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Abstract

Many behaviors are associated with host selection by arthropod pests. The treatment of a host, such as with a pesticide,
may impact behaviors involved in this selection whose understanding yields opportunities for pest management. AC-DC
electropenetrography (EPG) allows real-time monitoring of insect behaviors, but its use has emphasized feeding activities
of hemipteroid insects. Recent improvement in electropenetrography (AC-DC) has made it amenable for use with non-
hemipteroid species, such as the invasive spotted wing drosophila (Drosophila suzukii). Therefore, AC-DC EPG was used
for the first quantitative study of a non-hemipteroid insect to monitor behaviors of spotted wing drosophila on strawberry
fruits treated with either the fungicide fenhexamid or the insecticide spinetoram, in addition to a non-treated control. EPG
was used to characterize three behavioral phases of the insect: non-probing (i.e., resting, grooming, and walking), feeding,
and egg-laying. The first two phases were affected by sublethal pesticide exposure, but egg-laying was not. Both pesticides
decreased the number of non-probing events, but increased their overall durations, while the opposite took place with feed-
ing, especially in spinetoram-treated strawberry. Regarding feeding activity, both pesticides compromised insect dabbing
and ingestion with particularly strong impairment by spinetoram, which also compromised how long the females survived
(i-e., longevity). EPG revealed valuable insights regarding the behavioral assessment of pesticide-treated hosts by an insect
pest. Specifically, the feeding of female of spotted wing drosophila was significantly impaired on strawberries treated with
spinetoram compromising female longevity. Though deserving further attention, the fungicide fenhexamid exhibited a rela-
tively mild effect on feeding, but did not affect adult longevity.
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Key message e The fungicide fenhexamid and the insecticide spineto-

ram decreased the number of non-probing events, but
increased their overall durations, while the opposite took

AC-DC electropenetrography was used for the first
quantitative study of a non-hemipteroid insect to moni-
tor behaviors of spotted wing drosophila on pesticide-
treated strawberry fruits

place with feeding, especially with spinetoram

Both pesticides compromised insect dabbing and inges-
tion, particularly spinetoram, which also compromised
female longevity

e Fenhexamid exhibited mild effect on feeding not affect-
ing adult longevity.
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Insects usually exhibit close association with their host, as is

the case with herbivores and their host plants and exempli-
fied by the range of adaptations developed for this interac-
tion (Jaenike 1990; Bernays 1991; Gatehouse 2002). There-
fore, it is no wonder that host substrate largely mediates
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arthropod—plant interactions, allowing underlying links
between physiology and behavior of both organisms. Conse-
quently, the host substrate is an important management con-
cern due to its association with the arthropod’s behavioral
repertoire (Gatehouse 2002; Simpson et al. 2015). Changes
in the host substrate are likely to elicit relevant responses
in arthropods either favoring or preventing colonization,
depending on the change taking place.

Host plants and plant parts colonized as substrates for
herbivorous arthropods are subjected to anthropogenic and
environmental influences that potentially interfere with this
interaction. Regarding crop cultivation practices, insecti-
cides are arguably the main determinant of plant coloniza-
tion by insect pest species. However, the potential impact
of insecticide use extends beyond the intended lethality
(Guedes et al. 2016, 2017). Other pesticides, like fungicides,
can also interfere with plant—arthropod interaction via sub-
strate contamination (Guedes et al. 2016), although much
less is known on this subject.

Agricultural pesticides may directly interact with the crop
plant, the arthropod pest species, or the signal(s) mediating
this interaction (Holopainen and Blande 2013; Sih 2013;
Jurgens and Bischoff 2016). Indirect interference by pesti-
cides may also take place as a consequence of direct effect
on another (directly) affected species, thereby enhancing the
complexity of the cascade of possible effects and reaching
higher hierarchical levels, including community (Guedes
et al. 2016, 2017). Regardless, the plant—insect interaction
may be disturbed, either enhancing or compromising the
insect response, particularly its behavioral response when
sublethal pesticide exposure is considered (Desneux et al.
2007; Walker 2000; Sih 2013; Blande et al. 2014; Guedes
et al. 2016). Emphasis on sublethal exposure is justifiable
because the initial (lethal) pesticide residue can degrade over
time to sublethal levels, which last for much longer, and/
or may generate derivative compounds of lower biological
activity, and/or will reach nontarget species likely less sus-
ceptible than the targeted one(s) (Guedes et al. 2016, 2017).

Understanding the dynamics of plant—arthropod interac-
tions aids pest management and environmental safety when
pesticidal compounds are present in the system, as usually
is the case in agroecosytems. Nonetheless, the study of these
dynamics is challenging, particularly for small organisms.
This challenge can be overcome with the use of high-reso-
lution electronic recording of insect activity on the host sub-
strate (Backus and Bennett 1992; Cole et al. 1993; Walker
2000; Itskov et al. 2014). Historically, the prevailing tech-
nique for this purpose, electropenetrography or electrical
penetration graph (both abbreviated EPG), has been used
primarily for monitoring feeding activity by phytophagous
hemipteroid insects because EPG instruments were initially
designed for these insects (Cole et al. 1993; Calatayud et al.
2001; Xue et al. 2009; Rangasamy et al. 2015; Cervantes
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et al. 2017a, b). Such electronic monitoring (now termed
electropenetrography) was originally conceived in the
early 1960s (McLean and Kinsey 1964) and has undergone
50+ years of development culminating with the current third
generation of electropenetrographs (McLean and Kinsey
1964; Tjallingii 1978; Backus and Bennett 1992; Backus
et al. 2019). The latest generation, the AC-DC electropen-
etrograph, was designed for greater flexibility of settings,
potentially allowing recording for a much broader range of
species and conditions than previous instruments, and thus
encouraging its use for other types of close—substrate inter-
actions (e.g., walking, grooming, egg-laying), and for non-
hemipteroid species such as Drosophila fruit flies.

The spotted wing drosophila, Drosophila suzukii (Mat-
sumura) (Diptera: Drosophilidae), is an invasive pest spe-
cies of soft-skinned fruits that has proven amenable to EPG
recording due to its close association with fruit substrates
and its mouth part analogy with those of hemipteroid insects
(Labandeira 1997; Blanke et al. 2015; Guedes et al. 2019).
This pest species has demanded increasing attention since its
introduction into Europe and the USA by 2008, and subse-
quent spread throughout the Americas and beyond (Hauser
2011; Cini et al. 2012; Depra et al. 2014; Asplen et al. 2015).
The adults of this species are not very active in their rou-
tine or trivial movements, with limited walking activity and
flight endurance except when undergoing long-range dis-
persal (Tait et al. 2018; Wong et al. 2018). However, both
adults and larvae are attracted to undamaged ripening fruits,
particularly berries (Bellamy et al. 2013; Rota-Stabelli et al.
2013; Lee et al. 2011, 2016). The consequence is a close
association of the insect with its substrate for extended peri-
ods of time, and this host association plays a determinant
role in the life history of this pest species (Lihoreau et al.
2016; Plantamp et al. 2017). Thus, substrate alterations
and particularly insecticide treatment will likely affect the
dynamics of the fly—berry association. This subject has been
explored in studies of feeding activity among hemipteroid
insects since the 1990s (Losel and goodman 1993; Harrewijn
1997; Daniels et al. 2009; Boina et al. 2011; Garzo et al.
2015; Civolani et al. 2014; Tariq et al. 2017), but not yet
expanded to other species.

Pesticidal compounds other than insecticides may also
affect plant—arthropod interactions in general, and spotted
wing drosophila—berries in particular. Although this pos-
sibility is commonly overlooked, agroecosystems are quite
complex chemical landscapes where the use of fungicides
and insecticides commonly co-occurs (Sih 2013; Smith et al.
2014; Jurgens and Bischoff 2016; Guedes et al. 2018). Fur-
thermore, when the post-harvest scenario is added to the
pre-harvest concern with pest species, the use of fungicides
also becomes more important, increasing the likelihood that
insect pest species like the spotted wing drosophila could
be exposed to both types of chemicals (Guedes et al. 2018).
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Curiously though, nothing is really known about the inter-
action between the fungicide-treated fruit surface and the
spotted wing drosophila, which is also true for insecticide-
treated fruits. Our study directly addresses this shortcom-
ing. Detailed study of the interaction between spotted wing
drosophila and pesticide-treated host fruits will aid in under-
standing potential pesticide impact on this species, thus aid-
ing regulatory acceptance and future use of this resource.

Our goal was to use AC-DC electropenetrography to
electronically monitor the interaction between adults of this
pest species and strawberry fruits treated with either the
fungicide, fenhexamid, or the insecticide, spinetoram. The
latter is an important management tool against spotted wing
drosophila (Bruck et al. 2011; Van Timmeren and Isaacs
2013; Smirle et al. 2017). Our objectives were to: 1) deter-
mine survival time on treated fruit to optimize the duration
of the EPG studies, 2) correlate different waveforms with
observed behaviors, and 3) compare behaviors on differently
treated fruit surfaces. We expected to recognize the earlier
waveforms described in EPG recordings with this species
and their quantification (Guedes et al. 2019). We hypoth-
esized that spinetoram-treated strawberry would impact the
behavior of D. suzukii because it is neurotoxic and inter-
feres with insect activity (Salgado and Sparks 2010; Casida
and Durkin 2013), whereas fenhexamid-treated strawberry
would not impact behavior because of its specific mode of
action blocking the biosynthesis of ergosterol in fungi cell
membranes (Leroux 1996; Yang et al. 2011).

Materials and methods
Insects and insecticides

Adults of spotted wing drosophila were from a laboratory
colony reared in nylon enclosures (Bug Dorm-2®, BioQuip,
Rancho Dominguez, CA, USA), under controlled condi-
tions of 25+ 2 °C temperature, 70+ 10% relative humid-
ity, and 16-h photophase. Insects were reared using a corn-
meal-sucrose—agar—yeast diet provided in Petri dishes for
both egg-laying and larvae development, as detailed else-
where (Walse et al. 2012; Guedes et al. 2018).

The carboxamide fungicide, fenhexamid, and the spyno-
sin insecticide, spinetoram, were used at maximum label
rates in California (USA) with spray volume of 1000 L/ha,
as follows: fenhexamid at 850 g a.i./ha (Elevate® 50 WDG;
50.5%, Arysta Lifescience, San Francisco, CA, USA) and
spinetoram at 105.1 g a.i./ha (Delegate® 25 WG; Dow
AgroSciences, Indianapolis, IN, USA). Both agrochemi-
cals are currently used in strawberry production, fenhexa-
mid for controlling the gray mold fungal pathogen (Botrytis
cinerea Pers.), and spinetoram for spotted wing drosophila
control. These pesticides were provided via artificial diet in

time—mortality bioassays, as described below, and by fruit
immersion in insecticide solution for 30 s in the EPG experi-
ments, as also detailed below.

Time-survival bioassays

Time-survival bioassays were conducted using adult insects
to determine the (sublethal) exposure for subsequent EPG
analyses, and also to determine adult longevity on pesticide-
treated surface (i.e., how long the adults survived under
such exposure). The bioassays for each pesticide were con-
ducted at respective maximum label rates, in addition to a
non-treated control, dosed with only water. Four independ-
ent replicates were used for each pesticide and non-treated
control, each encompassing a disposable Petri dish (9 cm
diameter) containing 15 ml of artificial diet treated with the
respective pesticide at the label rate considering the spray
volume indicated above (or only water, if the control), added
after the diet cooled but before it was poured. Twenty-five
adult flies were chilled and subsequently transferred to each
Petri dish, which was maintained under rearing conditions.
Survival was recorded at 15-min intervals for 2 h after
release, at 30-min intervals for four more hours, and twice
a day afterward. Mortality was recognized when the insects
were unable to walk a body length.

EPG bioassays
Insect wiring

Gravid adult females (4 to 7 days old; Hamby et al. 2016)
were randomly collected from the rearing cages, starved for
1 h, and chilled for wiring. The wiring and whole EPG bio-
assays were performed as described by Guedes et al. (2019).
Briefly, a gold wire (2.5 cm long and 25.4 pm diameter [sold
as 0.001 inch; Sigmund Cohn, Mt. Vernon, NY, USA) was
glued to the insect pronotum using silver glue (recipe in Cer-
vantes and Backus 2018) under stereomicroscope (MZ12s,
Leica, Heerbrugg, Switzerland). The other end of the wire
was attached to an EPG stub (copper wire soldered onto a
brass escutcheon pin) for insertion into the BNC plug of the
EPG head stage amplifier.

Electropenetrography

A four-channel, third-generation AC-DC electropenetro-
graph from EPG Technologies (Gainesville, FL, USA;
andygator3 @gmail.com) (similar to the one-channel corre-
lation instrument previous published; Backus and Bennett
2009) was used for the recordings, which were performed
within a Faraday cage to minimize electrical noise. Each
wired fly was connected to an individual head stage ampli-
fier and placed on an individual strawberry fruit (i.e., one
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fly per fruit), treated or not with pesticide (one block) via
30-s immersion in pesticide solution. Insects of each treat-
ment were simultaneously recorded side by side in a ran-
domized complete design. Between 26 and 30 flies were
used for each treatment. Each strawberry had a 1-cm-long
copper “plant” electrode inserted and connected to the
electropenetrograph. Insect activity on the strawberry fruit
surface closed the circuit and allowed recording the volt-
age variation as waveforms characteristic of each behavior.

Recordings used 10° Q input impedance/resistance (Ri)
and 20 mV alternating current (AC) for 4 h, usually start-
ing by mid-morning (10:00 am), as previously determined
(Guedes et al. 2019). Variation in analog electrical voltage
was amplified, rectified, and digitally sampled at a rate of
100 Hz per channel using a DI-720 analog—digital board
(Dataq Instruments, Akron, OH, USA). The digitized
signal was recorded on a desktop computer through the
WinDaq Pro+ software (Dataq). Pre- and post-rectifica-
tion signals were simultaneously recorded and checked to
ensure that waveform foldover by the rectifier was properly
avoided through the offset function of the instrument; only
the post-rectification signal was measured for the record-
ings. EPG controller gain was 3000%, and WindDaq gain
was 8X.

Individual adult females interacting with strawberry fruit
during the EPG recordings were also observed with a digital
DFC7000T camera coupled with a MZ125 stereomicroscope
connected to a desktop computer equipped with the LAS X
image recording software (all from Leica). The objective
was to correlate visual observations of behavioral activi-
ties with corresponding EPG waveforms, although behav-
iors were not video-recorded due to time synchronization
problems.

Behavior (and waveform) quantification

The waveforms were recognized per Guedes et al. (2019)
and thus named following the hierarchical conventions phase
then family within each phase, as earlier proposed (Backus
2000; Backus et al. 2007). The waveforms were quanti-
fied based on continuous stereotypical patterns recognized
as waveform events, whose numbers and durations were
measured using the WinDaq Waveform Browser software
(Dataq). Three main, non-sequential response variables were
calculated following Backus et al. (2007), which were: (1)
(mean) number of waveform events per insect (NWEI); (2)
(mean) waveform duration per insect (WDI), which is the
sum of all events of a given waveform averaged per insect;
and (3) (mean) duration of waveform events per insect
(WDEI).
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Statistical analyses

Time-survival results were subjected to survival analyses using
Kaplan—Meier estimators assessing the adult insects until they
died, including those of the control (PROC LIFETEST, SAS;
SAS Institute, Cary, NC, USA). The procedure allowed deter-
mination of how long the insects survived (adult longevity)
and estimation of the respective median survival/lethal times
(LT5gs) for each individual replicate (i.e., their longevity) and
treatment, which were subjected to analysis of variance and
Fisher’s least significant difference (LSD) test (PROC GLM,
SAS).

The results from the EPG bioassays were used for cal-
culation of the descriptive statistic response variables
described above, using the Ebert 2.0 SAS program (for the
first three, compilation steps) and Backus 2.0 SAS program
(for analysis); both are available at http://www.crec.ifas.ufl.
edu/extension/epg/epg_workshop.shtml (Backus et al. 2007,
Ebert et al. 2015). Thus, analyses of variance with restricted
maximum likelihood estimation (REML-ANOVA) were
performed using the procedure GLIMMIX from SAS and
Fisher’s LSD test to recognize treatment differences, when
suitable. These analyses were performed at the phase level
and also at the family level when necessary. Data transfor-
mation was used to improve homoscedasticity of the fol-
lowing variables: WDI and WDEI (log), and NWEI (square
root) for phases, and the same variables and transformations
for the waveform families within the feeding phase.

Results
Time-survival

Survival time (or longevity) of the adult insects provided
with pesticide-treated diet and non-treated diet (control) dif-
fered significantly (log-rank y*>=64.05, df=2, P <0.001).
Consequently, the estimated median lethal times (LTss;
or median adult longevity) were also significantly differ-
ent among the treated and non-treated diets (F 20= 371.66,
P <0.001). While the spotted wing drosophila adults
exposed to non-treated or fenhexamid-treated diet exhibited
similar median survival around 4 days (3.83+0.17 days
and 3.58 +0.08 days, respectively), insects exposed to
spinetoram-treated diet exhibited median survival near the
4-h range (0.13+0.01 days; Fig. 1). Therefore, a recording
duration of 4 h was used in the EPG bioassays; no female
mortality was observed during the EPG recording period.

Electropenetrography
The EPG recording exhibited a high success rate (100%)

following attainment of proper insect preparation and wir-
ing skills. The recording output obtained is detailed below.
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Fig. 1 Median survival times (LTsys; mean+SE) of spotted wing
drosophila exposed to strawberry fruits treated or not with pesticide
residues. The different lowercase letters at the top of each bar indicate
significant difference by Fisher’s LSD test (P <0.05)

Waveform confirmation

The strawberry-associated behaviors of adult female spotted
wing drosophila were observed using stereomicroscopy and
correlated with waveform structure recorded via simultane-
ous EPG, allowing the recognition of three waveform phases
and eight families (as described in Table 1 and representa-
tively depicted in Fig. 2). The three observed phases were:
(1) non-probing phase, (2) feeding phase, and (3) egg-laying
phase. An additional phase (i.e., other) was also used to refer
to a waveform representing a brief interruption between
feeding and/or egg-laying events reaching baseline, or near
s0, and lasting no more than 1.5 s, which was coded as N.
The non-probing phase included three sets of behaviors
with respective waveforms (coded as in parenthesis): resting
(Z), grooming (G), and walking (W). The feeding and egg-
laying phases consisted of two behaviors and set of corre-
sponding waveforms each—dabbing (D) and ingestion (I) for
the feeding phase, and abdominal probing (P) and egg-laying

per se (L) for the egg-laying phase (Table 1, Fig. 2). These
same waveform phases and families were earlier character-
ized electrically, defined behaviorally, and named (Guedes
et al. 2019). Detailed descriptions of these waveform phases
and families are briefly summarized below.

The waveforms of the non-probing phase were character-
ized by very low amplitude, or often, as a flat line represent-
ing resting (Z; the baseline recording), or as low-amplitude
rounded waveforms, which were also irregular, represent-
ing grooming (G). Grooming waveforms were not as tall as
walking waveforms (W), which were also represented by
acute peaks and valleys of high amplitude reaching up to
those of the feeding phase. The latter two waveforms were
irregular, particularly grooming, because the leg movements
necessary to remove foreign material from the body sur-
face may take place on different body parts. Dabbing (D)
and ingestion (I) within the feeding phase were character-
ized by rectangular-shaped waveforms with a flat plateau
reaching about half the height (i.e., amplitude) of the egg-
laying waveforms; their difference was the duration because
dabbing seldom lasted more than a second (< 1.5 s), unlike
ingestion, which is a sustained activity. Finally, the wave-
forms from the egg-laying phase were of similar amplitude,
lasting several seconds for egg-laying and relatively shorter
for abdominal probing. Egg-laying represented not only the
ovipositor insertion into the fruit, but also a partial or com-
plete insertion of an egg (Fig. 2).

Waveform quantification

Pesticide-treated and non-treated strawberries led to only
marginal differences in numbers and durations of non-prob-
ing events (NWEI and WDI, respectively; P <0.10), with
the pesticides reducing the former and increasing the latter
variables (Fig. 3). In contrast, significant differences were
observed for number of feeding events (NWEI; P <0.001).
Both pesticides reduced the number of events (Fig. 4a), and
spinetoram also reduced the overall duration of feeding
(WDI, Fig. 4b) and the duration of each individual feeding
event per insect (WDEI; Fig. 4c¢). In contrast, behaviors on

Table 1 EPG waveforms

= . Waveform Biological meaning
summarizing non-probing and
probing behaviors of adult Phase Family Coding
female spotted wing drosophila
(Drosophila suzukii). The AC— Non-probing Resting Z No activity (baseline)
DC EPG settings were 20 mV Grooming G Grooming of different body parts
AC, 10" Q input impedance Walking w Walking on substrate surface
Feeding Dabbing D Brief substrate touch by quick proboscis extension
Ingestion 1 Prolonged substrate touch with proboscis extension
Egg-laying Probing P Brief ovipositor insertion into substrate
Egg-laying L Prolonged ovipositor insertion into substrate with egg-laying
Other Interruption N Brief interruption during either ingestion or egg-laying
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fenhexamid resembled those on the non-treated strawberry.
No differences were observed during the egg-laying phase
(Fy4p=2.19, P> 0.61), which were relatively rare events;
probing occurred 6.72 +2.24 times on average for the 4-h
recording of each insect, and egg-laying occurred even less
frequently (2.85 +1.13 times 4-h recording).

The feeding patterns of dabbing and ingestion differed
greatly among flies on pesticide-treated and non-treated
strawberries (P <0.001). Both pesticides similarly reduced
the number (NWEI) of dabbing events compared with flies
on non-treated strawberry (F, 83> 4.89, P=0.001; Fig. 5a),
and also the overall length of time (WDI) spent on dab-
bing (Frg3> 6.33, P<0.001; Fig. 5b), but not the duration
of each dabbing event (0.52+0.7 s; Fyg3> 1.85, P=0.16).
Regarding ingestion, the number of events reduced by pes-
ticide treatment with spinetoram was lowest (F g3 > 13.02,
P <0.001; Fig. 5c), while the time spent ingesting was sig-
nificantly smaller only for spinetoram-treated strawberries,
not fenhexamid-treated ones (F, g;>4.51.839, P=0.001;
Fig. 5d). The treatment of a strawberry with either pesti-
cide did not alter the average duration of ingestion events
(25.92+6.21 s; F, g3>0.96, P=0.39).

Discussion

The behavior of adult female spotted wing drosophila on
pesticide-treated strawberries was analyzed with EPG. The
goal was to recognize and quantify behavioral features with
EPG in the context of understanding the impact of pesticide
treatments on this invasive pest. We expected to differentiate
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the behaviors of adult females on strawberries treated with
the insecticide spinetoram, while we expected no difference
between non-treated strawberries and those treated with the
fungicide fenhexamid. As defined in more detail in previous
work (Guedes et al. 2018), high-resolution AC-DC EPG of
fly activity was successful. Our main hypothesis regarding
spinetoram was confirmed. Curiously though, and contrast-
ing with our hypothesis, fenhexamid also interfered with
insect feeding, although only mildly.

Electropenetrography (EPG) is an affordable technique
(complete equipment costs less than US$8000) whose feasi-
bility of use in spotted wing drosophila affords some impor-
tant strategic advantages compared with conventional tech-
niques, aiding rather than replacing the need for behavioral
and fitness studies (Backus and Bennett 1992; Walker 2000;
Backus et al. 2019). In fact, EPG is valuable in at least three
major ways. First, EPG enhances the study output while
allowing simultaneous observation of a larger set of individ-
uals and with higher resolution, which is not really feasible
for small insects such as SWD when solely relying on direct
observation. Second, EPG provides important information
on the biomechanics of the feeding/egg-laying processes.
This is because the resistance and biopotentials generated
by the insect provide very detailed information about types
and amounts of fluid flow, mouthpart or ovipositor move-
ments, and other details recorded in higher resolution than
via video. Third, because of the second property above,
EPG allows recording of salivation (not usually detectable
visually) as well as ingestion of food, sensing the substrate
prior to oviposition, egg-laying, and other minute behav-
iors. These minute behaviors are not apparent with direct
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Fig.3 Frequency (a) and duration (mean+SE) (b) of waveforms
associated with the non-probing phase of females of spotted wing
drosophila (Drosophila suzukii) on pesticide-treated and non-treated
strawberry. Different letters indicate significant difference by Fisher’s
LSD test (P <0.05)

observation (e.g., depth of egg insertion into the substrate
and strength required for that). Therefore, EPG use for non-
hemipteroid insects extends to this group study possibilities
previously used only for hemipteroid species.

Seven characteristic waveforms were associated with
three activity phases of spotted wing drosophila—non-
probing, feeding, and egg-laying. An eighth waveform was
associated with the interruption of feeding and/or egg-lay-
ing. These waveforms are broadly consistent with those of
other species (e.g., Cervantes et al. 2017a, b), and were also
recently recognized and described in detail for spotted wind
drosophila associated with artificial diet and strawberry
fruits (Guedes et al. 2019). All of the observed waveforms
were detected using low applied voltage (20 mV AC) at high
Ri (10° Q). At that Ri level, waveform fluctuations were
probably generated mostly by biopotentials (or electromo-
tive force [emf] component) (Walker 2000; Backus et al.
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waveforms associated with the feeding phase of female spotted wing
drosophila (Drosophila suzukii) on pesticide-treated and non-treated
strawberry. Different letters indicate significant difference by Fisher’s
LSD test (P <0.05)
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Fig.5 Bar plots of frequency (a, ¢) and duration (mean+SE) (b, d)
of dabbing (waveform D; plots a, b) and ingestion of ingestion (wave-
form I; plots ¢, d) associated with the feeding phase of females of

2018). Further study of spotted wing drosophila waveforms,
especially a waveform library, would be warranted to deter-
mine whether additional minute behaviors can be resolved
via EPG.

Waveform differences during the non-probing phase were
milder than expected, but consistently showed an increase
in overall duration, primarily due to reduction in number
of same-duration events on pesticide-treated strawberries.
However, because flies exhibited extensive grooming behav-
ior with an irregular and varied spectrum of low-amplitude
waveforms associated with cleaning of different body parts
(i.e., head, abdomen, other legs, and wings), future recogni-
tion of waveform subfamilies within grooming may increase
resolution and likelihood of detection of eventual effects
on this subset of behaviors (Guedes et al. 2019). A similar
rationale is also valid for walking, which has been recorded
in few insect species, e.g., mirid bugs and the Asian citrus
psyllid (Backus et al. 2007; Youn et al. 2011). Regardless,
both behaviors are potentially important for pesticide residue
pickup from the substrate surface and may lead to divergent
trends in fly response when contrasted with resting. Such
type (subfamily) waveform categorization of non-prob-
ing therefore deserves future attention, particularly when
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contact-acting compounds are involved, as in our study.
What little has been explored so far is presently circum-
scribed to whiteflies (He et al. 2013; Civolani et al. 2014).
The egg-laying phase was characterized by abdominal
probing and egg-laying per se, which are also behaviors that
further promote contact and transfer of pesticides on treated
surfaces, in addition to contact and ingestion. Certainly,
there was the potential that egg-laying could be affected by
these compounds. Nonetheless, we were unable to detect a
significant effect of pesticides in such behavior in the present
study with female spotted wing drosophila. This does not
necessarily mean that such effects do not exist. They were
actually reported in whiteflies (He et al. 2013), although the
waveform dynamics of egg-laying on pesticide-treated host
surfaces were not recorded. Drosophila egg-laying wave-
forms exhibited the same structure on treated and pesticide-
treated fruits; however, variations in the number and dura-
tion of such waveforms were minimal in our study, probably
due to the relatively small number of egg-laying events reg-
istered in the 4-h recordings. Longer recording times and/
or better targeting of the peak window of egg-laying should
allow the recording of significantly higher numbers of egg-
laying events and eventual detection of pesticide-mediated
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differences in the egg-laying. The findings by Lin et al.
(2014) provide support for the latter approach.

The main differences detected in this study occurred dur-
ing the feeding phase, whose number and overall duration
declined on pesticide-treated strawberries. Coincidentally,
feeding is the phase that has received the bulk of attention
in EPG studies since the development of this technique in
the 1960s, again essentially targeting hemipteroid insects
and particularly vectors of plant pathogens (Cole et al. 1993;
Harrewijn et al. 1996; Calatayud et al. 2001; Kindt et al.
2003; Xue et al. 2009; Rangasamy et al. 2015; Cervantes
et al. 2017a). Pesticide interference with feeding by these
insects has also been an increasing target of attention, but
focusing mainly on systemic insecticides, including neo-
nicotinoids and sulfoximines (Nisbet et al. 1993; Daniels
et al. 2009; Garzo et al. 2015), the pyridine azomethine
pymetrozine (Harrewijn 1997; Boina et al. 2011), and the
pyridinecarboxamide flonicamid (Morita et al. 2007; Tariq
et al. 2017). The two former ones are competitive modula-
tors of nicotinic acetylcholine receptors (nAChR) in neu-
ral synapses, while the latter two are modulators of chor-
donotal organs. Thus, all of them exhibit neural activity as
(neurotoxic) compounds leading to feeding inhibition and
at least potentially affecting plant virus transmission. Even
azadirachtin, a terpenoid extracted from seeds of the neem
tree (Azadirachta indica A. Juss), exhibits some systemic
activity and aphid antifeedant effect demonstrated in EPG
recordings (Nisbet et al. 1993).

Contact insecticides applied to the surface of host (fruit)
substrate are more relevant to non-hemipteroid species,
including the spotted wing drosophila, than to hemipter-
oids. Yet, contact insecticides have received very limited
attention with EPG to date. However, behavioral interference
was also detected with EPG when organosphophates, carba-
mates, pyrethroids, and diamides were studied in whiteflies
(He et al. 2013; Civolani et al. 2014). Also, spotted wing
drosophila possesses spongiform mouthparts. Despite the
morphological analogy between spongiform and sucking
mouthparts, the feeding dynamic is distinct, with Bractocera
fruit flies showing a fluid-centered mechanism of feeding
with regurgitation and re-ingestion taking place (Vijaysega-
ran et al. 1997). The flies release watery fluid containing
salivary enzymes and/or symbiotic bacteria from their crop
onto the substrate for feeding (Vijaysegaran et al. 1997,
Coronado-gonzalez et al. 2008), then re-ingest the fluid and
released nutrients from the surface using pressure from the
crop cibarial pump (Stoffolano and Haselton 2013). Thus, in
addition to tarsal contact, pesticide will be potentially picked
up from the plant surface by feeding, via dabbing and mainly
ingestion per se. As a result, surface pesticides will reach
spotted wing adults and may affect their ingestion.

Spinetoram is a spinosyn that exhibits allosteric mod-
ulation of nicotinid acetylcholine receptors (nACHR)

of insect neural synapses (Sparks et al. 2001; Salgado
and Sparks 2010; Casida and Durkin 2013), whose use
is important for managing the spotted wing drosoph-
ila (Bruck et al. 2011; Van Timmeren and Isaacs 2013;
Smirle et al. 2017). This insecticide also seems to antag-
onize response to y-amino butyric ac. (GABA) (Sparks
et al. 2001; Salgado and Sparks 2010), an inhibitory
neurotransmitter, contributing to its neurotoxic activity.
Therefore, feeding impairment was expected and detected
when strawberry was treated with this compound, leading
to reduced dabbing and ingestion by spotted wing adults.
These effects likely contributed to the reduced longevity
of adult insects exposed to spinetoram-treated diet, which
reflects the acute effect of this compound, and may also
impair other life history traits following sublethal expo-
sure. The fungicide fenhexamid presents an interesting
contrast.

We were not expecting significant behavioral differences
from spotted wing drosophila on fenhexamid-treated straw-
berry, versus non-treated control berries, due to its basic
activity—inhibiting cell-wall formation in fungus (Leroux
1996; Yang et al. 2011). Intriguingly, this fungicide also
compromised dabbing and even ingestion by female flies,
although mildly when compared with spinetoram. Such
fenhexamid-impaired feeding did not compromise adult lon-
gevity. However, other life history traits could be affected,
including fertility, which we did not assess in our study.
Furthermore, the co-occurrence of both insecticide and
fungicide residues in the same strawberry fruit surface dur-
ing pre- and post-harvest is likely common and may spark
unexpected responses in EPG studies, perhaps even syner-
gism; thus, pesticide mixtures deserve attention in the future.
Insecticide efficacy may very well be enhanced with this
simultaneous exposure, but these compounds seem to impair
fly-host interaction potentially interfering with sampling and
behavior-based management tactics (Guedes et al. 2018).

In conclusion, for the first time for a dipteran insect,
electropenetrography was successfully used to quantify the
behaviors of spotted wing drosophila on strawberry fruits
treated with pesticides. Significant feeding impairment was
detected when strawberries were treated with spinetoram,
which compromised adult longevity. Surprisingly, treat-
ment of strawberries with the fungicide fenhexamid yielded
a mild effect on feeding, although it did not affect longev-
ity. Regardless, subtle responses do occur when pesticide-
treated fruits are available for spotted wing drosophila and
may interfere with fly survival, reproduction, and sampling.
Furthermore, the present study demonstrates that AC-DC
electropenetrography is useful as a tool for behavioral quan-
tification that is more detailed than that provided by visual/
video observation. Therefore, EPG will be relevant to under-
stand dynamics of many insect-host interactions and suble-
thal effect of pesticides.
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