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Abstract

Native to Southeast Asia, Drosophila suzukii (Matsumura) is a recent invader that infests intact ripe and ripening fruit, leading
to significant crop losses in the U.S., Canada, and Europe. Since current D. suzukii management strategies rely heavily on
insecticide usage and insecticide detoxification gene expression is under circadian regulation in the closely related
Drosophila melanogaster, we set out to determine if integrative analysis of daily activity patterns and detoxification gene
expression can predict chronotoxicity of D. suzukii to insecticides. Locomotor assays were performed under conditions that
approximate a typical summer or winter day in Watsonville, California, where D. suzukii was first detected in North America.
As expected, daily activity patterns of D. suzukii appeared quite different between ‘summer’ and ‘winter’ conditions due to
differences in photoperiod and temperature. In the ‘summer’, D. suzukii assumed a more bimodal activity pattern, with
maximum activity occurring at dawn and dusk. In the ‘winter’, activity was unimodal and restricted to the warmest part of
the circadian cycle. Expression analysis of six detoxification genes and acute contact bioassays were performed at multiple
circadian times, but only in conditions approximating Watsonville summer, the cropping season, when most insecticide
applications occur. Five of the genes tested exhibited rhythmic expression, with the majority showing peak expression at
dawn (ZT0, 6am). We observed significant differences in the chronotoxicity of D. suzukii towards malathion, with highest
susceptibility at ZTO (6am), corresponding to peak expression of cytochrome P450s that may be involved in bioactivation of
malathion. High activity levels were not found to correlate with high insecticide susceptibility as initially hypothesized.
Chronobiology and chronotoxicity of D. suzukii provide valuable insights for monitoring and control efforts, because insect
activity as well as insecticide timing and efficacy are crucial considerations for pest management. However, field research is

necessary for extrapolation to agricultural settings.
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Introduction

The recently introduced and rapidly spreading Spotted Wing
Drosophila (Drosophila suzuki Matsumura) has unique anatomy
among Drosophila species that enables it to become a serious
economic pest [1—4]. Female D. suzuki have a serrated ovipositor
and exhibit a preference for ovipositing in ripe and ripening intact
fruit as opposed to the overripe and blemished fruit that other
Drosophila species are known to infest [3,5]. Since its initial
detection in the continental United States (U.S.) in 2008 in the
berry-growing central coastal region of California, significant crop
losses have been reported not only in California, but also
throughout the U.S., Canada, and Europe among growers of
berry crops (e.g. caneberry) and soft-skinned stone fruits (e.g.
cherry) [6-8]. At 20% damage, an estimated 300 million dollars
annually could be lost to Spotted Wing Drosophila in California
alone [9]. Drosophila flies oviposit directly into the fruit and the
larvae live within the fruit; therefore, the adult is the only stage
that can be targeted for control by conventional pesticides [5].
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The most commonly used insecticides for control of D. suzukii
(organophosphates, pyrethroids, and spinosyns) have good contact
although varying residual field activity that typically lasts longer
than three days [10,11]. Targeting pesticide sprays to peaks of fly
activity increases the likelihood of direct contact mortality,
especially for products with marginal efficacy. Previous chron-
otoxicity work has suggested that time of greatest insecticide
susceptibility corresponds with the onset of a time of increased
activity in the insect [12]. Casual field observations indicate that D.
suzukit activity is greatest in warm parts of the day, with little
activity observed on extremely hot or cold days. This is not
surprising, as daily activity is not only impacted by daily light/dark
cycles, or photoperiod, but also by temperature [13,14]. However,
systematic studies of D. suzukii activity patterns have not been
performed to date. On the other hand, rigorous measurement of
daily activity patterns of a closely related model organism,
Drosophila melanogaster, is commonly used as an output parameter
for accessing the functionality of the endogenous circadian clock,
which drives daily rhythms in animal physiology, metabolism, and
behavior [15,16]. Locomotor assays in D. melanogaster are regularly
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performed at constant temperature with abrupt changes during
light/dark transitions [17,18]. Under these conditions, D.
melanogaster typically has a bimodal activity distribution that is
described as “crepuscular” as the flies anticipate lights on, i.e.
morning activity peak, and lights off; i.e. evening activity peak, but
appear passive during the mid-day ‘siesta’. However, with more
natural temperature gradient cycles and gradual changes in light
intensity, it has been found both in laboratory-simulated and
outdoor conditions that D. melanogaster may also have an afternoon
peak of activity in place of the ‘siesta’ period, at least in some
environmental regimes [19]. In addition, the circadian clocks of
insects also impact seasonal changes in activity patterns, as well as
other processes such as migration and diapauses [13,20,21].
Seasonal changes in photoperiod as well as daily temperature
cycles have been shown to modulate the timing and amplitudes of
activity peaks [22-27]. Little is known about the seasonal biology
of D. suzuki in its native range, making it difficult to predict their
biology in berry-growing regions over the growing season.
Translations of Japanese literature suggest that D. suzuki
overwinter as adults and disappear during the coldest parts of
the winter [28]. It is unclear whether they are in diapause or
possibly capable of reproducing during this time if conditions
become more favorable, ie. milder temperatures and more
abundant food sources. Since D. suzukii occupy a very different
habitat than the majority of Drosophilidae, with its preference for
fresh fruit, it is possible that they have evolved somewhat different
biology and activity patterns than those of D. melanogaster.

Daily activity rhythm is only one of the many biological
processes that are controlled by the circadian clock. The clock
manifests rhythms in physiology and behavior by regulating cyclic
expression of genes with periods of 24 hours. Analysis of D.
melanogaster transcriptomes using DNA microarrays and more
recently RNA sequencing, has identified a large number of clock-
controlled cycling genes that are involved in diverse physiological
processes [29-37]. Genes encoding detoxification enzymes of
xenobiotics and endogenous compounds are well represented in all
of these studies, suggesting that metabolism and detoxification of
insecticides is likely to be under circadian clock control. The
detoxification process is known to occur in two major phases,
followed by a third excretory phase. Phase I detoxification refers to
primary metabolism and alters basic chemical structure [38].
Phase I redox reactions catalyzed by cytochrome P450-dependent
monooxygenases (CYPs) are considered to be the only metabolic
system in insects that can mediate resistance to all classes of
msecticides [39,40]. These enzymes are a broad group of isozymes
that vary in protein abundance and substrate specificity, but utilize
identical oxidizing systems [38,41]. Phase II reactions, often called
conjugation reactions, usually produce hydrophilic products by
modification of existing reactive functional groups creating
products that are more easily secreted, and are often catalyzed
by UDP-glycosyltransferases (UGTs) and glutathione S-transfer-
ases (GSTs) [38]. GSTs are implicated in insect resistance to
organophosphate, organochlorine, and pyrethroid insecticides
[40,42]. Esterases are another important group of metabolic
enzymes that are frequently implicated in the resistance of insects
to organophosphates, carbamates, and pyrethroids [40]. Phase III
of detoxification involves the active export of the metabolized
toxins via transmembrane transporters [43]. In some cases,
excretion of metabolized toxins occur after Phase I reactions as
well. Since metabolic resistance of insecticides is believed to
develop through upregulation of detoxification pathways [40,44],
the time of day when expression of detoxification genes and
subsequent enzyme activities is at their minimum may correspond
to the time when insects are most susceptible to insecticides. A
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study using D. melanogaster as a model concluded that there is
indeed some correlation between the circadian timing of
susceptibility to certain classes of pesticides to expression of
circadian regulated Phase I and II detoxification enzymes [45,46].
Assuming that detoxification of xenobiotics in D. suzuki is similar
to that in D. melanogaster, other insects, and even mammals [46-49]
in being under circadian clock control, it may be possible to
identify a time period when D. suzukii is most susceptible to
insecticides.

To examine whether integrative analysis of daily activity
patterns and circadian gene expression of different classes of
detoxification genes can predict chronotoxicity of D. suzukii to
chemical control, we chose the D. suzukii population from
Watsonville, California, U.S. as a test case. We performed
Drosophila locomotor activity assays [17,18] at conditions that
approximate summer (July/August) and winter (January/Febru-
ary) conditions in Watsonville, one of California’s main berry
production areas and site of the first D. suzukiz detection in North
America [2,9]. An organophosphate insecticide (malathion) and a
pyrethroid (fenpropathrin) insecticide were chosen for our
experiments based on prevalence of use in 2010 California
strawberry fields [50] and efficacy for control of D. suzukii [10].
Insecticides from these two classes remain some of the most well-
known and understood insecticides in terms of mode of action and
mechanisms of detoxification [51,52]. They were applied as
contact chronotoxicity bioassays at Watsonville summer condi-
tions, when most pesticide applications take place, and the results
were corroborated to expression analysis of detoxification genes,
some of which were previously found to be under clock regulation
in D. melanogaster [31,45,46,49]. Integrating the results of our
chronobiology and chronotoxicity experiments will lead to a better
understanding of the physiology of D. suzukiz and may lead to more
effective control of this invasive pest.

Materials and Methods

Fly Strains and Rearing

The D. suzukit used in our studies were originally collected as
adults from Watsonville, CA, U.S.A. in September 2009.
Permission for fly collection was granted by Garroutte Farms,
Inc. (Watsonville, CA). Isofemale lines from this collection were
mixed and maintained in Fisherbrand square, polyethylene, 6 oz.
stock bottles (Fisher Scientific, Pittsburgh, PA) containing 50 ml of
Applied Scientific Jazz-Mix Drosophila Food (Fisher Scientific,
Pittsburgh, PA) or Bloomington stock center fly food recipe.
Colonies were kept between 22°C to 25°C in a cabinet incubation
chamber (Percival Scientific, Inc., Perry, IA) with a 12:12 h
light:dark cycle.

Analysis of Locomotor Activity Rhythms

Virgin female D. suzuki, selected to prevent the presence of
larvae in activity tubes, and male D. suzukii were subjected to a
locomotor activity assay using the Drosophila Activity Monitoring
System (DAMS) (Trikinetics, Inc., Waltham, MA) at conditions
that were designed to resemble summer (July/August; 14:10 h
light:dark cycle; Max 22.2°C/Min 12.2°C) and winter (January/
February; 11:13 h light:dark cycle; Max 16.7°C/Min 6.8°C) day-
night as well as temperature cycles in Watsonville (Figure 1 and
Table S1 in File S1). Although the experiments were conducted in
controlled environmental chambers, the temperature cycles were
designed to more closely resemble the observed natural field
conditions, with the temperatures set to change gradually, e.g. in
[19,24,26]. The two temperature regimes used in these experi-
ments reached night-time temperatures that were generally much
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lower than the lowest temperature used in previous laboratory
studies that assay activity rhythms in D. melanogaster, which is
generally around 18°C, e.g. in [23,25,26,53]. The night-time low
for the ‘summer’ condition is 12.2°C, while the ‘winter’ night-time
low is 6.8°C. Due to technical limitation of the environmental
incubators used, gradual changes in light intensity throughout the
day were not feasible, but we simulated three different levels of
light intensity by controlling the number of fluorescent bulbs that
were turned on. Mid-day and early afternoon sun, which was
classified as ‘bright” was simulated by having 2 out of 2 banks of
lights on in the incubator; morning and late afternoon sun,
classified as ‘dim’ was simulated by having 1 out of 2 banks of
lights on; finally, night-time was simulated by having all lights off.
Activity rhythms of male and female flies were monitored for at
least seven circadian day/night cycles. Fly activity monitoring
using DAMS and data analysis using FaasX were as previously
described in Chiu et al. [18]. The first full day of the recording
period was not included in the analysis to allow for acclimation of
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the flies to treatment conditions and stabilization of activity
patterns.

Expression Analysis of Detoxification Genes

Drosphila suzukii adults (mixed sexes) removed from the colony
were entrained in Watsonville ‘summer’ (light/dark cycle and
temperature cycle) conditions (Figure 1 and Table S1 in File S1)
for three days, then collected at 6 time points: ZT 0 (6am), 4
(10am), 8 (2pm), 12 (6pm), 16 (10pm), and 20 (2am), on the fourth
day and frozen immediately on dry ice. Approximately 40 to 50
flies were collected at each time point. Fly bodies (thorax and
abdomen regions) were separated from heads and collected using
metal sieves. RNA extraction was performed as follows: 3X
volume of TRI-reagent (Sigma Aldrich, St Louis, MO) was added
to fly bodies and homogenized by grinding using a motorized
pestle. One-fifth volume of 100% chloroform was added to each
sample and incubated at room temperature for 10 minutes.
Samples were spun down at 13,000 rpm for 15 minutes at 4°C.
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Figure 1. Percival biological incubator programs to approximate Watsonville, CA, U.S.A. environmental conditions. Incubator
settings to mimic a typical summer (July/August) or winter (January/Feburary) day in Watsonville, CA. The two environmental settings are indicated in
black (summer) and dark gray (winter) respectively. Zeitgeber time and light intensity are shown on the X-axis for both summer and winter days.
Light intensity is classified as bright (both banks of lights on in the incubator); dim (only one out of two banks of lights on); and dark (all lights off).
These three levels of light intensity are indicated by the horizontal bars beneath the graph. Black bars =lights off; dark gray bars =dim light; white
bar = bright light. Both zeitgeber (ZT) and natural time for changes in light intensity are shown underneath the horizontal bars. Summer: Lights-on
time (ZTO0) is at 6am and lights-off time (ZT14) is at 8pm. Winter: Lights-on time is at 7am (ZT0) and lights-off time (ZT11) is at 6pm. Temperature
fluctuations over the circadian day are indicated on the Y-axis. The temperature ranges for summer and winter simulations are 12.2°C to 22.2°C and
6.8°C to 16.7°C respectively. Due to the low survivorship of D. suzukii flies at low [57], the lowest temperature for the winter day is set at 6.8°C. On
average, winter nights can go down to 4°C. Peak temperature of 22.2°C in the summer occurs between 2pm (ZT8) and 3:30pm (ZT9.5). Peak
temperature of 16.7°C in the winter occurs between 2pm (ZT7) and 3:30pm (ZT8.5).

doi:10.1371/journal.pone.0068472.g001
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The upper aqueous layer was collected and nucleic acid was
precipitated by adding an equal volume of 100% isopropanol and
incubated at room temperature for 10 minutes. Samples were spun
down at 13,000 rpm for 15 minutes at 4°C, and pellets were
washed once with two volumes of 70% ethanol. RNA samples
were treated with RQ1 RNase-free DNase (Promega, Madison,
WI) according to manufacturer’s protocol. RNA concentrations
were quantified using a Biophotometer (Eppendorf, Hauppauge,
NY). 4 ug of total RNA was used to synthesize cDNA using
ThermoScript RT-PCR System (Life Technologies, Grand Island,
NY) according to the manufacturer’s protocol. Dilutions (1:10) of
cDNA samples were used in quantitative real-time PCR reactions.
Gene-specific primers (see Materials and Methods S1 in File S1)
were designed based on sequence analysis using a D. suzukii
genome scaffold (unpublished; KA Hamby et al.), and optimized
at an annealing temperature of 60°C. Melt curve and BLAST
analysis were used as criteria to determine primer specificity. The
quantitative real-time PCR assays were performed using SsoAd-
vanced SYBR Green Supermix (Bio-rad, Hercules, CA) in a
CFX96 Touch Real-Time PCR Detection thermal cycler (Bio-
Rad, Hercules, CA). Cycling conditions were 95°C for 30 seconds,
40 cycles of 95°C for 5 seconds, followed by an annealing/
extension phase at 60°C for 30 seconds. The reaction was
concluded with a melt curve analysis going from 65°C to 95°C in
0.5°C increments at 5 seconds per step. Three technical replicates
were performed for each data point of each biological replicate,
and at least three biological replicates were performed for analysis
of each gene. Data were analyzed using the standard AACt
method and target gene mRINA expression levels were normalized
to the reference gene mRINA levels, which remain unchanged over
a circadian day. Finally, Gt values for all time points were divided
by the highest Ct value to generate a scale from 0 to 1.

Chronotoxicity Bioassays

Ten to twelve 2-3 day old adult female D. suzukii collected from
the previously described colony were placed in clean diet vials with
fruit fly media (Standard Bloomington media without optional
malt extract, http://flystocks.bio.indiana.edu/Fly_Work/media-
recipes/bloomfood.htm) and placed in a biological incubator
(Percival Scientific Inc., Perry, IA) programmed to the Watsonville
‘summer’ condition (Figure 1 and Table S1 in File S1) to acclimate
for approximately 50 hours. At the appropriate Zeitgeber time
(ZT) point, they were introduced to insecticide-coated 20 ml
scintillation vials (approximate surface area: 56.9 cm?), then placed
back into the incubator for 1 hour (£5 min). Vials were coated
with 200 ul of pesticide solution by rolling until dry on an Old
Fashioned Hot Dog Roller (The Helman Group Ltd., Oxnard,
CA) at room temperature 1 hour prior to the ZT time point. Caps
were coated with 50 pl of pesticide solution and allowed to dry in a
fume hood. Danitol 2.4 EC (fenpropathrin, Valent U.S.A.
Corporation, Walnut Creek, CA) and Malathion 8 (malathion,
Gowan Company, Yuma, AZ) were provided from their respective
manufacturers for use in this trial. All pesticide solutions included
acetone as a solvent to improve evaporation and coating. Control
vials were coated with acetone alone. For each day of
experimentation, each pesticide dose was replicated in three
independent vials at each of four Zeitgeber time points: ZT 0
(6am), 6 (12pm), 12 (6pm), and 20 (2am). Total number of flies
assayed for all doses and time points are shown in Table 1. Due to
the large sample size, only six pesticide doses and a control
treatment were performed for each day of experimentation,
explaining the higher number of flies assayed for the control
treatment. At least 2 independent days of experimentation were
performed for all doses, with 3 independent days performed for
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most doses. A total of 11 doses for malathion and 12 for
fenpropathrin were performed (Table 1). Range-finding experi-
ments at Z'T 12 were used to choose the doses for each pesticide.
For time points that were in the lights-off part of the light/dark
cycle, flies were loaded into the pesticide vials and returned to the
clean diet vials in a dark room under red light. Mortality was
assessed 72 hours post treatment and moribund flies, those that
were upside down and hardly moving, were considered dead for
the purpose of this bioassay.

The mortality data for each insecticide was pooled by replicate
vials (vial 1, 2, or 3 as listed in Table 1) such that the total number
of flies assayed at each time point and dose (vial concentration in
pmol active ingredient (A)/cm?) was the response across all days
of experimentation performed. We anticipate high variability for
our data as we used formulated product and a D. suzuku
population with heterogeneous genetic background to closely
approximate field conditions. First, a mixed model logistic
regression was performed in SAS 9.2 (SAS Institute 2008) to
account for variability and ensure that time point had a significant
effect. Once this was verified, fitting of dose-response curves and
calculation of LCj5 was performed using PRISM v.5.0 (GraphPad
Software, Inc., La Jolla, CA). A variable slope sigmoidal dose
response curve was fit to the data (Table 2), with a four parameter
logistic equation where Y=BOTTOM+TOP-BOTTOM)/
(1+10(LOGECS50-X)*H)) and EC50 is the midpoint of the curve,
H is the Hill slope, Y is response values and X is Log(Dose).
Response values were baseline-corrected to the control by defining
the control response as 0% and were also normalized by defining
100% response as the highest concentration’s mortality value,
therefore the curve fitting analysis was constrained to a minimum
of 0 (BOTTOM) and maximum of 100 (TOP). Normality of
residuals was tested using the Shapiro-Wilk test. Although Z'T20
had a Shapiro-Wilk W-values of 0.90, no further transformation
was performed as it was the only time point to deviate. The
response curves at each time point were compared using an F-test
of both curve-fit parameters (slope and LCs) simultaneously in

PRISM v. 5.0.

Results

Circadian Locomotor Activity Profile of Drosophila
Suzukii Changes with Seasonal Variations in Photoperiod
and Temperature Cycles

Since there is evidence that insecticide susceptibility corresponds
with activity rate of the target insect due to contact toxicity [12],
we set out to determine the activity patterns of D. suzukii using the
Drosophila Activity Monitoring System (DAMS). Anticipating that
activity patterns will vary over the long California berry-growing
season with changes in photoperiod and daily temperature cycles,
we subjected male and female D. suzuki flies to locomotor activity
assays in environmental conditions, 1.e. photoperiod and temper-
ature cycle, that approximate either summer (July/August;
14hr:10hr light/dark cycle; Max 22.2°C/Min 12.2°C) or winter
(January/February; 11hr:13hr light/dark cycle; Max 16.7°C/Min
6.8°C) of Watsonville, CA, a major berry-growing region (Figure 1
and Table SI in File S1). With the exception of the locomotor
activity assays, which used both the ‘summer’ and ‘winter’
simulation, the remaining experiments were all performed only
under the ‘summer’ condition, as insecticide applications in the
fields are more likely in conditions resembling the summer season
when D. suzuku populations are higher and susceptible fruit are
present.

Similar to D. melanogaster, most of the activity of D. suzukit occurs
during the day or lights-on period, while rest/sleep are consoli-
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Table 1. Total female D. suzukii dosed for each insecticide (field rate of active ingredient (Al)) at each vial concentration (umol Al/

cm?), Zeitgeber time point, and replicate.

Malathion 8 (Malathion 0.0692 umol Al/cm?)

Danitol 2.4 EC (Fenpropathrin 0.0117 umol Al/cm?)

ZTo0 ZTé ZT12 ZT20 ZT0 ZTé ZT12 ZT20
% %
umol Field Field
Jem? Rate 1 2 3 1 2 3 1 2 3 1 2 3 umol/em>Rate 1 2 31 2 3 12 3 1 2 3
0.00E+00 000 93 101 99 101 101 8 97 98 97 91 95 98 000E+00 000 75 72 7371 72 71 7169 70 70 69 71
1.18E-05 002 22 23 23 23 22 23 23 22 23 23 22 24 48305 041 32 36 3435 36 36 3533 35 33 36 36
2.11E-05 003 47 46 47 43 45 47 47 45 47 47 40 45 839E05 072 36 36 3634 34 34 3336 37 31 36 36
3.33E-05 005 21 23 23 24 23 23 23 22 24 23 24 23 124E04 1.06 36 35 3634 35 34 3624 47 35 35 35
3.75E-05 005 21 23 20 22 23 23 24 22 24 20 21 22 152604 130 34 35 3636 36 35 4724 35 36 36 35
5.28E-05 008 24 22 24 22 23 24 23 21 24 24 24 23 156E-04 133 35 36 3734 35 35 3435 34 35 39 37
8.37E-05 012 24 24 20 23 24 24 22 23 23 24 23 23 196E04 168 35 36 3636 35 36 3636 36 34 36 36
1.18E-04 017 19 23 23 22 24 24 24 25 23 22 20 24 247E04 211 35 36 3635 37 34 3535 36 35 36 35
1.33E-04 019 22 24 24 24 23 22 22 23 22 24 24 27 277E04 238 35 36 3634 35 36 3634 35 36 36 36
2.11E-04 030 69 65 64 71 73 70 66 65 69 71 68 65 3.11E-04 266 36 35 3635 36 35 3435 34 36 36 36
2.83E-04 041 30 32 32 29 30 32 32 30 32 26 29 25 391E-04 335 38 36 3536 35 36 3535 36 35 35 36
3.75E-04 054 79 72 8 78 80 80 80 81 76 69 77 77 505604 432 36 35 3636 35 36 3636 36 36 36 37
9.19E-04 7.86 35 35 3535 35 36 3534 36 36 37 36

doi:10.1371/journal.pone.0068472.t001

dated at night during the dark period (Figure 2) [19,54]. In
general, the total activity over a circadian day is much lower for D.
suzuki, as compared to D. melanogaster tested under similar
conditions (unpublished, RS Kwok) making it difficult to
determine the periodicity of their locomotor activity rhythm using
DAMS. In addition, D. suzukii males appeared to be more active
than females in both ‘summer’ and ‘winter’ conditions, as
illustrated by overall greater activity counts over a circadian day
(Figure 2). This is consistent with previous observations indicating
that D. suzukii males are more active while females are more
passive [55], as well as our field observations in California. We
speculate that this is likely due to mate-finding and potential sexual
competition behaviors in males.

Whereas the daily activity profiles of male and female D. suzukit
do not differ dramatically in either of the seasonal conditions, the
activity patterns of D. suzukii appeared quite different between
‘summer’ and ‘winter’ conditions (Figure 2). In the ‘summer’, D.
suzukit assumed a more bimodal activity pattern, where maximum
activity occurs at dawn and dusk. This was especially pronounced
in females (Figure 2B), where activity peaks were preceded by

anticipatory progressive Increase In activity, highlighting the
characteristic involvement of the circadian clock in driving this
pattern. Males also showed maximum activity levels at dawn and
dusk, but no clear anticipatory increase in activity was observed
(Figure 2A), suggesting that the increase activity might be
attributed to “startle” response as a result of change in lighting
conditions [17,56]. It is unclear whether a gradual increase in light
intensity, in addition to the gradual temperature ramping used in
our experiments, will result in more pronounced anticipatory
responses and bimodal activity peaks in males. In the ‘winter’,
overall activity levels of D. suzukit decreased dramatically (compare
Figure 2C-D to 2A-B), and assumed a more unimodal peak
around midday when the temperature and light intensity levels are
around or at peak values respectively (Figure 2C-D). An increase
in activity can also be observed at dusk, especially in females
(Figure 2C-D), but could be due to “startle” response that is not
based on circadian clock function. Not surprisingly, as ‘winter’
nighttime temperatures may not be amenable to activity, we
observed higher nocturnal activity in flies of both sexes under the
‘summer’ conditions (Figure 2).

Table 2. Normalized variable slope sigmoidal dose response curve fit, slope, and LCs, values (umol active ingredient (Al)/cm?) for
each insecticide at different Zeitgeber time points (N =data pooled across treatment days to each replicate vial).

Malathion® Fenpropathrin®
Time N R? Slope + SE  LCs, (95% CI) N R? Slope + SE  LCs, (95% CI)
Z70 6am 307305  213+052 9.25E-5 (7.15E-5-1.20E-4) 3 08809  2.48+0.30 1.77E-4(1.61E-4-1.94E-4)
Z16 12om 3 08173  237+047 1.01E-4 (8.42E-5-1.22E-4) 3 08840  232+0.27 1.82E-4 (1.66E-4-2.00E-4)
ZT12 6pm 3 08664  293+057 1.21E-4 (1.06E-4-1.39E-4) 3 08905  1.89+0.19 1.85E-4 (1.68E-4-2.03E-4)
Z120 2am 3 08923  476%+1.13 1.44E-4 (1.29E-4-1.60E-4) 3 08295  1.73+0.21 1.55E-4 (1.37E-4-1.76E-4)

®Ho 2 parameters (Slope and LCso) same for all data sets; F 124 =3.52, P=0.0030.
PH, 2 parameters (Slope and LCs;) same for all data sets; Fe,136=2.04, P=0.0644.
doi:10.1371/journal.pone.0068472.t002

PLOS ONE | www.plosone.org

July 2013 | Volume 8 | Issue 7 | e68472



Insecticide Chronotoxicity of Drosophila suzukii

A Male B Female
J Summer .|Summer
10 10
0 (]
E P E
= =
5] o
o I (&)
254 A 1 Y
s - H = 7
k3] 1 | k3]
< _ W ’“ <
0 H 0
1
ZT:18 0 5 1 14 18  ZT:A8 0 5 1 14 18
Time: 12am 6am 11am 5pm 8pm  12am Time:12am  6am 11am S5pm 8pm 12am
C - -
J Winter .| Winter
10 10
2 2
[~ S
S S P
3 P 3
25 m 25m
3 R | s R | T
k3] : k3] : '
< \L y < \l/ S 1 \l/
I I - [ | I [
ZT: 17 0 5 8 11 17 ZT:A7 0 5 8 11 17
Time: 12am 7am 12pm  3pm 6pm 12am Time:12am 7am 12pm 3pm 6pm 12am

Figure 2. Daily locomotor activity profiles of Drosophila suzukii male and female flies in different seasons. Male (A and C) and virgin
female (B and D) flies were subjected to temperature and light/dark cycles that simulate a typical summer (July/August) (A and B) or winter (January/
February) (C and D) day in Watsonville, CA, U.S. The specific conditions for the simulation are detailed in Figure 1 and Table S1 in File S1. They were
kept under these conditions for at least seven days, and their activity levels were recorded using Drosophila Activity Monitoring System (DAMS)
(Trikinetics, Inc.). The flies were around three days old at the start of the experiments. The locomotor activity levels of individual flies were measured
in 15 min bins and then averaged to obtain a representative group profile, as illustrated in eduction graphs generated using FaasX. The activity level
is represented by raw activity counts (X-axis) as measured by DAMS [18]. Data shown here resulted from averaging the second to the fourth days of
the recordings, generating the 24 h profiles shown in the panels. Vertical bars represent the activity recorded in 15 min bins during times when the
lights were on (light gray bars) or off (black bars). Three levels of light intensity are indicated by the horizontal bars beneath the graphs. Black
bars =lights off; dark gray bars=dim light; white bars = bright light. Both zeitgeber (ZT) and natural time for changes in light intensity are shown
underneath the horizontal bars. For summer conditions: lights-on time (ZT0) and lights-off time (ZT14) is set at 6am and 8pm respectively. The period
representing peak summer temperature, 22.2°C between 2pm to 3:30pm, is denoted by the letter “P”; the time point at which temperature reaches
the trough, 12.2°C at 4am, is marked by an arrow labeled “T"; and the time point at which temperature starts to rise from the trough, at 4:30am, is
marked by an arrow labeled “R”. For winter conditions: lights-on time (ZT0) and lights-off time (ZT11) is set at 7am and 6pm respectively. The period
representing peak winter temperature, 16.7°C between 2pm to 3:30pm, is denoted by the letter “P”; the time point at which temperature reaches the
trough, 6.8°C at 11pm, is marked by an arrow labeled “T"; and the point at which temperature starts to rise from the trough, 6.8°C at 9am, is marked
by an arrow labeled “R"”. 64 flies were used for each treatment at the start of the experiment. Taking into account the mortality of flies during the
course of the experiment, sample sizes are as follows: Male (summer) n=59 (92% survival); Female (summer) n=54 (84% survival); Male (winter)
n=45 (70% survival); Female (winter) n=21 (32% survival).

doi:10.1371/journal.pone.0068472.g002

Sixty-four female and male flies were subjected to each
environmental treatment, and, as expected, higher mortality was
observed in the ‘winter’ simulation for both sexes. 92% of males
and 84% of females survived the duration of the ‘summer’
experiment, while only 70% of males and 32% of females survived
the entirety of the ‘winter’ experiment (see legend of Figure 2).
Previous laboratory experiments simulating cold winter conditions
in more Northern latitudes, such as Oregon and Washington,
U.S., resulted in 100% D. suzuki adult mortality by 29 days
exposure to constant 3°C with a 7-day freeze period [57]. As
suggested by our results, the California climate may be more
amenable to D. suzukii survival and winter activity, making this
species a serious threat to agricultural industries in California or
other regions with similar climate.

PLOS ONE | www.plosone.org

Expression of Xenobiotic Detoxification Genes in
Drosophila Suzukii vary with the Time of Day

Previous D. melanogaster transcriptome analysis using microarrays
and RNA sequencing showed that detoxification genes are well
represented in cycling genes [29-37], suggesting that insecticide
detoxification may be regulated by the circadian clock. Studies
examining the circadian expression of specific Phase I and Phase II
detoxification genes have been performed in both D. melanogaster
[45,46,49] and mammals [48,58] implicating PAR-domain basic
leucine zipper (PAR bZIP) transcription factors, for example D.
melanogaster PDPD1e, as key activators of circadian as well as
inducible detoxification genes. D. melanogaster CncC (cap ‘n’ collar
isoform-C), the ortholog of mammalian Nrf2 (NF-E2-related
factor 2), has also been identified as a central transcriptional
regulator of key detoxification genes including those encoding

July 2013 | Volume 8 | Issue 7 | e68472
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Figure 3. Daily mRNA expression profiles of three classes of detoxification genes. Transcript levels for three cytochrome P450 genes (A, B,
C), two glutathione S-transferases (D and E), and an o-esterase 7 (F) were assayed. RNA was extracted from a mixed population of adult male and
female flies that were subjected to entrainment conditions approximating Watsonville, CA, U.S. summer (July/August) temperature and light/dark
conditions (see Figure 1 and Table S1 in File S1) for three days, and collected via freezing with dry ice on the fourth day. Flies were collected at 6 time
points (ZTO0, 4, 8, 12, 16, and 20) throughout the circadian day, as indicated on the X-axis. ZTO, which is equal to 6am, is also plotted as ZT24 to
represent both the beginning and the end of a circadian day. Horizontal bars beneath the X-axis show the light conditions present during the
corresponding time of day. Black bars =lights off; dark gray bars=dim light; white bars = bright light (see Figure 1 and Table S1 in File S1). Relative
levels of mRNA were quantified by real-time PCR and normalized to Cbp20 expression. Graphs are scaled with the time of highest gene expression set
to 1. Each point represents the average of three biological replicates (n=3).

doi:10.1371/journal.pone.0068472.9003

CYPs and GSTs, but it is involved in basal and inducible
expression, rather than circadian control [43].

To test the hypothesis that circadian expression of insecticide
detoxification genes may be the basis for D. suzuku chronotoxicity
in response to commonly used insecticides, we assayed the
expression of several Phase I and II detoxification genes over a

PLOS ONE | www.plosone.org

circadian cycle. The six candidate target genes were selected based
on one or a combination of the following criteria: previous
observations of rhythmic expression in D. melanogaster (Cypba2,
Cypbgl, o-est7) [31,46]; association with metabolic insecticide
resistance in natural populations (Cyp6gl) [44] or when overex-
pressed in D. melanogaster (Cyp6a2, Cyp6gl, Cypl2d1) [59-61]; and
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inducibility of gene expression by insecticides or other xenobiotics
(Cypba2, Cypbgl, Cypl2dl, GstD2, GstD7) [61]. Previous D.
melanogaster expression studies by microarray [31] and quantitative
real-time PCR [46] using various tissues as starting materials
(bodies only and whole flies) concluded that Cyp6a2, Cypbgl, and
a-est7 are strongly rhythmic, with peak expression between Z'T4 to
7'1'8 (middle of light period) with clock entrainment conditions of
12:12 h light:dark cycle and constant temperature of 25°C. Other
D. melanogaster microarray analyses and meta-analyses that mostly
used fly heads as starting materials [29,30,32—-35] have also
identified various other P450 Cyp and Gst genes as rhythmically
expressed, but our study focused on genes that are cycling in the
fly body. Cyp12d1 has not been shown to be circadian regulated
but is known to be only 1 of 89 P450 (yp genes that were tested by
Willoughby et al. [61] to be induced by DDT (organochlorine),
and conferred resistance to DDT and dicyclanil (insect growth
regulator) when overexpressed in D. melanogaster [59]. Even though
GstD2 and GstD7 are not known to be rhythmically expressed over
the circadian day, their paralog GstDI has been shown to be
circadianly regulated in D. melanogaster [31,46]. The other reason
they were chosen for this analysis was that while GstD2 represented
the only Gst gene out of 37 tested that was inducible by DDT [61],
transcription of both GstD2 and GstD7 were induced by the known
metabolic enzyme inducer phenobarbital [61].

Previous studies examining the rhythmic expression of some of
our target genes were performed using D. melanogaster that were
entrained in 12:12 h light:dark cycle at a constant temperature of
25°C. This is the first study to examine circadian expression of
detoxification genes of D. suzukii entrained in light and temper-
ature conditions that approximate that of the location in which the
flies were first collected in North America near Watsonville. We
used the ‘summer’ condition for entrainment of our flies before
RNA collection for reasons mentioned earlier. This entrainment
program has a longer photoperiod (14:10 h light:dark) and lower
temperature range (12.2°C to 22.2°C) than the standard test
conditions in D. melanogaster gene expression analysis. As a result,
even if we assume there are no species-specific differences between
circadian regulation of genes such as pdple, a PAR bZIP
transcription factor which has been implicated to control
expression of detoxification genes in D. melanogaster [46], and
effector detoxification genes, we would expect differences in the
phase and amplitude of the cycling genes. Out of the six genes we
tested, five of them appeared to be rhythmic (Figure 3). Gyp12d1
has not been shown previously to be clock-regulated in other
Drosophila species, and is the only gene out of the six that did not
show consistent cycling (Figure 3C). GstD2 and GstD7 have not
been shown in D. melanogaster heads to be rhythmically expressed
over a circadian day, but appeared to be cycling in D. suzuku fly
bodies with a similar phase, with expression peaking at ZTO
(Figure 3). All three genes that were shown to be circadianly
regulated in D. melanogaster, Cyp6a2, Cypbgl, and a-esterase 7 [46],
showed strong cycling in D. suzuki as well (Figure 3A-B and F).
Whereas the peak expression of Cyp6gl and a-esterase 7 is at Z'T0,
the peak expression of (ypba2 was phase-delayed by 4 hours,
indicating that perhaps the expression of Cyp6a2 is activated
through a different mechanism.

Based on studies of the D. melanogaster circadian clock, the peak
mRNA expression of target genes that are directly regulated by
CLOCK (CLK), the key transcriptional activator of clock-
controlled genes, generally coincides with the evening activity
peak [15]. Pdple, a transcriptional activator of many circadian
output genes, is one such target [62,63]. We therefore expected the
peak expression of D. suzuki Pdple to be around ZT14 in the
‘summer’ entrainment condition. If indeed the expression of the

PLOS ONE | www.plosone.org
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detoxification genes we tested are directly activated by PDPle
protein, as suggested to be the case in D. melanogaster [46], then we
might expect their peak expression to be shortly after ZT14.
However, most of our cycling genes did not reach their peak
expression until about 10 hours later at ZT24 (or ZT0) (Figure 3).
We speculate that perhaps the detoxification genes tested in this
study are not direct transcriptional targets of PDPle protein. It is
possible that other transcription factors might be involved as
intermediate regulators to create the lag time between the peak
expression of Pdple and the detoxification genes tested here.
Alternatively, there may be other mechanisms that generated this
time lag. For example, clock (clk) is a direct target gene of Pdple,
but the peak expression of the ¢lk gene is roughly 12 hours after
that of Pdple due to the function of a transcriptional repressor
VRILLE (VRI) that counteracts the activation of ¢/k by PDPle
[62,63].

Circadian Variation in Drosophila Suzukii Susceptibility to
Acute Exposure of Insecticides

Acute toxicity experiments were independently performed on at
least two different days for all doses of malathion with at least 64
(sum of flies from the three replicate vials) total flies per circadian
time point and at doses ranging from 0.00 to 0.54% of the
California strawberry label rate (0.0692 pmol Al/cm?) (Table 1),
For fenpropathrin, at least 3 independent treatment days were
performed for all doses ranging from 0.00 to 7.86% of the field
rate (0.0117 pmol AI/cm?), with at least 103 total flies (sum of flies
from the three replicate vials) per time point (Table 1).

Variability between time points (i.e. potential violation of the
assumption of homogeneity of variance) and within doses (i.e.
potential over dispersion of the model) was a concern for our
analysis. As we chose to use formulated product and a D. suzuki
population with heterogeneous genetic background to more
closely mimic field conditions, our data were more variable than
might be expected in studies that used technical grade active
ingredient and isogenic fly lines (eg. [45]). This presents a
challenge for fitting dose-response curves as it may artificially
inflate the p-values. A mixed model logistic regression was
performed in SAS 9.2 (SAS Institute 2008) to account for
variability and ensure that time point had a significant effect.
Once this was verified, fitting of dose-response curves and
calculation of LCsy was performed using PRISM v.5.0 because
it is more biologically relevant and provides intuitive graphs and
LC5q readout.

The normalized variable slope sigmoidal dose response curve fit
was poorest for ZT0 (R?=0.7305), which was the time point that
exhibited the highest variability in mortality response and the
lowest LC5¢ (Figure 4A, 4C, and Table 2). Although the 95%
confidence interval for the LCj5( estimates overlap for malathion at
most time points, a comparison of the slope and LC5, estimates
together for each time points reveals a significant difference
between the dose response curves at the different Zeitgeber time
points (Fg 194 = 3.52, P=10.0030) (Figure 4C and Table 2). Female
D. suzukii were most tolerant of contact with malathion at ZT20
(LCs0 (95% CI): 1.44E-4 (1.29E-4-1.60E-4)), and least tolerant at
7Z'T0 (LG50 (95% CI): 9.25E-5 (7.15E-5-1.20E-4) (Figure 4A, 4C,
and Table 2). For fenpropathrin, the dose response curve fit was
poorest at ZT20 (R®=0.8295) (Table 2). The LCs estimates for
each time point fall within the 95% confidence intervals for all of
the time points, and indeed there is no difference between the dose
response curves at the different Zeitgeber time points
(Fs,136 = 2.04, P=0.0644), therefore a single dose response curve
was fit (Figure 4B, 4D, and Table 2).
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Figure 4. Chronotoxicity of female Drosophila suzukii for acute contact exposure to insecticides. Normalized percent mortality (Y-axis) of
female D. suzkii exposed to malathion (A,C) and fenpropathrin (B,D) for 1 h (5min) was assessed at 4 time points (ZTO, 6, 12, 20) for flies entrained to
conditions approximating Watsonville, CA, U.S.A. summer (July/August) temperature and light/dark conditions (see Figure 1 and Table S1 in File S1)
for approximately 50 h prior to exposure. The insecticide dose [expressed in Log(umol of insecticide active ingredient (Al)/cm?) (X-axis)] was prepared
from formulated insecticide using acetone as a solvent 1 h prior to the contact experiment and 250 L was applied to coat the interior of a 20 mL
scintillation vial (56.9 cm?). Flies were held in pesticide-free diet at Watsonville, CA summer conditions for 72 h (=5min) after exposure when
mortality was assessed as a count of dead and moribund flies combined. Points on the graph represent the mean normalized percent mortality
exhibited at each Log(Dose) for the female flies assayed (across the three replicate vials) (Table 1). The points were separated along the x-axis using
the “nudging” function in PRISM v.5.0 (GraphPad Software, Inc.) to prevent overlap of the standard error bars (i.e. the standard error of the mean of
the normalized percent mortality across the three replicates) (A, B). The variable slope sigmoidal dose response best-fit curves produced in PRISM
v.5.0 for malathion are graphed and similarly separated along the x-axis with the points (A), and the single best-fit curved produced for all time points
for fenpropathrin was shifted toward the middle of the graph, again using the “nudging” function in PRISM v.5.0 (B). The points and curves are
presented without their error bars and without shifting along the x-axis for dose response comparison of malathion (C) and fenpropathrin (D).
doi:10.1371/journal.pone.0068472.9004

Discussion D. melanogaster circadian clock, it is well accepted that both
temperature and light are zeitgebers that are sufficient to entrain

A First Look at Locomotor Activity Rhythms of Drosophila the circadian clock independently, and the integration of the two
Suzukii under “Natural” Conditions entrainment pathways coordinate with and reinforce each other to
For D. suzuku entrained to ‘summer’ conditions (14:10 h regulate activity rhythms (reviewed in [64,65,66]). This is intuitive
light:dark cycle; Max 22.2°C/Min 12.2°C), we observed a because in nature, shorter day length in the winter is usually
bimodal pattern of activity that was similar to results observed in accompanied by colder temperatures while longer day length in
laboratory D. melanogaster locomotor assays, with an afternoon the summer is associated with warmer temperatures. Light
‘siesta’ during the period with the highest light intensity and entrainment of the clock primarily functions through the
warmest temperature. However, under ‘winter’ conditions with a transcription factor TIMELESS (TIM) [67,68] that senses light

shorter photoperiod and colder temperature range (11:13 h input via interaction with the circadian photoreceptor CRYTO-
light:dark cycle; Max 16.7°C/Min 6.8°C), activity profile of D. CHROME (CRY) [69]. TIM forms a complex with another
suzukii was more unimodal, with an activity peak in the middle of circadian transcription factor PERIOD (PER) at night-time, and
the day during the time of highest light intensity and temperature. together they repress the expression of the circadian transcriptome

Based on a large body of work examining the molecular (reviewed in 66). In the presence of light, TIM protein undergoes
mechanisms underlying light and temperature entrainment of the proteasome-dependent degradation, thereby entraining the clock
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to light cues [70,71]. In the context of activity levels, degradation
of TIM and consequently PER generally leads to increase in
activity, thereby restricting most activity during the daytime. More
recent studies that used more natural conditions to study D.
melanogaster clock-regulated activity rhythms suggested that tem-
perature, rather than light, might actually be the more critical
zeitgeber for entrainment in nature [19,24]. Temperature
entrainment of the clock has been shown in laboratory studies to
partly depend on the thermosensitive splicing of a 3’-terminal
intron dmpi8 (Drosophila melanogaster period intron 8) in per that is
dependent on the function of the phospholipase C NORPA
[72,73]. This mechanism has been proposed to be involved in
seasonal adaptations of the clock. For example, in the winter
morning, the colder temperature increases the splicing efficiency of
this specific intron, leading to an earlier upswing of per mRNA
levels and consequently PER proteins, as compared to a summer
morning. This results in phase advance of clock-controlled evening
activity onset that will otherwise takes place near dusk, ensuring
that flies are active during the afternoon instead of early evening,
when it is much colder and not as amenable to activity. This
explains why activity profiles of flies are generally more unimodal
in colder temperatures [72], similar to what we observed in D.
suzuki in the ‘winter’ conditions (Figure 2C-D). However, the
importance of per dmpi8 splicing as a mechanism to control evening
activity onset in more natural conditions has been in question
recently, as both wild type flies and per” mutants show the same
linear relationship between time of evening activity onset and
temperature over a range from 7°C to 30°C [19], indicating that
other mechanisms might be involved. A second temperature
entrainment pathway of the clock is believed to act through
NOCTE, a glutamine rich protein with yet unknown function
[25]. Since natural entrainment requires both light and temper-
ature zeitgebers, it is not surprising that there are mechanistic
interactions between the light and temperature entrainment
pathways that provide robustness to the system [26]. For example,
light can rapidly increase #m mRINA levels in early morning, but
only at cold temperature [53]. Again, this mechanism serves to
ensure advancing of evening activity in the winter seasons.

As we noted earlier, the temperatures used in our studies, which
resemble actual temperature ranges in Watsonville, CA, U.S.A,,
are much lower than what have been used previously in most D.
melanogaster laboratory studies to elucidate temperature entrain-
ment mechanisms (reviewed in [65]). It has been proposed that
when temperature is below 15°C, temperature may be dominant
over light as zeitgeber, since D. melanogaster flies can remain
rhythmic in constant light conditions, but only in temperatures
below 15°C [74]. Light induces TIM degradation and constant
light usually leads to arrhythmicity due to persistent low level of
this key circadian transcription factor. The fact that flies remain
rhythmic below 15°C suggests an inability to sense light effectively.
Together with the recent proposal by Vanin et al. [19] and Currie
et al. [24] that temperature might be the more critical zeitgeber in
nature, we therefore propose that temperature may be the
dominant zeitgeber in the ‘winter’ condition for our D. suzuki
activity assays. Assuming thermosensitive splicing of the intron in
the D. suzukii per ortholog that corresponds to dmpi8 is partly
responsible for timing evening activity, per splicing is expected to
be more efficient in the ‘winter’ conditions, allowing the ‘evening’
activity peak that normally occurs near dusk at warmer
temperatures to phase advance, creating a more unimodal activity
profile. This makes ecological sense as activity at lower temper-
atures towards the latter part of the circadian cycle will be more
costly energetically. As mentioned previously, other mechanisms in
addition to splicing of per dmpi8 may be at work to control timing of
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evening activity onset. A study in D. melanogaster, which examined
how temperature cycles entrain the endogenous clock, determined
that peak temperature and length of thermophase, i.e. duration of
cycle when temperature is high, are key factors that determine the
timing of peak activity levels in the absence of light [24]. Under
total darkness, temperature gradient cycles alone can entrain the
endogenous clock over a wide range of temperatures, and the
timing of peak activity closely tracked the temperature peak. This
phenomenon is consistent in conditions where the thermophase is
either short or long. Interestingly, while the flies showed unimodal
activity patterns when the thermophase is short, a long thermo-
phase transformed their activity profile to bimodal, where the first
activity peak occurs at the time of initial temperature ascent from
trough level, and the second activity peak tracked the mid point of
the long thermophase. These observations can be extrapolated to
explain the unimodal and bimodal nature of the observed D.
suzuki activity patterns, again highlighting the strong contribution
of temperature as a determinant for this aspect of D. suzukit activity
profile. In the ‘winter’ simulation, the time when temperature
starts rising from trough level (labeled as “R” in Figure 2C-D) to
the time when it reaches the trough again (labeled as “I” in
Figure 2C-D) lasts 15 hours, and can be considered to have a
short thermophase, as compared to the corresponding period in
the ‘summer’ simulation (between “R” and ““I”” in Figure 2A-B),
which takes the full 24 hour cycle. As Currie et al. [24] have
shown, temperature also appeared to play an important role in
determining the timing of peak activity, as the strongest activity
peak of D. suzuki flies in the ‘winter’ simulation (temperature
range: 6.8°C to 16.7°C), with the exception of the startled
response, occurred at or around the temperature peak (Figure 2C—
D). Even though we propose that temperature is the dominant
zeitgeber in the ‘winter’ simulation based on previous findings in
D. melanogaster, the activity peak of ‘winter’ D. suzuki flies also
coincides with period of highest light intensity, indicating perhaps
the two zeitgebers reinforce each other. Future experiments will be
necessary to characterize possible interaction between light and
temperature at these low temperature ranges, and examine
mechanisms of temperature entrainment not related to thermo-
sensitive splicing of per dmp:i8.

In the ‘summer’ simulation (temperature range: 12.2°C to
22.2°Cl) when the temperatures are warmer, D. suzukii has a
bimodal activity profile (Figure 2A-B), which can partly be
attributed by the longer thermophase. At these warmer temper-
atures, splicing efficiency of the intron in the D. suzukit per ortholog
that corresponds to dmpi8 may be lower than that in the ‘winter’
condition, resulting in less phase advance of the evening activity.
Night-time temperatures are relatively milder during the summer
and more amenable to activity, hence the increased nocturnal
activity (Figure 2). Since the timing of the activity peaks in the
warmer temperature range of our ‘summer’ simulation did not
correspond to the pattern that would be predicted if temperature
gradient cycles alone were used for entrainment [24], i.e. the
second activity peak did not track the temperature peak (labeled as
‘P’ in Figure 2A-B), we conclude that light is a much stronger
zeitgeber in the ‘summer’ condition as compared to the ‘winter’
condition, even though the temperature range used in our
experiments were still quite low, going down to 12.2°Cl in early
morning (Figure 1 and Table S1 in File S1). As a matter of fact, the
temperature peak in the ‘summer’ condition coincides with a mild
‘siesta’ (Figure 2A-B) that will likely be more pronounced if higher
temperature were used. It is believed that the adaptive function of
the ‘siesta’ is to avoid the hot mid-day sun and dehydration [64].

Although we attempted to closely mimic natural conditions for
our locomotor activity assays, we did not observe the afternoon
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activity peak as observed in Vanin et al. [19]. This discrepancy is
likely due to the fact that the temperature range used in our
experiments, even for the ‘summer’ simulation (Max/Min
22.2°C/12.2°C), is on the lower end of the temperature spectrum
used in those experiments, and the occurrence of ‘afternoon’
activity peak is found to decrease dramatically at lower temper-
atures [19]. Another reason could be species-specific differences in
activity levels and patterns. Lastly, it is unclear whether a more
gradual change in light intensity could produce an afternoon
activity peak, at least in the ‘summer’ simulation.

Correlating Insecticide Chronotoxicity and
Chronobiology of Drosophila Suzukii

The phenomenon of chronotoxicity was first discovered in
German cockroaches Blattella germanica (L.) (Dictyoptera:Blattelli-
dae) dosed with potassium cyanide [75]. Soon after, cyclic
variability in susceptibility to methyl parathion (organophosphate
msecticide), with the lowest mortality occurring at dawn and
reoccurring every 6 hours in the boll weevil, was seen in Anthonomus
grandis Boh. (Coleoptera:Curculionidae) [76]. Circadian variation
in pesticide susceptibility has since been observed in many
arthropods including D. melanogaster and Apis mellfera L. (Hyme-
noptera:Apidae) to multiple classes of insecticide [45,47,77,78].

No difference in chronotoxicity to D. suzuki was observed for
fenpropathrin in this study, which is consistent with results from D.
melanogaster exposed to another pyrethroid, deltamethrin [45]. D.
suzukit entrained at a photoperiod and temperature regime that
estimates Watsonville, CA in the summer showed the highest and
lowest insecticide tolerance to malathion at Z'T20 (2am) and ZT0
(6am) respectively. This is not consistent with observed chron-
otoxicity of malathion to D. melanogaster maintained at 12:12 h
light:dark cycle and constant 25°C, for which the highest and
lowest insecticide tolerance was seen at ZT4 and ZT16
respectively [45]. We speculate that the difference in test species
as well as drastically different entrainment conditions likely
contributed to the difference in observations. We want to point
out that the phase of peak expression for some common
detoxification genes tested in our studies and the study by Hooven
et al. [45] were also different, likely for the same reason. Previous
chronotoxicity work has suggested that time of greatest insecticide
susceptibility may correspond to the onset of a time of increased
activity in the insect [12] and expression of detoxification enzymes
has also been proposed as an alternate explanation for varying
insecticide susceptibility over a circadian cycle [47,76].

In this study, we saw a peak in D. suzuki malathion tolerance
(least susceptible) at ZT20 (2am), which corresponds to the period
of lowest locomotor activity and rapidly rising detoxification gene
expression (Gyp6gl, GstD2, GstD7, and a-esterase 7) (Figure 5). When
flies are less active, they may be receiving a lower dose of
insecticide, and the moderate and rising levels of detoxification
enzyme expression may help mitigate the toxicity of the insecticide
they do receive. However, the fact that ZT12 (6pm) exhibits the
highest D. suzukii activity and has an LG5 most similar to ZT20
(2am), when D. suzukiz is most tolerant to malathion and the least
active (Figure 5) suggests that expression profile of detoxification
genes may represent a stronger determinant as compared to
activity level for insecticide chronotoxicity. At ZT0 (6am), a peak
in expression is observed in most of the assayed genes (Cyp6gl,
GstD2, GstD7, and o-esterase 7), and this corresponds with the most
variable mortality response to malathion and moderate fly activity
(Figure 3 and 5). Indeed, the 95% confidence interval of the LCj5q
for malathion at ZTO (6am) has the poorest curve fit (Figure 4 and
Table 2). At time points when detoxification enzyme titers are high
and play a role in survivorship of the test subjects, it is expected
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that the mixed genetic background of the flies utilized in this study
may show variable phenotypic response and contribute to
increased variability in mortality. Similarly, an increase in
variability in developmental time is seen when D. suzukii are
placed on poorer quality host fruits (D Bellamy et al., unpublished
data). Again it is speculated that phenotypic variation due to
variable genetic background between test subjects is more obvious
in a context where there is strong selection pressure playing a role
in survivorship (D Bellamy et al., unpublished data). It is also
important to note that the initial step of malathion metabolism by
oxidative sulfuration, which can be attributed to the activity of
cytochrome P450s, actually converts malathion into the more
toxic intermediate malaoxon, before it is further detoxified by
GSTs and esterases [79,80]. Therefore, the peak in Cyp6gl
expression at ZT0 may partly explain the trough in malathion
tolerance observed at Z'T0 (Figure 3B and 5), especially if enzyme
activity of CYP6GT is responsible for bioactivation of malathion
(i.e. conversion malathion to the more toxic malaoxon). The initial
competing influence of enzyme activities encoded by Cyps, Gsts,
and esterases, with respect to malathion toxicity, likely contributed
to the variability of mortality observed at ZT0 as well. ZTO
exhibits moderate D. suzukii activity and only slightly higher
activity as compared to ZT6 (12pm), which corresponds to the
beginning of the prolonged trough period of expression for most
detoxification genes tested in this study, except for Cyp6a2 whose
expression level is still close to its peak (Figure 3A and 5). High
activity of CYP6A2 may contribute to the bioactivation of
malathion at ZT6, keeping malathion tolerance at a low level.
We conclude that circadian gene expression of detoxification genes
strongly contributes to the chronotoxicity of D. suzuki in response
to malathion. On the contrary, periods of higher D. suzukii activity,
at least in laboratory conditions, may not correspond to periods of
higher insecticide susceptibility. Future experiments may be
performed to investigate if the circadian phases of enzyme
activities encoded by Cyp and Gst genes 1s tightly linked to phases
of gene expression. However, this is likely complicated by the
difficulty of isolating enzyme activity involved in insecticide
detoxification, which may be encoded by only a fraction of the
large number of Cyp and Gst genes. In addition to activity levels
and expression of detoxification genes, there are likely other
factors that might contribute to chronotoxicity. For example, the
level of endogenous glutathione, an antioxidant used by GST
enzymes for detoxification, has been shown to vary over the
circadian cycle [49].

Implications for Pest Management of D. suzukii

The majority of organic berry farm acreage is concentrated on
the west coast of the U.S., and now exceeds 1500 total farms
[11,81]. A growing industry, organic berry growers face a complex
management problem with D. suzuki. The organic berry
community has suggested vacuuming, mass bait and kill trapping,
and microbial control as potential control tactics (Pers. Comm.,
Mark Bolda). In particular, the efficacy of vacuuming will be
improved by timing for peaks in D. suzuki activity. Vacuuming for
control of Lygus hesperus (Knight) in organic strawberries is a
common control tactic [82], and better removal of the bugs from
the plants occurs when the Lygus lineolaris P. de. B. are active higher
in the strawberry canopy [83]. In a circadian comparison of
sampling techniques for L. lineolaris adults and nymphs, chrono-
biology impacted sampling efficacy and peak captures varied by
technique and time of day [84]. Optimization of application
timing (peak activity and within production season) would be
expected to improve the efficacy of microbial control [85], taking
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Figure 5. Correlating chronobiology and malathion chrono-
toxicity of Drosophila suzukii. The results from (1) daily locomotor
activity assays of D. suzukii females (bar graph in bottom panel); (2)
circadian gene expression analysis of Cyp6g1 (line graph in top panel,
left Y-axis); and (3) malathion acute toxicity assay (bar graph in top
panel, right Y-axis), were compiled for side-by-side comparison and
correlation. All experiments shown here were conducted in experimen-
tal condition simulating an average summer day of Watsonville, CA, U.S.
(Figure 1 and Table S1 in File S1). Three levels of light intensity are
indicated by the horizontal bars beneath the graph. Black bars =lights
off; dark gray bars=dim light; white bars =bright light. Both zeitgeber
(ZT) and natural time for changes in light intensity are shown
underneath the horizontal bars. For summer conditions: lights-on time
(ZT0) and lights-off time (ZT14) is set at 6am and 8pm respectively.
Activity data shown here is for female flies and is the same as presented
in Figure 2B. Circadian expression pattern of Cyp6g1 in fly bodies is
presented here as a representative pattern for most of the genes tested,
and is the same as presented in Figure 3B, except with a shift in the X-
axis to allow for easier comparison. Malathion acute 1 h LCs, for female
D. suzukii was calculated using normalized variable slope sigmoidal
dose response best-fit curves in PRISM v.5.0 (GraphPad Software, Inc.) at
4 time points (ZT0, 6, 12, 20) using 2-3 day old female D. suzukii and 11
doses of malathion, and is plotted using data from Table 2. Error bars
represent the 95% confidence interval for each LCso. The time point
with peak malathion tolerance “P”, with trough tolerance “T”, and with
the most variable tolerance “V” is marked.
doi:10.1371/journal.pone.0068472.g005

into account the environmental restrictions of the microbial agent
(e.g. humidity and temperature) [86].

The laboratory reared D. suzukit used for these experiments
were highly susceptible to these insecticides. The LCs;, for D.
suzukit acute (1 h) contact exposure to malathion was less that
0.21% of the field rate at all time points, and was less than 1.58%
of the field rate for fenpropathrin. The difference between the time
point of most susceptibility to malathion from that of least
susceptibility is 0.07% of the field rate. Adult D. suzuku experience
100% contact toxicity after direct spray of malathion at field rate
in the lab [11]. After field application of malathion at field rate,
adult D. suzukii captured in a sweep net remain significantly lower
than the control for up to 10 days post-treatment [11]. Timing the
field contact application for a time of peak susceptibility would not
be expected to significantly improve malathion field efficacy for fly
populations that are susceptible. Chronotoxicity may provide
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valuable information if field D. suzuki populations begin to show
tolerance to malathion via upregulation of detoxification enzymes.
Any improvement in pesticide efficacy may allow for application of
lower rate of insecticide, which can mitigate concerns for
insecticide residue in food and the environment. For example,
msecticide maximum residue level in cherries for export has
become a concern due to insecticide usage for control of D. suzukii
[87]. Finally, optimizing spray timing for chronotoxicity may
improve efficacy of marginally toxic products.

Pyrethrin (Pyganic® EC 5.0, McLaughlin Gormley King Co.,
Minneapolis, MN) contact toxicity at field rate in the lab by direct
spray results in 80% D. suzuki adult mortality [11]. After field
application of pyrethrin at field rate, adult D. suzukii captured in a
sweep net remains significantly different than the control for only 1
day post treatment (evaluations were made at 1, 5, 10, and 14 days
post treatment), and the study concludes that there is no residual
control of D. suzukii in the field [11]. Pyrethrin is one of two
msecticide options for D. suzuki control in organic production
settings [11], and even small increases in efficacy would be
beneficial to growers. Pyrethrins are the natural product from
which the synthetically-produced pyrethroids are derived [38];
therefore, there may be no significant difference in chronotoxicity
for pyrethrins. On the other hand, in field situations, pest activity
plays a larger role in insecticide efficacy than in laboratory studies
due to increased feasibility of insecticide avoidance behavior. This
1s especially true in medically important insect disease vectors, e.g.
mosquitoes, as it is common to expect increased efficacy of
msecticides with increased activity of the insect, and changes have
been observed in spatio-temporal biting patterns based on
insecticide usage [88-90]. In reality, EPA regulations, weather,
activity of beneficial insects, harvest schedules, and availability of
machinery and labor tend to dictate the time of day that growers
perform field applications. Photostability of the insecticide and
effect of temperature on the toxicological effects of the insecticide
are also important contributors to field toxicity [38,91,92]. A field
trial with a marginal product would be a potentially interesting
avenue for future research in this topic.

Current D. suzukii management strategies rely heavily on
insecticide usage, because other pest management tactics are still
being developed and optimized (e.g. monitoring strategies and
cultural controls) [3,6,10,11,93]. This paper presents the first look
at D. suzukii chronobiology, chronotoxicity, and detoxification
gene expression. Chronobiology of D. suzukii provides valuable
insights for both monitoring and control efforts, as insect activity is
a crucial consideration in many pest management tactics. Further
field studies are necessary for the application of D. suzuki
chronotoxicity to field management practices; however, this
information may help improve efficacy of insecticide applications.

Supporting Information

File S1 Materials and Methods, Primer sequences for
quantitative real-time PCR gene expression analysis. Table S1,
Percival environmental chamber programs approximating Wat-
sonville, CA, U.S.A.

DOCX)

Acknowledgments

We thank Heather Wilson and Doris Yu for assisting in data collection,
Daren Harris for figure editing, and Dr. Bruce Hammock for critical
reading of the manuscript. We also thank the editor and reviewers for their
valuable input into this manuscript.

July 2013 | Volume 8 | Issue 7 | e68472



Author Contributions

Conceived and designed the experiments: KAH JCC RSK FGZ.
Performed the experiments: KAH RSK. Analyzed the data: KAH RSK
JCC. Wrote the paper: KAH RSK JCC FGZ.

References

1.

o

21.

22.

23.

24.

Goodhue RE, Bolda M, Farnsworth D, Williams JC, Zalom FG (2011) Spotted-
wing drosophila infestation of California strawberries and raspberries: economic
analysis of potential revenue losses and control costs. Pest Manag Sci 67: 1396
1402.

. Hauser M (2011) A historic account of the invasion of Drosophila suzukii

(Matsumura) (Diptera- Drosophilidae) in the continental United States, with
remarks on their identification. Pest Manag Sci 67: 1352-1357.

. Lee JC, Bruck DJ, Curry H, Edwards D, Haviland DR, et al. (2011a) The

susceptibility of small fruits and cherries to the spotted-wing drosophila,
Drosophila suzukii. Pest Manag Sci 67: 1358-1367.

. Burrack HJ, Fernandez GE, Spivey T, Kraus DA (2013) Variation in selection

and utilization of host crops in the field and laboratory by drosophila suzukii
Matsumara (Diptera:Drosophilidae), an invasive frugivore. Pest Manag Sci DOI

10.1002/ps.3489.

. Zalom FG, Shaw DV, Larson KD (2006) Strawberry Insects and Mites in

California: Ecology and Control. Encyclopedia of Pest M t1:1,1-3.

. Lee JC, Bruck DJ, Dreves AJ, Ioriatti C, Vogt H, et al. (2011b) Spotted-wing

drosophila, Drosophila suzukii, across perpectives. Pest Manag Sci 67: 1349-1351.

. Calabria G, Maca J, Bachli G, Serra L, Pascual M (2012) First records of the

potential pest species Drosophila suzukit (Diptera:Drosophilidae) in Europe. J Appl
Entomol 136: 139-147.

. Cini A, Ioraitti C, Anfora G (2012) A review of the invasion of Drosophila suzukii

in Europe and a draft research agenda for integrated pest management. Bull
Insectology 65: 149-160.

. Walsh DB, Bolda MP, Goodhue RE, Dreves AJ, Lee ], et al. (2011) Drosophila

suzukit (Diptera: Drosophilidae):Invasive Pest of Ripening Soft Fruit Expanding
its Geographic Range and Damage Potential. Journal of Integrated Pest
Management. 2: 1-7.

. Beers EH, Van Steenwyk RA, Shearer PW, Coates WW, Grant JA (2011)

Developing Drosophila suzukii management programs for sweet cherry in the
western United States. Pest Manag Sci 67: 1386-1395.

. Bruck DJ, Bolda M, Tanigoshi L, Klick J, Kleiber J, et al. (2011) Laboratory and

field comparisons of insecticides to reduce infestation of Drosophila suzukii in berry
crops. Pest Manag Sci 67: 1375-1385.

Shipp E, Otton J (1976) Circadian rhythms of sensitivity to insecticides in Musca
domestica (Diptera, Muscidae). Entomol Exp Appl 19: 163-171.

. Pittendrigh CS, Minis DH (1964) The Entrainment of Circadian Oscillations by

Light and Their Role as Photoperiodic Clocks. Am Nat 98: 261-294.

. Rensing L, Ruoff P (2002) Temperature effect on entrainment, phase-shifting,

and amplitude of circadian clocks and its molecular basis. Chronobiol Int 19:

807-864.

. Hardin P (2005) The circadian timekeeping system of Drosophila. Curr Biol

15(17): R714-722.

. Zhang EE, Kay SA (2010) Clocks not winding down: unraveling circadian

networks. Nat Rev Mol Cell Biol 11(11): 764-776.

. Wheeler DA, Hamblen-Coyle MJ, Dushay MS, Hall JC (1993) Behavior in

light/dark cycles of Drosophila mutants that are arrhythmic, blind, or both. J Biol
Rhythms 8(1):67-94.

. Chiu JC, Low KH, Pike DH, Yildirim E, Edery I (2010) Assaying locomotor

activity to study circadian rhythms and sleep parameters in Drosophila. J Vis Exp
43 doi: 10.3791/2157.

. Vanin S, Bhutani S, Montelli S, Menegazzi P, Green EW, et al. (2012)

Unexpected features of Drosophila circadian behavioural rhythms under natural
conditions. Nature 484(7394): 371-375.

. Zhu H, Sauman I, Yuan Q, Casselman A, Emery-Le M, et al. (2008)

Crytochromes define a novel circadian clock mechanism in monarch butterflies
that may underlie sun compass navigation. PLoS Biol 6(1): e4.

Merlin C, Gegear R]J, Reppert SM (2009) Antennal circadian clocks coordinate
sun compass orientation in migratory monarch butterflies. Science 325(5948):
1700-1704.

Majercak J, Sidote D, Hardin PE, Edery I (1999) How a circadian clock adapts
to seasonal decreases in temperature and day length. Neuron 24: 219-230.
Low KH, Lim C, Ko HW, Edery I (2008) Natural variation in the splice site
strength of a clock gene and species-specific thermal adaptation. Neuron 60(6):
1054-1067.

Currie J, Goda T, Wijnen H (2009) Selective entrainment of the Drosophila
circadian clock to daily gradients in environmental temperature. BMC Biol 7: 49
doi:10.1186/1741-7007-7-49.

Sehadova H, Glaser FT, Gentile C, Simoni A, Giesecke A, et al. (2009)
Temperature entrainment of Drosophila’s circadian clock involves the gene
nocte and signaling from peripheral sensory tissues to the brain. Neuron 64(2):
251-266.

5. Yoshii T, Vanin S, Costa R, Helfrich-Forster C (2009) Synergic entrainment of

Drosophila’s clock by light and temperature. J Biol Rhythms 24(6): 452-464.

PLOS ONE | www.plosone.org

27.

28.

30.

31.

32.

33.

34.

36.

37.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

Insecticide Chronotoxicity of Drosophila suzukii

Low KH, Chen WF, Yildirim E, Edery I (2012) Natural variation in the
Drosophila melanogaster clock gene period modulates splicing of its 3'terminal
intron and mid-day siesta. PLoS One 7(11): ¢49536.

Kanzawa T (1936) Studies on Drosophila suzukii Mats. J Plant Prot (Tokyo) 23:
66-70, 127-132, 183-191. Abstract in Rev Appl Entomol 24: 315.

. Claridge-Chang A, Wijnen H, Naef F, Boothroyd C, Rajewsky N, et al. (2001)

Circadian regulation of gene expression systems in the Drosophila Head.
Neuron 32: 657-671.

McDonald MJ, Rosbash M (2001) Microarray analysis and organization of
circadian gene expression in Drosophila. Cell 107: 567-578.

Ceriani MF, Hogenesch JB, Yanovsky M, Panda S, Straume M, et al. (2002)
Genome-wide expression analysis in  Drosophila reveals genes controlling
circadian behavior. J Neurosci 22(21): 9304-9319.

Lin Y, Han M, Shimada B, Wang L, Gibler TM, et al. (2002) Influence of the
period-dependent circadian clock on diurnal, circadian, and aperiodic gene
expression in Drosophila melanogaster. Proc Natl Acad Sci U S A 99: 9562
9567.

Ueda HR, Matsumoto A, Kawamura M, Iino M, Tanimura T, et al. (2002)
Genome-wide transcriptional orchestration of circadian rhythms in Drosophila.
J Biol Chem 277(16): 14048-14052.

Wijnen H, Naef F, Boothroyd C, Claridge-Chang A, Young MW (2006) Control
of daily transcript oscillations in Drosophila by light and the circadian clock. PLoS
Genet 2(3): €39.

. Keegan KP, Pradhan S, Wang JP, Allada R (2007) Meta-analysis of Drosophila

circadian microarray studies identifies a novel set of rhythmically expressed
genes. PLoS Comput Biol 3(11): €208.

Hughes ME, Grant GR, Paquin C, Qian J, Nitabach MN (2012) Deep
sequencing of the circadian and diurnal transcriptome of Drosophila brain.
Genome Res 22(7): 1266-1281.

Rodriguez J, Tang CH, Khodor YL, Vodala S, Menet JS, Rosbash M (2013)
Nascent-Seq analysis of Drosophila cycling gene expression. Proc Natl Acad
Sci U S A 110(4): E275-284.

. Crosby DG (2008) Biotransformations. In: JW Birks, W Davison, MR

Hoffmann, WM Lewis, RD Noble, JH Secinfeld, G Sposito, editors.
Environmental Toxicology and Chemistry New York: Oxford University Press.
95-113.

Feyereisen R (2005) Insect cytochrome P450. In: Gilbert LI, Latrou K, Gill SS,
editors. Comprehenseive Molecular Insect Science, Vol 4. Oxford: Elsevier.

Li X, Schuler MA, Berenbaum MR (2007) Molecular mechanisms of metabolic
resistance to synthetic and natural xenobiotics. Annu Rev Entomol 52: 231-253.
Scott JG (1999) Cytochromes P450 and insecticide resistance. Insect Biochem
Mol Biol 29: 757-777.

Perry T, Batterham P, Daborn PJ (2011) The biology of insecticidal activity and
resistance. Insect Biochem Mol Biol 41: 411-422.

Misra JR, Horner MA, Lam G, Thummel CS (2011) Transcriptional regulation
of xenobiotic detoxification in Drosophila. Genes Dev 25: 1796-1806.

Daborn PJ, Yen JL, Bogwitz MR, Le Goff G, Feil E, et al. (2002) A single P450
allele associated with insecticide resistance in Drosophila. Science 297: 2253
2256.

. Hooven LA, Sherman KA, Butcher S, Giebultowicz JM (2009) Does the Clock

Make the Poison? Circadian Variation in Response to Pesticides. PLoS One 4(7):
€6469. doi:10.1371/journal.pone.0006469.

Beaver LM, Hooven LA, Butcher SM, Krishnan N, Sherman KA, et al. (2010)
Circadian clock regulates response to pesticides in Drosophila via conserved
Pdpl pathway. Toxocol Sci 115(2): 513-520.

Pszczolkowski MA, Dobrowolski M, Spencer C (2004) When did you last test
your insects? The forgotten importance of chronotoxicology. American
Entomologist Summer: 72-74.

Gachon F, Olela FF, Schaad O, Descombes P, Schibler U (2006) The circadian
PAR-domain basic leucine zipper transcription factors DBP, TEF, HLF
modulate basal and inducible xenobiotic detoxification. Cell Metab 4: 25-36.
Beaver LM, Klichko VI, Chow ES, Kotwica-Rolinska J, Williamson M, et al.
(2012) Circadian regulation of glutathione levels and biosynthesis in Drosophila
melanogaster. PLoS One 7(11): €50454. doi:10.1371/journal.pone.0050454.
CDPR (2011) Summary of Pesticide Use Report Data 2010 Indexed by Commodity.
Available: www.cdpr.ca.gov/docs/pur/purlOrep/comrpt]0.pdf. Accessed 2013
March 28.

Gerghiou GP, Saito T (1983) Pest Resistance to Pesticides. New York: Plenum
Press. 809 p.

Pedigo LP, Rice ME (2009) Entomology and Pest Management 6" Edition.
Upper Saddle River: Pearson Education, Inc. 784 pp.

. Chen WF, Majercak J, Edery I (2006) Clock-gated photic simulation of timeless

expression at cold temperatures and seasonal adaptation in Drosophila. J Biol
Rhythms 21(4): 256-271.

July 2013 | Volume 8 | Issue 7 | e68472



54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

Hendricks JC, Finn SM, Panckeri KA, Chavkin J, Williams JA, et al. (2000).
Rest in Drosophila is a sleep-like state. Neuron 25: 129-138.

. Kanzawa T (1939) Studies on Drosophila suzukii Mats. Kofu, Yamanashi

Agricultural Experimental Station, 49 pp. Abstract in Rev Appl Entomol 29:
622.

Hamblen-Coyle MJ, Wheeler DA, Rutila JE, Rosbash M, Hall JC (1992)
Behavior of period-altered circadian rhythm mutants of Drosophila in light:dark
cycles. J Insect.Behav 5: 417-446.

Dalton DT, Walton VM, Shearer PW, Walsh DB, Caprile J, et al. (2011)
Laboratory survival of Drosophila suzukii under simulated winter conditions of the
Pacific Northwest and seasonal field trapping in five primary regions of small
and stone fruit production in the United States. Pest Manag Sci 67: 1368-1374.
Lavery DJ, Lopez-Molina L, Margueron R, Fleury-Olela F, Conquet F, et
al.(1999) Circadian expression of the Steroid 15a-Hydroxylase (Cyp2a4) and
Coumarin 7-Hydroxylase (Cyp2a5) genes in mouse liver is regulated by the PAR
leucine zipper transcription factor DBP. Mol Cell Biol 19(10): 6488-6499.
Daborn PJ, Lumb C, Boey A, Wong W, Ffrench-Constant RH, et al. (2007)
Evaluating the insecticide resistance potential of eight Drosophila melanogaster
cytochrome P450 genes by transgenic over-expression. Insect Biochem Mol Biol
37:512-519.

McCart C, Ffrench-Constant RH (2008) Dissecting the insecticide-resistance-
associated cytochrome P450 gene Cypb6gl. Pest Manag Sci 64: 639-645.
Willoughby L, Chung H, Lumb C, Robin C, Batterham P, et al. (2006) A
comparison of Drosophila melanogaster detoxification gene induction responses for
six insecticides, caffeine and phenobarbital. Insect Biochem Mol Biol 36: 934—
942.

Cryan SA, Buchsbaum AM, Reddy KL, Lin MC, Glossop NR, et al. (2003)
vrille, Pdpl, and dClock form a second feedback loop in the Drosophila
circadian clock. Cell 112(3): 329-341.

Glossop NR, Houl JH, Zheng H, Ng F'S, Dudek SM, et al. (2003) VRILLE feeds
back to control circadian transcription of Clock in the Drosophila circadian
oscillator. Neuron 37(2): 249-261.

Chen WF, Low KH, Lim C, Edery I (2007) Thermosensitive splicing of a clock
gene and seasonal adaptation. Cold Spring Harb Symp Quant Biol 72: 599-606.

. Glaser IT, Stanewsky R (2007) Synchronization of the Drosophila circadian

clock by temperature cycles. Cold Spring Harb Symp Quant Biol 72: 233-242.
Dubruille R, Emery P (2008) A plastic clock: how circadian rhythms respond to
environmental cues in Drosophila. Mol Neurobiol 38: 129-145.

Ceriani MF, Darlington TK, Staknis D, Mas P, Petti AA, et al. (1999) Light-
dependent sequestration of TIMELESS by CRYPTOCHROME. Science 285:
553-556.

Naidoo N, Song W, Hunter-Ensor M, Sehgal A (1999) A role for the proteasome
in the light response of the timeless clock protein. Science 285: 1737-1741.
Stanewsky R, Kaneko M, Emery P, Berreta M, Wagner-Smith K, et al. (1998).
The cryb mutation identifies crytochrome as a circadian photoreceptor in
Drosophila. Cell 95: 681-692.

Koh K, Zheng X, Sehgal A (2006) JETLAG resets the Drosophila circadian
clock by promoting light-induced degradation of TIMELESS. Science 312:
1809-1812.

Peschel N, Chen KF, Szabo G, Stanewsky R (2009) Light-dependent
interactions between the Drosophila circadian clock factors crytochtome, jetlag,
and timeless. Curr Biol 19: 241-247.

Majercak J, Chen WF, Edery I (2004) Splicing of the period 3'terminal intron is
regulated by light, circadian clock factors, and phospholipase C. Mol Cell Biol
24(8): 3359-3372.

sollins BH, Rosato E, Kyriacou CP (2004) Seasonal behavior in Drosophila
melanogaster requires the photoreceptors, the circadian clock, and phospholipase
C. Proc Natl Acad Sci U S A 101(7): 1945-1950.

PLOS ONE | www.plosone.org

14

74.

76.

77.

78.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

92.

Insecticide Chronotoxicity of Drosophila suzukii

Kaushik R, Nawathean P, Busza A, Murad A, Emery P, et al. (2007) PER-TIM
interactions with the photoreceptor cryptochrome mediate circadian tempera-
ture responses in Drosophila. PLoS Biol 5: e46.

. Beck SD (1963) Physiology and ecology of photoperiodism. Bull Entomol Soc

Am 9: 8-16.

Cole CL, Adkisson PL (1964) Daily rhythm in susceptibility of an insect to a
toxic agent. Science 144: 1148-1149.

Eesa NM, Cutkomp LK (1995) Pesticide chronotoxicity to insects and mites: an
overview. J of Islamic Academy of Sci 8(1): 21-28.

Piechowicz B, Stawarczyk K, Stawarczyk M (2012) Circadian Changes in
Susceptibility of Young Honeybee Workers to Intoxication by Pyrethroid,
Carbamate, Organophosphorus, Benzoyl Urea and Pyridine Derivative
Insecticides. Journal of Plant Protection Research 52(2): 286-289.

. Roberts TR (1998) Metabolic Pathways of Agrochemicals - Part 2: Insecticides

and Fungicides; The Royal Society of Chemistry: Cambridge, UK, 360-367.
Costa LG (2008) Toxic effects of pesticides. Casarett and Doull’s Toxicology:
The Basic Science of Poisons, 7th ed.; Klaassen CD, Ed.; McGraw Hill Medical:
New York; 883-930.

US Department of Agriculture (2009) Noncitrus fruits and nuts 2008 summary.
Fruit and Nuts 1-3 (09). National Agricultural Statistics Service, US Department
of Food Agriculture, Washington, DC.

Pickel C, Zalom FG, Walsh DB, Welch NC (1994) Efficacy of vacuum machines
for Lygus Hesperus (Hemiptera: Miridae) control in coastal California strawberries.
J Econ Entomol 87(6): 1636-1640.

Vincent C, Chagnon R (2000) Vacuuming tarnished plant bugs on strawberry: a
bench study of operational parameters versus insect behavior. Entomol Exp
Appl 97: 347-354.

Rancourt B, Vincent C, De Oliveira D (2000) Circadian activity of Lygus lineolaris
(Hemiptera: Miridae) and effectiveness of sampling techniques in strawberry
fields. J Econ Entomology 93(4): 1160-1166.

. Lacey LA, Shapiro-Ilan DI (2008) Microbial control of insect pests in temperate

orchard systems: potential for incorporation into IPM. Annu Rev Entomol. 53:
121-144.

Arthurs SP, Lacey LA, Miliczky ER (2007) Evaluation of the codling moth
granulovirus and spinosad for codling moth control and impact on nontarget
species in pear orchards. Biol Control 42: 99-109.

Haviland DR, Beers EH (2012) Chemical control programs for Drosphila
suzukii that comply with international limitations on pesticide residues for
exported sweet cherries. J Integr. Pest Manag. 3: 1-6.

Lorenzo MG, Lazzari CR (1998) Activity pattern in relation to refuge
exploitation and feeding in Triatoma infestans (Hemiptera: Reduviidae). Acta
Trop 70: 163-170.

Barrozo RB, Schilman PE, Minoli SA, Lazzari CR (2004) Daily rhythms in
disease-vector insects. Biol Rhythm Res 35(1/2): 79-92.

Russell TL, Govella NJ, Azizi S, Drakeley CJ, Kachur SP, et al. (2011) Increased
proportion of outdoor feeding among residual malaria vector populations
following increased use of insecticide-treated nets in rural Tanzania. Malar J 10:
80.

Ware GW, Watson TF, Estesen B, Buck NA (1980) Effects of molasses or
toxaphene on residual life and efficacy of methyl parathion on cotton. J Econ
Entomol 73: 15-17.

Smith SC, Harris EG, Wilson K (1994) Effect of temperature regime on the
toxicity of endosulfan and deltamethrin to tsetse flies, Glossina morsitans morsitans.
Tropical Science 24: 391-400.

. Lee JC, Burrack HJ, Barrantes LD, Beers EH, Dreves AJ, et al. (2012)

Evaluation of monitoring traps for Drosophila suzukii (Diptera: Drosophilidae)
in North America. J Econ Entomol 105 (4): 1350-1357.

July 2013 | Volume 8 | Issue 7 | e68472



