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Since its first appearance in California in 2008 and subsequent spread across the
continental United States, the spotted-wing drosophila, Drosophila suzukii Matsumura,
has become an economically damaging pest of multiple stone and soft-skinned fruits in
the United States. The adjuvant ACTTRA SWD, when mixed with a suitable insecticide,
constitutes an innovative attract-and-kill tactic that can be applied as a sprayable
bait to manage D. suzukii. As an adjuvant, growers can mix ACTTRA SWD with any
insecticide recommended for D. suzukii management in a specific crop; however,
to achieve this, the efficacy of this adjuvant incorporated with various insecticides
needs testing. This research aims to test the suitability of nine insecticides added to
two ACTTRA SWD formulations (named OR1 and TD) to maintain the formulation’s
attractiveness to D. suzukii adults and in resulting mortality. We conducted a series
of two-choice bioassays to test the relative attraction of D. suzukii to ACTTRA SWD
formulations prepared with and without a specific insecticide. Additionally, we tested the
efficacy of ACTTRA SWD formulations mixed with insecticides in managing D. suzukii
by using no-choice efficacy bioassays. Adding Mustang Maxx (zeta-cypermethrin) to
ACTTRA SWD ORT1 significantly improved D. suzukii adult attraction to the formulation,
while Azera (azadirachtin + pyrethrins) significantly reduced attraction to both ACTTRA
SWD formulations. Among the insecticides tested, we identified Danitol (fenpropathrin),
Exirel (cyantraniliprole), Malathion (malathion), Mustang Maxx, and Entrust (spinosad) as
suitable insecticide additives for both ACTTRA SWD formulations. The results from this
study will assist growers in selecting proper insecticide components when preparing
attract-and-kill formulations of the new adjuvant ACTTRA SWD.
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INTRODUCTION

The spotted-wing drosophila (SWD), Drosophila suzukii
Matsumura (Diptera: Drosophilidae), is an invasive species
that has become an economically damaging pest of multiple
stone and soft-skinned fruits in the United States. For fresh
market fruits, there is a zero-tolerance for fruit infestation by
D. suzukii (Cuthbertson et al., 2014). Consequently, multiple
chemical, physical, biological, cultural, behavioral, and genetic
management methods have been developed for this pest (Bruck
et al., 2011; Cormier et al., 2015; Renkema et al., 2016; Buchman
et al,, 2018; Klick et al., 2019; Rendon et al., 2020; Wang et al,,
2020; Fanning et al., 2021). Despite this, low tolerance for fruit
infestation by D. suzukii in small fruit crops, along with the low
efficacy, high cost, or practical difficulties associated with the
implementation of certain management options, limit the use
of many non-chemical measures as a stand-alone strategy for
managing this pest (Rhodes et al., 2018; Rendon and Walton,
2019; Schoneberg et al., 2020). Instead, for small fruit growers,
several conventional and a few organic insecticide options that
are effective and economically viable are available for D. suzukii
management (Farnsworth et al, 2017). Thus, prophylactic
insecticide applications are the primary management method
employed by fruit growers in conventional and organic small
fruit production systems (Sial et al., 2019). Moreover, repeated
insecticide applications, often 6-9 applications per fruit growing
season, are required to manage this pest (Van Timmeren and
Isaacs, 2013). This heavy reliance on insecticides can lead to
insecticide resistance evolution, adverse environmental effects,
and insecticide residue contamination in the harvested fruits
(Diepenbrock et al., 2016; Gress and Zalom, 2019; Sarkar et al.,
2020; Spaulding, 2020). To mitigate this, multiple resident
pupal parasitoids and one introduced larval parasitoid, Ganaspis
brasiliensis (Thering), have been identified as potential biological
control agents for managing D. suzukii in North America and
Europe (Wang et al,, 2021). A permit to release G. brasiliensis
in the United States has been approved, and the preparation for
the large-scale release of these parasitoids has been underway.
Additionally, augmentation and conservation biological control
plans utilizing the resident pupal parasitoids are being developed.
However, the current D. suzukii management programs that
largely depend on frequent insecticide cover sprays are not
likely compatible with these biological control efforts. Thus, the
development of integrated pest management (IPM) strategies
that limit non-target impacts of insecticides and are compatible
with D. suzukii parasitoids and other natural enemies is getting
increased attention.

Recently, a few behavior-modifying strategies have been
tested to reduce D. suzukii infestation (Cloonan et al., 2018;
Tait et al., 2021). A promising novel behavioral-based D. suzukii
management strategy that can reduce the overall insecticide
inputs in a field season is the implementation of attract-
and-kill (A&K) management tactics based on the ACTTRA
SWD formulations (ISCA Technologies, Inc., Riverside, CA,
United States) (Klick et al., 2019). Compared with the traditional
insecticide cover sprays, A&K formulations prepared with
ACTTRA SWD are applied at discrete sites across the field.

Thus, only a portion of the total field area is exposed to the
attractant + insecticide mixture, reducing the overall insecticide
use per unit area while minimizing the non-target impacts
and insecticide drift (Mafra-Neto et al., 2014; Klick et al.,
2019). The ACTTRA SWD formulations are based on SPLAT
(Specialized Pheromone & Lure Application Technology, ISCA
Technologies Inc., Riverside, CA, United States), emulsions
that control the release of incorporated semiochemicals over
an extended period under field conditions (Mafra-Neto et al.,
2014). These formulations consist of a blend of adult D. suzukii
olfactory attractants, phagostimulants, and a pink coloration
for insect visual attraction (Mafra-Neto et al., 2014). Two
ACTTRA SWD adjuvants are currently being considered
for registration: ACTTRA SWD ORI (hereafter referred to
as “OR1”) and ACTTRA SWD TD (hereafter referred to as
“TD”). Both of the above formulations contain adult D. suzukii
attractant blends but lack a Kkilling/insecticide component.
Moreover, while the OR1 and TD are adjuvants (lacking added
insecticide), the HOOK SWD is an experimental formulation
containing the ORI adjuvant as an attractant/phagostimulant
component, with the technical grade spinosad (99% purity) as
a killing component incorporated during the manufacturing
process. A recent study with HOOK SWD formulations
suggests that the blueberry crop treated with HOOK SWD
formulation reduced D. suzukii fruit infestation by 2-8 times
than the untreated control (Klick et al., 2019). Additionally,
weekly or biweekly HOOK SWD applications preceded
by a single insecticide cover spray resulted in 2-5 times
less D. suzukii infestation in the raspberry field than the
standard grower cover spray alone (Klick et al., 2019). These
results indicate the potential of A&K formulations based
on ACTTRA SWD as a D. suzukii management option in
small fruit IPM.

Behavior-modifying chemicals that attract insects to an
insecticide and/or improve the insecticide uptake by serving as
a phagostimulant can enhance the efficacy of the insecticide
(Cowles et al,, 2015). On the other hand, while preparing
an A&K formulation, the addition of insecticide as a killing
component should be done with care as the selection of
insecticide can reduce the overall attractiveness of the final
A&K product to the target organisms. The constituents
of a commercial insecticide formulation, either the active
ingredient(s) or other formulation components, can interact
with the attractants, reducing formulation attractiveness or
even causing a net repellency on the target organism (Lin
et al, 1993; El-Sayed et al., 2009). Since both OR1 and TD
formulations are envisioned to be marketed as an adjuvant,
ie, without an insecticide, growers can potentially mix
these two ACTTRA SWD formulations with any insecticide
recommended for D. suzukii management in a specific crop
when preparing an attract-and kill formulation. Selecting a
suitable insecticide as a killing component of an A&K mixture
should be based on multiple desirable characteristics of the
insecticide that include high efficacy, lack of repellence or
deterrence, an excellent residual activity that matches the life
of the attractants, a limited non-target effect of insecticide,
and rapid killing capability of the toxicant (Gregg et al., 2018).
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Previous research has recognized several insecticides that
elicit specific insect behavior responses, including repellency,
feeding, or oviposition deterrence (Kumar and Chapman, 1984;
Ross and Cochran, 1992; Lin et al, 1993). For instance,
volatiles from the active ingredient and other formulation
components in certain permethrin formulations is known to
affect the diamondback moth, Plutella xylostella (L.) larval
behavior response to the formulations (Lin et al., 1993).
Similarly, azadirachtin, the active ingredient in many commercial
insecticide formulations, has strong antifeedant, oviposition
deterrent, and repellent effects on multiple insect species
(Mordue and Blackwell, 1993). Thus, identifying appropriate
insecticide formulations that growers can mix with ACTTRA
SWD without compromising the formulation’s capabilities to
attract adult D. suzukii while providing a desirable level of pest
suppression needed investigation.

Presently, spinosad (Entrust™ 22.5SC, Dow AgroSciences
LLC, Indianapolis, IN, United States) is the default insecticide
component for the A&K formulations prepared using ACTTRA
SWD adjuvants. Since organic growers have only a few insecticide
options for managing D. suzukii in small fruit crops, and spinosad
is the most effective insecticide option, D. suzukii management in
the organic production system heavily relies on this insecticide.
So, adopting ACTTRA SWD-based A&K technique that uses
spinosad as the killing component could increase the grower’s
reliance on spinosad for D. suzukii management and increase
the selection pressure of this insecticide in this pest and
accelerate resistance evolution. Accordingly, a recent study by
Gress and Zalom (2019) confirmed that spinosad resistance
is emerging in specific D. suzukii populations in California.
Additionally, post-season D. suzukii populations screened for
insecticide tolerance in 2019 in Georgia exhibited higher
resistance ratios for spinosad than the population collected
in the 2018 field season and the 2019 pre-season (Spaulding,
2020). Thus, clearly deploying an A&K strategy for managing
D. suzukii entirely based on the spinosad is unsustainable.
There are multiple effective insecticide options available for the
conventional system, and a few promising insecticides listed by
the Organic Materials Review Institute (OMRI) are available
for the organic system for managing D. suzukii in small fruit
crops. Despite that, none of these insecticides have been tested
for their compatibility and effectiveness with ACTTRA SWD
adjuvants as an A&K formulation for managing D. suzukii in
small fruit IPM.

Thus, the objective of our research was to test the suitability
of nine selected insecticides, both organic and conventional
insecticides, added to two ACTTRA SWD formulations
(named ORI and TD) to maintain the resulting formulation’s
attractiveness to D. suzukii adults and toxicity resulting in
mortality. We conducted a series of two-choice bioassays to
test the D. suzukii relative attraction to the ACTTRA SWD
formulations prepared with and without a specific insecticide.
Additionally, by using no-choice bioassays, we tested the
efficacy of ACTTRA SWD formulations mixed with insecticides
in managing D. suzukii. Results from this study will help
identify appropriate insecticides that can be added to an
ACTTRA SWD formulation before deploying the product

as an A&K tactic to manage D. suzukii infestation in small
fruit crops.

MATERIALS AND METHODS

Insects

Drosophila suzukii adults were reared from a laboratory
colony maintained at the University of Georgia, Athens, GA,
United States. This colony was established from a population
raised from blueberries collected from Clarke Co., GA, in 2013.
Flies were reared in 117 mL square-bottom polypropylene bottles
(Genesee Scientific, San Diego, CA, United States). Each bottle
was provided with ~37 mL of standard fly diet (Reed et al,
2010; Jaramillo et al, 2015), added with a pinch of active
baker’s yeast. Rearing bottles were capped with cellulose acetate
plugs and maintained in a growth chamber (Percival Scientific,
Perry, IA, United States), held at 24 + 2°C, 60% RH, and
14:10 L:D period.

ACTTRA SWD Formulations

We tested two ACTTRA SWD formulations in our experiments,
OR1 and TD (ISCA Technologies, Inc., Riverside, CA,
United States). Both the above formulations and a related
product, HOOK SWD, an A&K formulation from the
same company, contained adult D. suzukii attractants and
phagostimulants mixed with a pink dye in a SPLAT matrix. The
HOOK SWD had the insecticide spinosad already incorporated
in the formulation at a 0.5% active ingredient concentration
by weight. In contrast, the TD and ORIl formulations lacked
the insecticide, and growers would need to mix a suitable
insecticide with these adjuvants before deploying the resulting
formulation in the field as an A&K management strategy. The
only difference between the TD and ORI formulations is the
number of components in the attractive blend; the TD blend has
more components than the OR1 blend and is relatively more
attractive to adult D. suzukii (Babu et al., 2022). The authors
are unable to disclose detailed compositions of the tested A&K
formulations because they constitute proprietary technologies.
Both the ORI and TD adjuvants were kindly provided by ISCA
Technologies, Inc. (Riverside, CA, United States).

Insecticides

Insecticide commercial formulations used in this study, active
ingredients in these formulations, and their manufacturers are
listed in Table 1. Commercial insecticide formulations are a
blend of one or more active ingredients and other ingredients
with no direct biocidal action (Nagy et al., 2020). Therefore, any
change in the behavioral response of the insects to the A&K
formulation added with a commercial insecticide formulation
observed in this study may not only depend on the type and
concentration of the active ingredient(s) in the formulation, but
could also depend on the other ingredients and its concentration.
Therefore, during the subsequent result and discussion, when
appropriate, we focused on the specific insecticide commercial
name and formulation tested over the specific active ingredient(s)
in the formulation.
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TABLE 1 | List of active ingredients, trade name, manufacturer of insecticide
formulations used in this study.

Active ingredient Trade name Manufacturer

Chromobacterium Grandevo® 30WDG?  Marrone Bio Innovations, Inc.,
subtsugae strain Davis, CA, United States
PRAA4-1

Burkholderia spp. Venerate® XC? Marrone Bio Innovations, Inc.,
strain A396 Davis, CA, United States
Azadirachtin and Azera® 0.21SL2 Valent U.S.A. LLC, Walnut
pyrethrins Creek, CA, United States
Fenpropathrin Danitol® 2.4 EC Valent U.S.A. LLC, Walnut

Creek, CA, United States

FMC Corporation, Philadelphia,
PA, United States

Gowan® Malathion Gowan Company, Yuma, AZ,
8F United States

FMC Corporation, Philadelphia,

Cyantraniliprole Exirel® 0.83SE
Malathion

zeta-cypermethrin Mustang® Maxx

0.8SC PA, United States
Spinosad Entrust® 2SC Corteva Agriscience,
Naturalyte®? Wilmington, DE, United States

GS-omega/kappa- Spear®-T 2% LC

Hxtx-Hvia

Vestaron Corporation,
Research Triangle Park, NC,
United States

a0rganic Materials Review Institute (OMRI)-certified.

Behavioral Response of Drosophila
suzukii to ACTTRA SWD Formulations
Mixed With Selected Insecticides

We conducted a series of two-choice laboratory assays with TD
and ORI formulations to evaluate the behavioral response of
adult D. suzukii to ACTTRA SWD formulations when mixed
with a specific insecticide compared with the corresponding
blank adjuvant formulation. For the two-choice bioassays, a clear
1839 mL polyethylene container (Dart Container Corporation,
Mason, MI, United States) of 19.7 x 20.6 x 7.8 cm dimension,
fitted with a matching lid, served as an assay chamber (Figure 1).
The chamber lid had two circular openings at the center, each
2 cm in diameter, one secured with a mesh covering to permit air
circulation. The other opening, sealed with a cotton ball, served
as an insect release point before the assay. Two custom-made

traps, each made with 59 mL clear plastic portion cups (Fabri-Kal
Corp., Kalamazoo, MI, United States) with a fitting lid, were
glued diagonally inside the chamber bottom. The trap lid had a
single 1.6 cm diameter hole at the center, fitted with an inverted
rubber cap taken from a floral water pick (DL 3805, Diamond
line containers, Akron, OH, United States). This rubber cap had
a single 3-mm diameter opening in the center to serve as the
D. suzukii entry point to the traps. The water pick cap was
inserted into the trap lid such that the upper surface of the cap
projected into the trap while the bottom edge of the rubber
cap was in line with the upper surface of the trap lid. Three
circular cotton pads (Swisspers, Gastonia, NC, United States)
moisturized with a total of 8 mL of distilled water was arranged
inside the arena, diagonally between the traps, to maintain high
humidity (~90%) inside the assay chambers. Additionally, a floral
tube (Juvo Plus Inc., Monrovia, CA, United States) filled with
distilled water and secured with a cotton ball placed in the bottom
center of the arena served as the additional water source for flies
during the assay.

We aimed to test the suitability of nine insecticides (Table 1)
added to two ACTTRA SWD formulations (OR1 and TD) to
maintain the formulation’s attractiveness to D. suzukii adults.
We tried a range of application volumes of blank TD and OR1
to standardize our two-choice assay methods during previous
research. The purpose was to determine an optimum treatment
volume in the two-choice assay that will maximize the overall
insect response rate to treatment traps during the assay (Babu
et al., 2022). Based on the results, we identified 80 WL ACTTRA
SWD/choice trap as the standard treatment volume for all the
subsequent two-choice assays. Thus, for all the two-choice assays
described in this manuscript, 80 L of ACTTRA SWD, either TD
or OR1 with and without a specific insecticide, served as choices.
All ACTTRA SWD treatments, including ACTTRA SWD blank
controls, had an effective ACTTRA SWD concentration of 87.5%.
Depending on the treatment, the rest of the formulation volume
was made up of the commercial insecticide formulation at
0.25% active ingredient (A.L) by volume and distilled water.
Treatments in a treatment pair were applied randomly to traps
to avoid positional bias between the choices during the assay. The
bioassays were conducted in a laboratory maintained at 21 £ 2°C,
and 24 h light. The relative humidity inside the two-choice

FIGURE 1 | The two-choice trap bioassay arena used in this study. (A) View from the top. (B) Side view. Components of bioassay arena include (1) a clear 1839 mL
polyethylene container with lid, (2) moisturized cotton pads, (3) custom-made traps with treatment inside, (4) mesh-covered opening for air circulation, (5) a
Drosophila suzukii water source, and (6) insect release point sealed with a cotton ball.
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arena was held at 90 & 2% throughout the assay. Twenty adult
D. suzukii of 5-7-day old (1: 1 sex ratio), starved for ~2 h, were
released in each arena. Each treatment pair was replicated eight
times. All the two-choice assays with a specific ACTTRA SWD
formulation (either OR1 or TD) were carried out on the same
day. The number of D. suzukii in each trap that responded to a
specific treatment in a two-choice assay was counted 24 h after
the insect release. The percentage of total insects released into the
arena that responded to each trap was calculated.

Efficacy of ACTTRA SWD Formulations
Mixed With Selected Insecticides

Two separate no-choice bioassays, one trial each for OR1 and
TD adjuvant, were conducted to test the efficacy of adjuvants
incorporated with nine selected insecticides (see Table 1)
in managing D. suzukii adults. Each bioassay consisted of
12 treatments, including nine insecticides + ACTTRA SWD
(either ORI or TD) treatments, two blank adjuvants without
any added insecticide as positive controls (ACTTRA SWD
TD control and ACTTRA SWD ORI control), and untreated
control (Tables 1-3). All ACTTRA SWD treatments, including
ACTTRA SWD blank controls, had an effective ACTTRA SWD
concentration of 87.5%. Depending on the treatment, the rest
of the formulation volume was made up of the commercial
insecticide formulation at 0.25% A.l. by volume and distilled
water. The bioassay arena consisted of a 946 mL clear plastic
container (Fabri-Kal®, Kalamazoo, MI, United States) with a
matching lid, and with a single 5-7 cm long blueberry terminal
with 4-5 leaves inserted into a water pick (DL 3805, Diamond
Line, Akron, OH, United States) filled with distilled water, and
was fitted through a circular hole in the bottom center of the
chamber (Figure 2). This bioassay is commonly used to assess
toxicity of insecticides against D. suzukii (Van Timmeren and
Isaacs, 2013; Roubos et al,, 2019; Fanning et al., 2021). Each assay
chamber was supplied with 15 ripe organic blueberries (Simple
Truth Organic, Kroger Co., Cincinnati, OH, United States) to
serve as a food source and oviposition substrate during the
assay. A floral tube (Juvale, Juvo Plus Inc., Monrovia, CA)
filled with distilled water and plugged with moist cotton was
provided as a water source. Except for the untreated check,
each chamber received a single 0.2 mL drop of one ACTTRA
SWD treatment, applied to the adaxial surface of the topmost
leaf. Bioassay chambers were then arranged in a randomized
complete block design, and treatments were replicated eight
times. Five male and five female adult D. suzukii of 5-7 days
old and starved for ~2 h were released into the bioassay
chambers ~2 h after treatment application. The containers
were then kept in a laboratory maintained at 21°C, 14:10 L:D,
and 80 £ 10% RH for 6 days. Six days after treatment (6
DAT), blueberries were removed from the bioassay containers
and transferred to a ventilated 237 mL deli container (Fabri-
Kal®, Kalamazoo, MI, United States) with a cotton round
(Swisspers, Gastonia, NC, United States) in the bottom, and
incubated in the same laboratory environment for 14 days for
adult D. suzukii progeny emergence. Treatment efficacy was
determined based on the adult D. suzukii mortality, and the

number of progenies developed from the infested blueberry
fruits. Adult D. suzukii mortality was counted at 1, 3, and 6 days
after the treatments and the percentage mortality of D. suzukii
flies in each bioassay chamber was calculated. Additionally, the
number of adult progenies that emerged from the blueberries was
counted at 20 DAT.

Statistical Analyses

Data from all the two-choice behavioral assays were subjected
to Students two-tailed paired ¢-test (GraphPad Prism V.9,
GraphPad Software, San Diego, CA, United States) at o = 0.05.
Before the parametric test, the Shapiro-Wilk statistics were
calculated to ensure that the difference between the paired
observations comes from a normally distributed population
(Horton, 1995). The D. suzukii adult mortality and progeny
count data from the no-choice efficacy bioassays were subjected
to analysis of variance (ANOVA) (PROC GLIMMIX, SAS v.
9.4) with data fitted to a normal distribution. The replication
(block) was considered as a random effect. Mean percent adult
mortality and progeny counts were separated post ANOVA using
Tukey-Kramer (P < 0.05) test.

RESULTS

Behavioral Response of Adult Drosophila
suzukii to ACTTRA SWD Formulations

Mixed With Selected Insecticides

OR1 + Insecticides

Among the various insecticide + OR1 formulations tested, the
addition of Azera 0.21SL containing azadirachtin and pyrethrins
as active ingredients, and Mustang Maxx 0.8SC containing zeta-
cypermethrin as the active ingredient, resulted in a change
in the relative attractiveness of OR1 formulation to adult
D. suzukii individuals (Figure 3). Compared with the blank OR1
formulation, the addition of Azera 0.21SL to the OR1 formulation
significantly reduced the overall attractiveness of the formulation
to adult D. suzukii. Contrary, the addition of Mustang Maxx
0.8SC to the ORI formulation significantly enhanced the
attractiveness of the formulation to adult D. suzukii individuals.

TD + Insecticides

For the TD adjuvant, among the various insecticide + TD
formulations tested, the addition of only Azera 0.21SL resulted
in a change in formulation’s relative attractiveness to adult
D. suzukii individuals (Figure 4). Similar to the OR1 formulation,
the addition of Azera 0.21SL into TD formulation also resulted
in a significant reduction in the formulation’s attractiveness to
D. suzukii adults.

Efficacy of ACTTRA SWD Formulations
Mixed With Selected Insecticides

OR1 + Insecticides

No significant interaction of treatments with sex was observed for
adult mortality in any of the observation dates (1 DAT, F = 1.52;
df =11, 154; P =0.128; 3 DAT, F = 1.46; df = 11, 154; P = 0.154;
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TABLE 2 | Percent adult Drosophila suzukii mortality (mean 4+ SEM), 1, 3, and 6 days after exposing the insects to various ACTTRA SWD OR1 + insecticide formulations
and controls treatments and the mean (=SEM) counts of adult D. suzukii emerged 20 DAT, from the blueberries incubated from the bioassay arena.

Treatment/ formulation Insecticide A.l in the Adult mortality/arena (%) Adult emergence

formulation (%v/v) count/arena
1 DAT 3 DAT 6 DAT 20 DAT

1. ACTTRA SWD ORT1 control 0.00 25+16¢ 25+ 16¢ 50+27c 58.4 £ 7.5ab
2. ACTTRA SWD ORT1 + Grandevo 30WDG 0.25 14+14c 43+20bc 43+20c 59.0 £ 6.5ab
3. ACTTRA SWD OR1 + Venerate XC 0.25 0.0+0.0¢c 3.8+ 1.8bc 50+27¢ 66.8 +6.8a
4. ACTTRA SWD OR1 + Azera 0.21SL 0.25 3.8+18¢c 20.0 +8.5bc 40.0+96b 40.6 &+ 3.4 abc
5. ACTTRA SWD OR1 + Danitol 2.4 EC 0.25 41.3+6.1ab 88.8+4.0a 97.5+16a 33.3+6.2bc
6. ACTTRA SWD ORT1 + Exirel 0.83SE 0.25 325+31b 91.3+48a 975+16a 239+6.2¢c
7. ACTTRA SWD OR1 + Gowan Malathion 8F 0.25 575+ 49a 93.8+5.0a 100+ 0.0a 35.5+3.9bc
8. ACTTRA SWD OR1 + Mustang Maxx 0.8SC 0.25 46.3 +7.3ab 96.3+2.6a 98.8+1.3a 36.6 £ 5.2 bc
9. ACTTRA SWD OR1 + Entrust 2SC Naturalyte 0.25 35.7+43b 98.8+1.3a 100.0+£0.0a 235+ 10.1¢c
10. ACTTRA SWD ORT1 + Spear-T 2% LC 0.25 43+43c 4.3 + 4.3 bc 86+40c 55.0 + 6.2 ab
11. ACTTRA SWD TD control 0.00 88+30c 23.8+6.8b 43.8+6.0b 54.8 £ 6.0 ab
12. Untreated control - 0.0+0.0¢c 10.0 £ 5.8 bc 171+ 6.4c¢ 55.8+ 7.0ab
F 32.7 97.4 109.6 5.3
Df 1,74 1,74 11,75 1,74
(P>F) <0.0001 <0.0001 <0.0001 <0.0001

Treatments containing ACTTRA SWD had an effective ACTTRA SWD concentration of 87.5%. The rest of the formulation volume was made up of the commercial
insecticide formulation at 0.25% A.l. by volume and or distilled water. Means followed by the same letter within a column are not significantly different (P > 0.05, Tukey-
Kramer).

TABLE 3 | Percent adult Drosophila suzukii mortality (mean + SEM), 1, 3, and 6 days after exposing the insects to various ACTTRA SWD TD + insecticide formulations
and controls treatments and the mean (=SEM) counts of adult D. suzukii emerged 20 DAT, from the blueberries incubated from the bioassay arena.

Treatment/formulation Insecticide A.l in the Adult mortality/arena (%) Adult emergence

formulation (%v/v) count/arena
1 DAT 3 DAT 6 DAT 20 DAT

1. ACTTRA SWD TD Check 0.00 5+19d 156.0+£ 5.0 cd 20.0 £ 5.7 bed 41.1 £ 4.4 abcd
2. ACTTRA SWD TD + Grandevo 30WDG 0.25 6.3+3.2cd 18.8 +8.5cd 31.3+£8.5bc 40.0 £ 4.9 abcd
3. ACTTRA SWD TD + Venerate XC 0.25 6.3+26cd 21.3+6.7cd 37.5+45Db 529 £ 5.8 ab
4. ACTTRA SWD TD + Azera 0.21SL 0.25 125+ 5.6cd 30.0 £ 9.3 bc 37.5+£113b 48.6 £ 5.2 abc
5. ACTTRA SWD TD + Danitol 2.4EC 0.25 488t 4.4a 83.8+50a 97.5+16a 21.0+£5.3d
6. ACTTRA SWD TD + Exirel 0.83SE 0.25 325+7.0ab 83.8+84a 925+49a 30.1 £+ 3.8 bed
7. ACTTRA SWD TD + Gowan Malathion 8F 0.25 246+ 4.6bc 829+55a 925+3.1a 36.8 + 6.4 abcd
8. ACTTRA SWD TD + Mustang Maxx 0.8SC 0.25 354 +£6.9ab 69.1+£6.5a 925+41a 26.4 £ 5.5 cd
9. ACTTRA SWD TD + Entrust 2SC Naturalyte 0.25 1256+ 8.7 cd 55.0 £ 3.3 ab 83.8+38a 451 £ 4.9 abc
10. ACTTRA SWD TD + Spear-T 2% LC 0.25 1.4+1.4d 143+5.7cd 17.1 £ 7.1 bed 559+45a
11. ACTTRA SWD OR1 Check 0.00 0.0+0.0d 0.0+0.0d 1.3+1.3d 41.6 £ 4.4 abcd
12. Untreated check - 0.0+0.0d 50+27cd 6.3+26¢cd 524 +3.5ab
F 16.1 28.7 45.7 4.8
Df 11,177 11,83 11, 83 11,83
(P>F) <0.0001 <0.0001 <0.0001 <0.0001

Treatments containing ACTTRA SWD had an effective ACTTRA SWD concentration of 87.5%. The rest of the formulation volume was made up of the commercial
insecticide formulation at 0.25% A.l. by volume and or distilled water. Means followed by the same letter within a column are not significantly different (P > 0.05, Tukey-
Kramer,).

6 DAT, F = 1.30; df = 11, 155; P = 0.232). Additionally, no
significant difference in male and female mortality was observed
in any observation dates (1 DAT, F = 0.30; df = 1, 166; P = 0.582;
3 DAT, F = 0.63; df = 1, 165; P = 0.430; 6 DAT, F = 0.81;
df = 1, 166; P = 0.368). However, a significant difference in
SWD adult mortality was observed among the treatments on 1,
3, and 6 DAT (Table 2). At 1, 3, and 6 DAT, ACTTRA SWD ORI1
formulation with Danitol 2.4EC (fenpropidin), Exirel 0.83SE

(cyantraniliprole), Gowan Malathion 8F (malathion), Mustang
Maxx 0.8SC, and Entrust 2SC Naturalyte (spinosad) resulted in
significantly higher SWD mortality compared with the untreated
control (Table 2). Additionally, on 6 DAT, Azera 0.21SL and
ACTTRA SWD TD positive control resulted in significantly
higher mortality than the untreated control.

Similar to adult mortality, no significant interaction
of treatments with sex was observed for adult progeny
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FIGURE 2 | The no-choice bioassay arena used in this study. The
components of the no-choice bioassay arena include (1) a 5-7 cm long
blueberry terminal with 4-5 leaves inserted into (2) a water pick, (3) 15 ripe
organic blueberries, and (4) a Drosophila suzukii water source.

emergence (F = 0.54; df = 11, 155; P = 0.876). Averaged
across the treatments, 16% more adult female progenies were
produced from blueberries than male progenies (male = 20.8,
female = 24.2; F = 6.29; df = 1, 166; P = 0.013). Moreover,
a significant difference in D. suzukii adult emergence was
observed among the treatments (Table 2) and compared with the
untreated control; significantly fewer D. suzukii adults emerged
from blueberries placed in the arena with ACTTRA SWD OR1
incorporated with either Exirel 0.83SE or Entrust 2SC Naturalyte.

TD + Insecticides

No significant interaction of treatments with sex was observed for
adult mortality in any of the observation dates (1 DAT, F = 1.09;
df =11, 166; P = 0.374; 3 DAT, F = 0.68; df =11, 159; P = 0.756;
6 DAT, F = 0.36; df = 11, 166; P = 0.970). However, significantly
higher male mortality was observed at 1 DAT (male = 18.9%,
female = 12.2%; F = 8.37; df = 11, 166; P = 0.004). A significant
difference in D. suzukii adult mortality was observed among the
treatments at 1, 3, and 6 DAT (Table 3). At 1, 3, and 6 DAT,
ACTTRA SWD TD with Danitol 2.4EC, Exirel 0.83SE, Gowan
Malathion 8F, and Mustang Maxx 0.8SC resulted in significantly
higher SWD mortality compared with the untreated control

(Table 3). Additionally, on 3 and 6 DAT, Entrust 2SC Naturalyte,
and on 6 DAT, Azera 0.21SL and Venerate XC (Burkholderia
spp.) resulted in significantly higher mortality than the untreated
control but not higher than the ACTTRA SWD TD positive
control. At 6 DAT, among the OMRI-approved insecticides
tested, only Entrust 2SC Naturalyte incorporated into ACTTRA
SWD TD caused more than 80% mortality.

Similar to the adult mortality data, no significant interaction
of treatments with sex was observed for adult progeny emergence
(F = 1.36; df = 11, 166; P = 0.197). However, averaged
across the treatments, 25% more adult female progenies were
produced than male progenies (male = 18.2, female = 22.7;
F =16.18; df = 1, 177; P < 0.0001). A significant difference in
D. suzukii adult emergence was observed among the treatments
(Table 3), and compared with untreated check, application of
the ACTTRA SWD TD formulation with Danitol 2.4 EC and
Mustang Maxx 0.8SC resulted in significantly reduced D. suzukii
adult emergence.

DISCUSSION

Presently, the experimental ACTTRA SWD-based A&K system
solely relies on spinosad (Entrust) as a killing component (Disi
and Sial, 2019; Klick et al., 2019; LaTora, 2019). This study
identifies several additional insecticide formulations that are
suitable for mixing with both OR1 and TD formulations. The
selection of suitable insecticides for ACTTRA SWD was based
on: (1) the formulation’s efficacy in managing D. suzukii as an
A&K formulation after mixing ACTTRA SWD with selected
insecticide and (2) the resulting formulation’s attractiveness to
the target insect. Among the nine insecticides tested, we identified
Danitol 2.4EC, Exirel 0.83SE, Gowan Malathion 8F, Mustang
Maxx 0.8SC, and Entrust 2SC as suitable insecticide additives
for both ACTTRA SWD formulations. Additionally, adding
Mustang Maxx to ORI at 0.25% A.L by volume resulted in a
significant improvement (1.9 fold) in formulation capability
in attracting D. suzukii adults. On the contrary, adding Azera
0.21SL to either the TD or the OR1 formulation at 0.25% A.IL
by volume resulted in a significant decrease in the formulation’s
attractiveness to adult D. suzukii. The addition of Azera to
the ORI and TD formulations resulted in a 10.7- and 5.7-fold
decrease, respectively, in insect attraction than the corresponding
blank ACTTRA SWD formulation, suggesting that Azera is
unsuitable for mixing with either the OR1 or the TD adjuvants
when preparing A&K formulations to manage D. suzukii.

In our two-choice studies, the treatments were placed inside
an insect trap that prevents flies from directly contacting
the treatment before entering the trap. Therefore, the flies
decision to choose a treatment over another in a two-choice
situation was based on the olfactory cues emitted from the
treatments. Based on results from the two-choice assay with
OR1 formulation mixed with and without Mustang Maxx,
volatiles from the ORI with the insecticide were significantly
more attractive to D. suzukii adults than from the blank OR1
formulation. A commercial insecticide formulation is a blend of
one or more active ingredients and multiple other components
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Spear-T 2% LCH ns
Entrust 2SCH
Mustang Maxx 0.8SC+
Gowan Malathion 8F+
Exirel 0.83SE+ ns

Danitol 2.4EC+ ns
Azera 0.21SL+
Venerate XCH

Grandevo 30WDG+ ns

100 80 60 40

OR1 + Insecticide

% responding D. suzukii

FIGURE 3 | Mean (=SEM) percent of total Drosophila suzukii released in an arena captured inside the traps contains an ACTTRA SWD OR1 + insecticide treatment
vs. trap containing blank ACTTRA SWD ORT1. “ns,” no statistical difference (paired t-test; a = 0.05); significant difference, *P < 0.05 and ***P < 0.001. For

OR1 + Grandevo 30WDG vs. OR1 blank: N = 8, df =7,t=1.732, P = 0.1268; OR1 + Venerate vs. OR1 blank: N =8, df =7,t = 0.351, P = 0.7362;

OR1 + Azera 0.21SL vs. OR1 blank: N = 8, df =7, t = 6.323, P < 0.0004; OR1 + Danitol 2.4EC vs. OR1 blank: N = 8, df = 7,t = 0.330, P = 0.7512;

OR1 + Exirel 0.83SE vs. OR1 blank: N =8, df =7,t = 0.132, P = 0.8985; OR1 4+ Gowan Malathion 8F vs. OR1 blank: N = 8, df = 7, t = 0.925, P = 0.3860;
OR1 + Mustang Maxx 0.8SC vs. OR1 blank: N = 8, df = 7, t = 3.397, P = 0.0115; OR1 + Entrust 2SC vs. OR1 blank: N = 8, df =7, t = 1.402, P = 0.2037; and

OR1 + Spear-T 2% LC vs. OR1 blank: N = 8, df =7,t = 0.583, P = 0.5785.

20

o =
N
o

OR1 blank

with no direct biocidal action (Nagy etal., 2020). Thus, it is
unclear whether the volatiles from the active ingredient in the
Mustang Maxx, i.e., zeta-cypermethrin, or any other components
present in the formulation resulted in this change in attraction.
A similar behavioral response was observed in the Western cherry
fruit fly, Rhagoletis indifferens Curran, to cherry fruits treated
with Mustang Maxx at the highest field recommended rate.
Compared with the water-treated fruits, R. indifferens landed
more frequently on fruits treated with Mustang Maxx in a no-
choice situation. Interestingly, R. indifferens spent significantly
less time on Mustang Maxx-treated fruits than the water-treated
ones, and the frequent landing of insects on insecticide-treated
fruits was attributed to the insect’s response to toxicity and
irritant effects of the insecticide (Yee and Alston, 2012).
Contrary to the effect of Mustang Maxx with ORI, the
addition of Azera 0.21SL in TD or ORI formulation resulted
in a significant decrease in the formulation attractiveness to
adult D. suzukii. This is not surprising as Azera contains two
active ingredients, azadirachtin and pyrethrins, both known
to elicit repellency or deterrence effects in some insects. For
instance, odors from the technical grade permethrin and various
commercial permethrin formulations were shown to elicit a
repellent effect in Plutella xylostella (L.) larvae (Lin et al,
1993). Similarly, azadirachtin is a known deterrent, antifeedant,
oviposition deterrent, and insect growth regulator for several

insect species (Mordue and Blackwell, 1993, and citations
therein). While pyrethroids are known to elicit an olfactory
response prior to contact in some insects through volatile cues
(Lin et al., 1993; Joseph, 2020), the antifeedant and insect
growth regulation effects of pure azadirachtin are predominantly
attributed to post-contact effects (Mordue and Blackwell, 1993).
Moreover, the pure azadirachtin is non-volatile (Morgan, 2009).
Therefore, the pre-contact repellent effect observed by our study
when ACTTRA SWD was mixed with Azera is less likely
due to azadirachtin and more likely due to the pyrethrins.
However, other components in the Azera formulation could
also be responsible for the observed reduction in attraction.
Further experiments are needed with pure active ingredients
to confirm the repellency of pyrethrins to D. suzukii adults
(Zalucki and Furlong, 2017).

Interestingly, among the OR1 and TD formulations tested
with Mustang Maxx, the addition of insecticide with ORI, not
with TD, resulted in an enhanced attraction of D. suzukii adults
than the corresponding blank adjuvants. Compared with the
OR1 formulation, TD is eight times more attractive to adult
D. suzukii (Babu et al., unpublished). Additionally, previous
research has shown that TD is more competitive in attracting
D. suzukii in the presence of external competing volatiles like
host fruit odors (Babu et al., 2022). It is, therefore, possible
that the positive influence of Mustang Maxx that enhances
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Spear-T 2% LCH

Entrust 2SCH

Mustang Maxx 0.8SCH

Gowan Malathion 8FA

Exirel 0.83SEA

Danitol 2.4ECH

Azera 0.21SL

Venerate XCH

Grandevo 30WDG+

100 80 60 40

TD + Insecticide
% responding D. suzukii

FIGURE 4 | Mean (=SEM) percent of total Drosophila suzukii released in an arena captured inside the traps contains an ACTTRA SWD TD + insecticide treatment
vs. trap containing blank ACTTRA SWD TD. “ns,” no statistical difference (paired t-test; a = 0.05); significant difference, ***P < 0.001. For TD + Grandevo 30WDG
vs. TD blank: N = 8, df = 7, t = 0.040, P = 0.9692; TD + Venerate vs. TD blank: N =8, df =7, t = 1.644, P = 0.1443; TD + Azera 0.21SL vs. TD blank: N = 8,
df =7,t=7.121, P =0.0002; TD + Danitol 2.4EC vs. TD blank: N = 8, df = 7, t = 0.343, P = 0.7415; TD + Exirel 0.83SE vs. TD blank: N =7, df = 6,t = 0.213,
P = 0.8385; TD + Gowan Malathion 8F vs. TD blank: N = 8, df = 7, t = 0.541, P = 0.6051; TD + Mustang Maxx 0.8SC vs. TD blank: N = 8, df =7,t = 0.775,

P = 0.4635; TD + Entrust 2SC vs. TD blank: N = 8, df = 7, t = 0.346, P = 0.7397; and TD + Spear-T 2% LC vs. TD blank: N = 8, df = 7, t = 0.067, P = 0.9485.
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TD blank
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the attractiveness of adult D. suzukii to the adjuvant in the
A&K formulation is relatively weak and manifested only when
mixed with the adjuvant that is a relatively weak attractant.
Alternatively, changes in attractiveness can also result from an
interaction of components in the adjuvant with the components
in the insecticide formulation (El-Sayed et al., 2009).

Notably, the addition of most of the insecticides tested
in this study with the ACTTRA SWD formulations did not
significantly change the formulation’s attractiveness to D. suzukii
adults. Maintaining formulation attractiveness to the target
organism after mixing with an insecticide is essential for insects
being attracted to the A&K point source and subsequently
interacting with the formulation containing an insecticide. In
addition to this, the efficacy of an A&K product containing an
insecticide in managing the target organism depends on multiple
insecticide and insect related factors. This includes the target
insect acquiring adequate insecticide dose while interacting with
the A&K formulation and ensuring a high level of mortality or
physiological and behavioral changes after the insect acquired the
insecticide, leading to population suppression (El-Sayed et al.,
2009). Therefore, based on the insecticide’s ability to maintain or
enhance the formulation attractiveness and due to high levels of
mortality (>80%) during the 6 days exposure period, we conclude
that Danitol 2.4EC, Exirel 0.83SE, Gowan Malathion 8F, Mustang
Maxx 0.8SC, and Entrust 2SC are suitable insecticide additives for
both ACTTRA SWD formulations. However, it should be noted
that the behavioral response and insect mortality observed in our

study depend on the specific concentration of active ingredient(s)
and possibly other formulation components blended in the A&K
product. For instance, the same insecticide product that did
not influence the behavioral response of target insects, when
mixed at a lower concentration, can lead to an overall change in
an A&K formulation attractivity at a higher concentration (Lin
etal., 1993). Additionally, the concentration of insecticide-active
ingredients in the A&K formulation could be further fine-tuned
to enhance the mortality of target insects. This is especially
relevant for certain organic insecticides resulting in suboptimum
mortality levels at lower doses. Thus, to identify the optimum
concentration of commercial insecticide products, we encourage
further studies testing the effect of insecticide concentrations in
the ACTTRA SWD-based A&K formulations on the D. suzukii
behavioral response and mortality.

In summary, our results expand the choices of insecticide
additives when deploying ACTTRA SWD-based A&K system for
managing D. suzukii in small fruit crops. The identification
of multiple suitable insecticides choices is a significant
improvement from the previous ACTTRA SWD-based A&K
system that depends on the spinosyn insecticides spinetoram
(Delegate) or spinosad (Entrust) as the only killing component.
Additionally, identifying multiple insecticide options compatible
with conventional management will avoid the dependency on
a single insecticide for deploying ACTTRA SWD-based A&K
technologies. However, only a limited chemical control option is
available for the organic growers for D. suzukii management, and
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spinosad is the primary insecticide that provides a satisfactory
control. In accordance with previous research (e.g., Disi and Sial,
2019; Klick et al., 2019; LaTora, 2019), our study confirmed that
spinosad is a suitable insecticide component for the development
of A&K formulations for organic farming. Further research
is encouraged to verify our findings using field trials, and to
identify additional OMRI-listed insecticides that can be suitable
for ACTTRA SWD A&K formulations to relax the selection
pressure on spinosad when managing D. suzukii in small
fruit organic farms.
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