analyzing the vola-
tile emission of blueberries infected with C. fioriniae, we tenta-
tively identified 11 novel D. suzukii semiochemicals, nine
repellents and two attractants. The esters ethyl butanoate and
ethyl (E)-but-2-enoate were the most repellent compounds, per-
forming similarly to known D. suzukii repellents 1-octen-3-ol,
geosmin, and 2-pentylfuran in laboratory tests. Further testing is
needed to evaluate D. suzukii response in the field, however, the
strong repellency and oviposition deterrence exhibited by ethyl
butanoate and ethyl (E)-but-2-enoate suggests that these volatiles
could be useful in modulating behavior of this destructive pest.
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