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Abstract

BACKGROUND: Preventative application of insecticides reduces marketable yield losses caused by Drosophila suzukii females
that selectively lay eggs into ripe and ripening fruits. However, repeated applications of insecticides increase the risk of resis-
tance development. It is therefore critical to test field-collected flies on-site to assess the level of sensitivity ofD. suzukii to insec-
ticides to monitor resistance, before it becomes a widespread issue. This requires that insecticide-treated vials be readily
available to conduct bioassays. Thus, bioassays were conducted using malathion-, methomyl-, zeta-cypermethrin-, phosmet-,
spinetoram- and spinosad-treated scintillation vials at 1 to 28 days after treatment to assess how residue age affects insecticide
toxicity in scintillation vials. The impact of temperature on residue longevity was also assessed.

RESULTS: Insecticide-treated vials stored for 28 days provided reliable estimates of susceptibility of D. suzukii to some of the
tested insecticides. The toxicity of malathion remained consistently high throughout the experiment followed by methomyl.
However, toxicities of zeta-cypermethrin, phosmet were variable whereas those of the spinosyns declined relatively quickly.
Overall, storage temperature did not affect the residual toxicity of most of the tested insecticides except zeta-cypermethrin.

CONCLUSION: These findings suggest that the toxicity of insecticide residues in treated vials remains active for ≤28 d for mal-
athion and ≤21 and 28 days in methomyl-treated vials stored at 4 °C in Georgia and Michigan, respectively. However, the tox-
icities of spinosad, zeta-cypermethrin and phosmet were less consistent. Hence, vials treated with these insecticides should be
freshly made to be effective for screening D. suzukii field populations for resistance.
© 2020 Society of Chemical Industry
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1 INTRODUCTION
Spotted-wing drosophila, Drosophila suzukii [Matsumura]
(Diptera: Drosophilidae), is an invasive insect pest of fruits with
adaptation to a wide geographical range.1–5 Unlike other vinegar
flies in the family Drosophilidae that infest overripe/rotten fruits,
D. suzukii can selectively lay eggs in ripening and ripe fruits where
early instars feed on the inside of fruits (mesocarp), rendering
them unmarketable.6–8 This behavior of laying eggs in healthy
fruits makes prophylactic application of broad-spectrum insecti-
cides essential to reduce risk of fruit infestations or prevent total
loss of marketable fruits. However, a D. suzukii population can
go through 13 generations per year under field conditions in
the warmer regions of the United States9 and repeated insecticide
applications negatively affect nontarget insects and can increase
the risk of resistance development potentially resulting in field
control failures.10

Due to the intensity of insecticide usage in berry and stone fruit
production systems, best management practice requires that
D. suzukii resistance monitoring be carried out in an ongoing fash-
ion to detect resistance early before it becomes a widespread
problem. A case of high tolerance of the D. suzukii field population

to spinosad has been documented recently in organic berry pro-
duction sites in California.10 This California case of D. suzukii resis-
tance development to spinosad is particularly worrisome because
spinosad is a key insecticide approved by OMRI (Organic Materials
Research Institute) for D. suzukii control by organic growers. Other
than the D. suzukii resistance to spinosad in California, the suspi-
cion for resistance to other insecticides in conventional berry pro-
duction systems is highly expressed among growers and
stakeholders.With heavy reliance on chemical control ofD. suzukii,
it is very important to have easy-to-use resistance monitoring

* Correspondence to: A Sial, Department of Entomology, University of Georgia,
413 Biological Sciences Building, University of Georgia, Athens, GA 30602,
USA. E-mail: ashsial@uga.edu

a Department of Entomology, University of Georgia, Athens, GA, USA

b Department of Entomology, Michigan State University, East Lansing, MI, USA

c Department of Entomology & Nematology, University of California, Davis,
CA, USA

Pest Manag Sci 2020; 76: 2918–2924 www.soci.org © 2020 Society of Chemical Industry

2918

https://orcid.org/0000-0003-2555-4950
https://orcid.org/0000-0002-6138-6619
https://orcid.org/0000-0001-7523-4643
https://orcid.org/0000-0001-5471-1818
mailto:ashsial@uga.edu


tools that will make the job of monitoring relatively easy and
quick.
Resistance monitoring methods for several other economically

important agricultural pests have been developed.11–15 However,
it is important to ensure that resistance monitoring methods are
easy to use and can reliably detect arthropod insensitivity to
tested insecticides. Brun et al.12 used direct and indirect glass ring
methods to monitor resistance to endosulfan and lindane in field
colonies of adult Hypothenemus hampei [Ferrari] (Coleoptera: Cur-
culionidae: Scolytinae). A similar method performed in a Petri dish
arena also has been used successfully to test susceptibility of
D. suzukii to zeta-cypermethrin, spinetoram, malathion and meth-
omyl.16 Miller et al.14 developed an adult vial test for contact
insecticide bioassays similar to the Centers for Disease Control
and Prevention (CDC) bottle bioassay used to test resistance in
mosquitoes.17 Although these Potter spray tower and adult vial
methods have been used successfully to detect insecticide resis-
tance, they suffer huge drawbacks. First, there is high initial cost
of installation of the spray tower, and rollers for drying
insecticide-treated bottles. Second, the methods are time-
consuming and highly laborious. Third, information on the shelf
life of treated substrates (vials and Petri dish) often is not known.
Thus, the need for a resistance monitoring tool that is easy-to-use,
inexpensive and reproducible for timely detection of insecticide
resistance before crop failures occur is critical. Testing flies imme-
diately after being captured in the field will provide first-hand
resistance status of field populations so that more aggressive
insecticide resistance management (IRM) practices can be
implemented.
Recently, our team from multiple land-grant institutions in

North America developed a scintillation vial method for monitor-
ing resistance in adult D. suzukii field populations to make resis-
tance monitoring relatively easy. The tool generally described as
rapid assessment protocol for detection of insecticide resistance
(RAPID)18 is inexpensive, easy-to-use and reproducible for moni-
toring D. suzukii susceptibility to insecticides. The ease with which
the method can be reproduced for mass screening of flies makes
it an indispensable component of D. suzukii IRM in small fruit pro-
duction systems. However, residue decline information is impor-
tant to maximize the ease-of-use of this method. Previous
studies showed that temperature,19–23 rainfall,24–27 sunlight, UV
light20,28 andmicrobes can breakdown and degrade organophos-
phate insecticide residues.29,30 Amarasekare and Edelson19

showed that activity of insecticides from four chemical classes
against differential grasshopper, Melanoplus differentialis
[Thomas] (Orthoptera: Acrididae) decreased with increasing time
after exposure to sunlight and high summer temperatures. Simi-
larly, decreasing efficacy over time has been documented in a
simulated outdoor study for three pyrethroids on old world
sand fly, Phlebotomus papatasi [Scopoli] (Diptera: Psychodi-
dae) in Afghanistan.31 A recent study by Saeed et al.32 showed
that low temperatures affected the toxicities of phosmet and
acetamiprid on D. suzukii under controlled environmental con-
ditions. Therefore, it is also critical to know how different stor-
age temperatures affect insecticide residues in treated
scintillation vials.
The objectives of this study were (i) determine how long the

insecticide residues in scintillation vials maintain their toxicity
against D. suzukii adults before the effects decline, and (ii) test
the impact of temperature on residue longevity by storing vials
at either room temperature or at 4 °C in the refrigerator. This
research will provide fruit farmers, county extension agents, and

crop consultants with a ready-to-use diagnostic tool for on-site
resistance screening of D. suzukii field populations.

2 MATERIALS AND METHODS
In this paper, scintillation vial bioassays were performed in three
different states in the United States. Experiments were designed
to look at the effects of aging of residue in scintillation vials as well
as the impact of temperature, room temperature and storage at
4 °C in the refrigerator on residue longevity. Following the same
protocol including similar residue ages and storage temperatures,
bioassays were conducted by all three states using insecticide-
treated scintillation vials prepared by individual collaborating
laboratories.

2.1 Insects
In Georgia, experimental bioassays were performed using suscep-
tible adult D. suzukii females that were reared from untreated
blueberries collected from Clarke County, GA, in the summer of
2013. This fly colony was reared on a standard cornmeal medium
according to established methods.33 Stocks were maintained at
24 ± 1 °C, 65 ± 5% RH and 14 h:10 h (light:dark) photoperiod. In
Michigan, D. suzukii adult females at 5–6 generations from one
colony collected from infested Lonicera fruit in a state park with
no commercial fruit fields in the immediate vicinity were used
for bioassays. This colony is available in the Drosophila Stock Cen-
ter at Cornell with colony stock number 14023–0311.09. California
bioassays were conducted using adult male and female D. suzukii
from a laboratory colony established from adults collected at the
USDA Wolfskill National Clonal Germplasm Repository, an
untreated, mixed-fruit experimental orchard facility located near
Winters in Solano County, CA, in 2017, and that has been main-
tained for several generations in the laboratory without exposure
to insecticides. Michigan and California colonies were maintained
using similar rearing methods to those described for Georgia.

2.2 Insecticides
Insecticides tested in Georgia were malathion (Malathion 8F
Gowan Company LLC, Yuma, AZ, USA), methomyl (Lannate™
90SP, DuPont de Nemours and Company, Wilmington, DE, USA),
zeta-cypermethrin (Mustang Maxx™, 0.8EC, FMC Corporation,
Philadelphia, PA, USA), phosmet (Imidan® 70-W, Gowan Company
LLC), spinetoram (Delegate™ 25WG, Dow AgroSciences LLC,
Indianapolis, IN, USA), and spinosad (Entrust™ 22.5SC, Dow AgroS-
ciences). In Michigan, we excluded phosmet and spinetoram from
the trials, while California tested spinosad only.

2.3 Bioassays
2.3.1 Georgia
Insecticide bioassays were conducted following protocols
described previously.18 Stock solutions of malathion, methomyl,
phosmet and zeta-cypermethrin were made with acetone,
whereas spinetoram and spinosad solutions were made using a
mixture of distilled water and 1266.6 ⊘L L−1 of alkyl aryl polyoxylk-
ane esters, alkanolamides, dimethyl siloxane and free fatty acid
(Induce™, Helena Chemical Company, Collierville, TN, USA). Diag-
nostic concentrations of these insecticides were prepared from
these stock solutions (Table 1) and used to coat the scintillation
vials. Briefly, 1 mL insecticide solution was pipetted into the
20-mL scintillation vial before tightly fitting the lid and gently
shaking for about 30 s to coat the inside surfaces of the vial and
lid. The contents of the vial were then emptied into an insecticide
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waste container. Following this procedure, scintillation vials trea-
ted with spinetoram and spinosad were inverted and tapped on
absorbent paper to drain any remaining liquid in the vial. Treated
vials were oriented at a 30o angle and the lids, open end facing up,
were placed in the fume hood and left to dry overnight. After con-
firming that the insecticide-coated vials and lids were dried, they
were then stored in the dark at 4 °C or at room temperature
before they were used for bioassays. Before performing bioassays,
vials were removed from the refrigerator and left for ≥2 h on the
laboratory bench to warm to room temperature before flies were
released into them. Ten adult 3–7-day-old female D. suzukii flies
were aspirated first into a 20-mL vial without insecticide coating
before they were released in vials coated with insecticides. Fly
mortality was evaluated at 6 h of exposure to malathion, zeta-
cypermethrin, methomyl and phosmet residues, and at 8 h of
exposure to the slow-acting spinosad and spinetoram residues
in scintillation vials. At the end of the 6- or 8-h exposure period,
flies were categorized as alive, moribund or dead. Mortality in this
study was defined as inability of the flies to right themselves on
their legs in 30 s after being flipped on their dorsal surface in
the scintillation vials. Bioassays were performed by exposing flies
to the insecticide residues in scintillation vials at 3, 7, 14, 21, and
28 days after treatment (DAT). There were five replicates (ten
female flies per vial) per insecticide treatment and for both stor-
age temperatures.

2.3.2 Michigan
Bioassays as described above for Georgia were performed in
Michigan with slight modifications. Unlike Georgia, bioassays in
Michigan included early residue age of 1 DAT (in addition to
3, 7, 14, 21 and 28 DAT) for all tested insecticides for vials stored
at either 4°C or at room temperature. There were three replicates
(ten female flies per vial) per insecticide concentration for each of
the storage temperatures.

2.3.3 California
In California, bioassays were conducted to evaluate the longevity
of spinosad residues on male and female D. suzukii flies using
LC99x2 concentration (Table 1). Like Georgia, bioassays were con-
ducted with insecticide-treated vials at 3, 7, 14, 21, 28 DAT. All bio-
assays were replicated five times for each treatment (five male
and five female flies per vial) and stored both at 4°C and at room
temperature.

2.4 Data analysis
Mortality data at 6 h were analyzed for malathion, zeta-cyperme-
thrin, methomyl and phosmet and at 8 h post-release of flies for
the slow-acting spinetoram and spinosad. These time points cor-
respond to data collection points used in our daily bioassays in all

of the laboratories involved in the study. Fly mortality data were
analyzed using two-way ANOVA with residue age, storage tem-
perature and interactions as the effects for each insecticide sepa-
rately in Georgia and Michigan. Further analyses were performed
on residue age for each insecticide by storage temperature using
one-way ANOVA. Georgia and Michigan fly mortality data were
arcsine[sqrt] transformed to meet normality requirement before
analysis and Levene's tests were used to check the homogeneity
of variances among the treatments but actual mean values were
used in presentation of results. However, no statistical test was
done for malathion data in Michigan because all outcomes were
100%. Untransformed California fly mortality data were analyzed
using zero inflated negative regression with residue age and stor-
age temperature as main effects. The interaction factor did not
return interpretable results and was therefore excluded in the Cal-
ifornia spinosad data analysis. A separate one-way nonparametric
ANOVA analysis was performed on the California data using the
Kruskal–Wallis test. Where mean significance was detected for
ANOVA, post hoc comparisons were conducted using Tukey's
honestly significant difference (HSD) test. Mean difference was
considered significant at ⊍ = 0.05.

3 RESULTS
3.1 Bioassays: Georgia
Residue age significantly affected the toxicity of the spinosyns in
treated vials (Table 2). However, temperature and the interaction
between residue age and temperature did not affect residual tox-
icity of the spinosyns (Table 2). For spinetoram-treated vials stored
at 4°C, significantly lower fly mortality (87%) was recorded at
28 DAT compared to 98% at 3 DAT (F4,20 = 3.08; P = 0.04). Similar
significant residue age effect was observed for treated vials stored
at room temperature (F4,20= 3.50; P= 0.03; Table 3). For spinosad-
treated vials stored at 4°C, residue age effect was significant, with
lower fly mortality (50%) at 28 DAT than 96% at 3 DAT
(F4,20 = 6.31; P = 0.002). Similar residue age effect was recorded
in spinosad-treated vials stored at room temperature
(F4,20 = 2.17; P = 0.12).
For malathion-treated vials, neither residue age, temperature

nor interactions significantly affected fly mortality regardless of
whether vials were stored at 4 °C or at room temperature
(Table 2). For all the residues age tested, 98–100% fly mortality
was recorded in treated vials stored at 4 °C or at room tempera-
ture (Table 3). For phosmet-treated vials, residue age and temper-
ature effects were variable and nonsignificant. However,
interaction effect was significant (F4,39 = 3.91; P = 0.0092;
Table 2). Moreover, residual toxicity declined steadily with lower
fly mortality (72.0%) recorded in phosmet-treated vials stored

Table 1. Concentrations of the formulated insecticides tested against D. suzukii to determine mortality

Insecticide Active ingredient LC90x8 (mg L−1) LC99x2 (mg L−1)

Entrust spinosad + induce 847.77 927.94
Malathion malathion 102.78 -
Mustang Maxx zeta-cypermethrin 6.89 -
Delegate spinetoram + induce 861.92 -
Lannate methomyl 16.59 -
Imidan Phosmet 150 760 -
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for 28 days than (91.5%) for 3 days in vails stored at room temper-
ature (F4,20 = 0.99; P = 0.431; Table 3).
For methomyl-treated vials, residue age and interactions were

not significant, but temperature was significant (Table 2). In trea-
ted vials stored at 4 °C, residue age affected toxicity negatively
with significantly lower fly mortality (74.0%) at 28 DAT than
(100.0%) at 3 DAT (F4,20 = 38.38; P = 0.0001; Table 3). The same
pattern of residue age effect similar to the results in vials stored
at 4 °C was recorded at room temperature except for 21 DAT
where an unexpected significant reduction in residue toxicity
was detected (F4,20 = 7.72; P = 0.0006).
For the zeta-cypermethrin-treated vials bioassay, residue age,

temperature and interaction were significant (Table 2). There
was variable residue age effect on the toxicity of zeta-cyperme-
thrin-treated vials stored at 4 °C or at room temperature
(Table 3). However, significantly lower residue age effects were
recorded at 3 and 7 DAT compared to at 28 DAT in vials stored
at 4°C (F4,20 = 14.51; P = 0.0001) and for vials stored at room tem-
perature (F4,17 = 10.22; P = 0.0002).

3.2 Bioassays: Michigan
In Michigan, the spinosad residue age and interaction significantly
affected fly mortality but temperature effect on fly mortality was

not significant (Table 2). For spinosad-treated vials stored at 4 °
C, residual toxicity was significantly lower (50% mortality) at
28 DAT compared to 100% at 1 DAT (F5,12 = 5.72; P = 0.006;
Table 4). At room temperature, the effect of residue age was sig-
nificant despite variability in residue toxicity (F5,12 = 8.07;
P = 0.002), with only 30% fly mortality at 28 DAT compared to
87% at 1 DAT.
No statistical test was done for malathion because all outcomes

were 100% regardless whether scintillation vials were stored at 4 °
C or at room temperature (Table 4).
For the methomyl-treated scintillation vials, residue age, tem-

perature and interaction were significant (Table 2). One hundred
percent mortality was recorded in treated vials stored at 4 °C
(Table 4); however, residual toxicity was unexpectedly low at
3 DAT for methomyl-treated vials stored at room temperature
(F5,12 = 108.00; P = 0.0001; Table 4).
For zeta-cypermethrin, residue age and temperature were sig-

nificant, but interaction was not significant (Table 2). Although
significant residue age and temperature mortality effects were
observed in zeta-cypermethrin-treated scintillation vials stored
at both 4 °C and room temperature, fly mortality was highly vari-
able (Table 4).

Table 2. Two-way ANOVA results frommortality of insecticide residue testing the effects of residue age, temperature and interactions on D. suzukii
in Georgia and Michigan

State Insecticide Factor

Fly mortality

df F P

Georgia Spinetoram Residue age 4,40 5.45 0.0013
Temperature 1,40 0.04 0.8461
Age x temperature 4,40 1.35 0.2689

Georgia Spinosad Residue age 4,38 7.26 0.0002
Temperature 1,38 0.18 0.6708
Age x temperature 4,38 0.4 0.8063

Michigan Spinosad Residue age 5,24 12.96 0.0001
Temperature 1,24 0.03 0.8586
Age x temperature 5,24 3.27 0.0214

Georgia Malathion Residue age 4,39 0.47 0.7567
Temperature 1,39 2.85 0.0991
Age x temperature 4,39 0.47 0.7567

Michigan Malathion Residue age NA NA NA
Temperature NA NA NA
Age x temperature NA NA NA

Georgia Zeta-cypermethrin Residue age 4,37 19.06 0.0001
Temperature 1,37 15.89 0.0003
Age x temperature 4,37 2.83 0.038

Michigan Zeta-cypermethrin Residue age 5,23 23.7 0.0006
Temperature 1,23 15.76 0.0001
Age x temperature 5,23 2.49 0.0607

Georgia Methomyl Residue age 4,36 33.47 0.0001
Temperature 1,36 0.27 0.6036
Age x temperature 4,36 23.61 0.0001

Michigan Methomyl Residue age 5,24 153.65 0.0001
Temperature 1,24 153.65 0.0001
Age x temperature 5,24 153.65 0.0001

Georgia Phosmet Residue age 4,39 2.69 0.0448
Temperature 1,39 0.49 0.4857
Age x temperature 4,39 3.91 0.0092
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3.3 Bioassays: California
For bioassays conducted in California, there was no clear pattern
of fly mortality that was either due to residue age or temperature
(Table 5). However, at room temperature, flymortality numerically
declined over the storage period until 7 DAT, although the

difference was not statistically significant for eithermale or female
flies (Table 6).

4 DISCUSSION
Seasonal monitoring of resistance development in invasive agri-
cultural pests is an important component of sustainable pest
management.34 However, there are diverse diagnostic tools for
monitoring resistance in agricultural pests, especially as insecti-
cides affect pests differently in different cropping systems and
pests have variable biology. Recently, Van Timmeren et al.18 used
laboratory studies to develop a tool for monitoring D. suzukii resis-
tance and tested this with field-collected D. suzukii populations
from Georgia and Michigan. However, further information on
residual efficacy of insecticides in the treated vials is needed
before the treated vials can be distributed widely for on-site

Table 3. Mean (± SE) percentagemortality of femaleD. suzukii in vial
residue longevity bioassays conducted in Georgia

Storage temperature

Insecticides/
residue
age (DAT) Refrigerator (4 °C) Room temperature

Spinetoram
3 98.0 ± 2.0(AB) 100 ± 0.0(A)
7 90.0 ± 3.2(B) 96.9 ± 1.9(AB)
14 100.0 ± 0.0(A) 98.0 ± 2.0(AB)
21 96.4 ± 3.6(AB) 92.0 ± 4.9(AB)
28 86.7 ± 5.9(AB) 85.0 ± 4.5(B)
ANOVA F4,20 = 3.88; P = 0.017 F4,20 = 3.01; P = 0.043

Spinosad
3 92.6 ± 5.2(A) 93.3 ± 3.0
7 96.0 ± 2.5(A) 90.3 ± 0.5
14 84.0 ± 5.1(A) 80.0 ± 5.5
21 78.6 ± 3.5(AB) 71.6 ± 9.6
28 50.0 ± 13.8(B) 60.3 ± 21.0
ANOVA F4,20 = 6.56; P = 0.002 F4,20 = 1.98; P = 0.141

Malathion
3 98.0 ± 2.0 100.0 ± 0.0
7 100.0 ± 0.0 100.0 ± 0.0
14 98.0 ± 2.0 100.0 ± 0.0
21 98.0 ± 2.0 100.0 ± 0.0
28 100.0 ± 0.0 100.0 ± 0.0
ANOVA F4,20 = 0.50; P = 0.736 NA

Zeta-cypermethrin
3 80.6 ± 2.8(C) 74.2 ± 3.0(B)
7 90.7 ± 2.7(BC) 72.8 ± 2.9(B)
14 98.0 ± 2.0(AB) 100.0 ± 0.0(A)
21 100.0 ± 0.0(A) 90.0 ± 5.8(AB)
28 98.2 ± 1.8(AB) 88.0 ± 3.7(AB)
ANOVA F4,20 = 12.30;

P = 0.0001
F4,17 = 10.22;
P = 0.0002

Methomyl
3 100.0 ± 0.0(A) 100.0 ± 0.0(A)
7 100.0 ± 0.0(A) 100.0 ± 0.0(A)
14 98.0 ± 2.0(A) 100.0 ± 0.0(A)
21 96.0 ± 2.5(A) 72.6 ± 4.5(B)
28 74.0 ± 2.5(B) 97.0 ± 3.0(AB)
ANOVA F4,20 = 22.35;

P = 0.0001
F4,20 = 44.65;
P = 0.0001

Phosmet
3 91.5 ± 6.5 83.1 ± 6.9(A)
7 81.7 ± 7.9 93.1 ± 5.3(AB)
14 74.0 ± 5.1 81.0 ± 4.0(AB)
21 87.5 ± 9.50 52.0 ± 8.0(B)
28 72.0 ± 4.9 80.2 ± 7.1 (A)
ANOVA F4,20 = 2.29; P = 0.097 F4,20 = 4.39; P = 0.010

NA, not available.

Table 4. Mean (± SE) percentagemortality of femaleD. suzukii in vial
residue longevity bioassays conducted in Michigan

Storage temperature

Insecticides/
residue age (DAT) Refrigerator (4 °C) Room temperature

Spinosad
1 100 ± 0.0(A) 86.67 ± 3.3(A)
3 70 ± 5.8(B) 66.67 ± 8.8(AB)
7 53.33 ± 12.0(B) 76.67 ± 3.3(AB)
14 36.67 ± 16.7(B) 60 ± 5.8(ABC)
21 50 ± 5.8(B) 50 ± 5.8(BC)
28 50 ± 5.8(B) 30 ± 11.6.(C)
ANOVA F5,12 = 11.65;

P = 0.0003
F5,12 = 8.00;
P = 0.002

Malathion
1 100 100
3 100 100
7 100 100
14 100 100
21 100 100
28 100 100
ANOVA NA NA

Zeta-cypermethrin
1 90 ± 5.8(A) 80.33 ± 10.0(A)
3 36.67 ± 6.7(B) 46.67 ± 13.3(AB)
7 53.33 ± 6.7(B) 36.67 ± 6.7(AB)
14 100 ± 0.00(A) 83.33 ± 6.7(A)
21 33.33 ± 3.3(B) 16.67 ± 6.7(B)
28 63.33 ± 8.8(B) 36.67 ± 21.9(B)
ANOVA F5,12 = 22.87;

P = 0.0001
F5,11 = 7.97;
P = 0.002

Methomyl
1 100 100 ± 0.0(A)
3 100 40 ± 5.8(B)
7 100 100 ± 0.0(A)
14 100 100 ± 0.0(A)
21 100 100 ± 0.0(A)
28 100 100 ± 0.0(A)
ANOVA NA F5,12 = 223.24; P = 0.0001

NA, not available.
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resistance monitoring in the field. Thus, the goal of this study was
to evaluate how long the insecticide residues in scintillation vials
remain active for screening of D. suzukii field populations, and to
determine the conditions that the insecticide-treated vials should
be stored to maintain activity.
We showed that vials prepared using the diagnostic concentra-

tions of insecticides with different modes of action commonly
used for control of D. suzukii can endure long-term storage up
to 28 days for some conventional insecticides before toxicity
declines. The residual toxicity of malathion remained consistently
high throughout the experimental period in treated vials in both
experiments conducted in Georgia and Michigan followed by
methomyl in Michigan. This finding suggests that malathion-
treated vials can be stored for ≤28 days and shipped to locations
where county agents, crop consultants, or farmers will use them
for monitoring purposes. Gress and Zalom10 have successfully
used the RAPID protocol to detect elevated tolerance of field-
collected D. suzukii populations to spinosad in California.
Our bioassays conducted inmultiple laboratories across the United

States indicate that vials prepared by incorporating malathion can
maintain 98–100% mortality for ≤28 DAT when stored at 4 °C or at
room temperature in Georgia and Michigan. However, Zeta-
cypermethrin and phosmet were less stable. Previous studies have

shown that the efficacy of pyrethroids was negatively affected by
sunlight.35 UV exposure and mixed effects of exposure to tempera-
ture also have been reported.32,36 However, we ruled out the effect
of these factors in our study because our bioassays were performed
in controlled environments protected from direct UV light or high
temperature. On one hand, vials preparedwith spinetoram canmain-
tain ≥90%mortality for≤21 DAT. On the other, residual toxicity of the
spinosad decreased as the residues aged in vials inGeorgia andMich-
igan bioassays regardless of the treated vial storage temperatures,
although this was not the case for California. This result is not surpris-
ing as spinosad was formulated from bacteria that may be more
responsive to environmental changes. Relatively short residual persis-
tence of spinosad also has been reported in previous studies.37 There-
fore, based on our findings, spinosad- and spinetoram-treated vials
may not be effective in screening field populations if stored for
>7 DAT or should be made fresh for monitoring D. suzukii resistance
to achieve maximum effect of residues in the treated vials.
Although conducting on-site assessment of insecticide sensitivity

with field populations is the best way to monitor insect resistance,
insecticide-treated vials to be used for resistance testing must be
readily available on-site to be successful. However, critical limiting fac-
tors such as sunlight, temperature, UV light, residue age andmicrobial
activity can have a significant impact on residual toxicity of insecti-
cides.19,22,25,29,31,38 In this present study, we report for the first time
that the storage temperature was less critical for most of the tested
insecticides compared to residue age of insecticides in treated vials.
Furthermore, the effect we recorded was insecticide-specific. For
example, although malathion and phosmet are both organophos-
phates, residual toxicity of malathion was greater (98–100%) than
phosmet at least in our bioassays. These findings further stress the
importance of storage duration and insecticide properties rather than
the temperature at which vials are stored. However, it is important to
note that the effects of high storage temperatures (i.e., higher than
room temperature) were not tested in this study.
In conclusion, our study showed that insecticide-treated vials

can effectively be stored at room temperature, thus eliminating
the drawback of the cold storage requirement. We also found that
residual toxicity of insecticides declined over time; however, the
rate of decline was dependent on insecticide type. Although this
tool is expected for on-site monitoring of resistance, if putative
resistant populations are detected using this method, D. suzukii
field populations should be sent for laboratory confirmation to
determine the full dose–response relationship as a way to confirm
the development of resistance in D. suzukii field populations.
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Male Residue age 4 0.54 0.969
Temperature 1 0.99 0.319

Table 6. Mean (± SE) percentage mortality of female and male
D. suzukii in vial residue longevity bioassays conducted in California

Storage temperature

Spinosad residue
age (DAT) Refrigerator (4 °C) Room temperature
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3 100.0 ± 0.0
7 72.0 ± 8.0 96.0 ± 4.0
14 100.0 ± 0.0 52.0 ± 20.6
21 92.0 ± 4.9 64.0 ± 16.0
28 88.0 ± 12.0 72.0 ± 13.6

Kruskal–Wallis
test (H)

χ2 = 0.80, df = 3,
P = 0.849

χ2 = 2.78, df = 4,
P = 0.596

Male
3 96.0 ± 4.0
7 84.0 ± 9.8 96.0 ± 4.0
14 100.0 ± 0.0 68.0 ± 18.5
21 96.0 ± 4.0 76.0 ± 7.5
28 80.0 ± 20.0 76.0 ± 14.7
H χ2 = 0.80, df = 3,

P = 0.849
χ2 = 2.07, df = 4,

P = 0.723
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