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Abstract

Monitoring sensitivity to insecticides is crucial to prevent outbreaks of invasive pests characterized by high reproductive and adap-
tive potential such as the Drosophila suzukii (Matsumura) (Diptera Drosophilidae). The aim of the present study was to investigate
the possible appearance of resistance to cyantraniliprole, deltamethrin and spinosad. Field trials on commercial sweet cherry or-
chards in Northern Italy showed that two out of six strains were not fully controlled using cyantraniliprole and deltamethrin, while
spinosad was thoroughly effective. At the bioassay, two populations showed a decrease in deltamethrin and cyantraniliprole sus-
ceptibility (LCso values 12.7-21.0 and 3.4-5.8 times higher than those from the untreated populations, respectively). Biochemical
analyses revealed that low resistance to the pesticides was associated with high monooxygenase and carboxylesterase activities
(range 2.68-4.37-and 1.97-2.73 times higher than in the wild population). A dose-dependent increase in cytochrome P450 monoox-
ygenase Cypl2d] and ryanodine receptor gene expression was found when a strain with low resistance to cyantraniliprole in field
trials was treated with increasing dosages of the diamide in bioassays. No mutations were detected in voltage-gated sodium channel
and ryanodine receptor genes, which accounted for the reduction in pyrethroid and diamide susceptibility in other pests. After 8
generations of selection, starting from a susceptible population, the LCso values of cyantraniliprole and deltamethrin were increased
2.2 and 25.0 fold, respectively, compared with the unselected colony. In contrast, no selection was possible for spinosad. Our study
would suggest that spotted wing drosophila, upon continued selective pressure, are more prone to develop low resistance to cyan-
traniliprole and deltamethrin than spinosad. The adaptive response relies on detoxifying activities of monooxygenases and increased

Cypl2d] and ryanodine receptor gene expression.
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Introduction

The spotted wing Drosophila, Drosophila suzukii
(Matsumura) (Diptera Drosophilidae), native to Western
Asia, is a highly polyphagous invasive pest for fruit crop
production worldwide. This pest did not represent any
potential menace to agriculture (Kanzawa, 1939) until
2008, when it was detected also in Europe (mostly Italy
and Spain) (Calabria et al., 2012; Cini et al., 2012) and
North America (Lee ef al., 2011), while it reached South
America in 2013 (Depra et al., 2014).

Unlike the vast majority of Drosophila species feeding
on rotting fruits, D. suzukii lays eggs inside ripening
fruits, puncturing the fruit skin with its unique saw-like
ovipositor (Atallah et al., 2014). Damage is thus caused
by larval feeding, resulting in fruit degradation.

This highly polyphagous species is known to develop
on several economically important fruit crops, including
blackberries, blueberries, cherries, peaches, raspberries,
strawberries, grapes, bayberries and kiwis (Kanzawa,
1939; Bolda, et al., 2010; Grassi et al., 2011; Lee et al.,
2011; Seljak, 2011; Walsh et al., 2011; Bellamy et al.,
2013; Liu et al., 2015). Besides, more than 50 wild host
plants have been determined in Europe and North Amer-
ica, providing the pest with a large reservoir of alternative
hosts throughout the seasons (Baroffio et al., 2014; Poyet
etal.,2014; Lee et al., 2015; Kenis et al., 2016).

Cherry was one of the first crops to suffer from D. su-
zukii attacks when the insect appeared in North America
and Europe (Beers et al., 2011; Cini et al., 2012). In Italy,
in the first two years of infestation (2010 and 2011), sig-
nificant damages up to 90% of fruits were observed in
late cherry varieties and in orchards located in Trentino
and Emilia-Romagna regions (Boselli et al., 2012; Grassi
and Palloro, 2012).

Reports about the first pest control strategies against
D. suzukii infestation on cherry orchards were confirmed
in 2018 (Shawer et al., 2018). The results of these re-
peated field and laboratory tests established the effective-
ness of registered insecticides, which were included in
pest management strategies (Shawer et al., 2018). The
products tested in the last 8-9 years mostly belonged to
the families of pyrethroids, organophosphorates or neon-
icotinoids, already used for the control of another cherry
pest, the European fruit fly Rhagoletis cerasi (L.) (Dip-
tera Tephritidae). Other insecticides with an improved
toxicological profile belonging to the families of spi-
nosoids and diamides have also been employed against
D. suzukii (Shawer et al., 2018). In many cases, three to
six pre-harvest applications of insecticides were used in
combination, according to the national authorization for
the use of insecticides. However, no significant differ-
ences in effectiveness were detected in the tested prod-
ucts, but the timing of application was a key issue for a



successful outcome since the fly control is mostly per-
formed by adulticides (Shawer et al., 2018). Moreover,
previous experience revealed that when the strain density
was high, the only possibility to limit the attacks by
D. suzukii was to integrate the chemical approach with
other methods, such as the expensive but effective insect-
proof nets (Caruso et al., 2017). On the contrary, other
techniques did not provide significant improvements
(Caruso et al., 2017).

Appropriate agronomical practices of “sanitation”,
such as the complete removal of dropped and over-ripe
fruits, the thinning of vegetation and the cleaning of
ground vegetation to reduce shading and humidity in the
orchard were crucial (Shawer et al., 2018). Meanwhile,
classical biological control techniques are under develop-
ment. For example, the endemic pupal parasite species
Trichopria drosophilae (Perkins) (Hymenoptera Diapri-
idae) may play a relevant role in fly control over wide
areas. This approach is mostly based on repeated and pre-
ventive releases of 7. drosophilae over the crop but also
around it, to establish a strain of beneficial insects able to
hinder D. suzukii development and outbreaks, signifi-
cantly improving the outcome of other control strategies
(Rossi Stacconi et al., 2017; 2018; Shawer et al., 2018).

Concerning the most effective insecticides, up to date no
standard laboratory data are available on the effects of del-
tamethrin, spinosad and cyantraniliprole on different
D. suzukii strains. In this study, the susceptibility to the
aforementioned insecticides was evaluated in laboratory
conditions based on topic and feeding bioassays. The val-
ues of LCso and LCo were estimated for D. suzukii popu-
lations collected in cherry orchards in Emilia-Romagna
Region where different pest management strategies were
used. Field trials were also performed to confirm the re-
duced susceptibility to insecticides observed in laboratory.

Though inherited adaptation to chemical exposure in
D. suzukii is still poorly investigated, studies conducted in
other phytophagous suggest that it may evolve mainly
through two distinct mechanisms: the alteration of target
sites inducing insensitivity to the insecticide (target-site

resistance) and/or increased metabolism of the insecticide
(metabolic-based resistance) involving three large enzyme
families, the cytochrome P450 monooxygenases (MFO),
glutathione S-transferases (GST) and carboxy/cholinester-
ases (EST) (Li et al., 2007; Panini et al., 2016).

Metabolic resistance was inspected by Green et al.
(2019) in Drosophila melanogaster Meigen adults by
measuring detoxifying activities through biochemical in
vitro assays and following variations in the expression of
an ortholog gene cluster (P450 dependent monooxygen-
ases Cypl2dl) involved in adaptation to diamides. For
target site resistance, the presence of mutated alleles
found in pyretroid insensitive D. melanogaster (Powell,
1997) and in diamide resistant Plutella xilostella (L.)
(Guo et al., 2014) was verified by sequencing homolo-
gous gene regions coding for a-subunit of voltage-acti-
vated sodium channel (Nav) and ryanodine receptor
(RyR).

Furthermore, variations in the expression of ryanodine
receptor (RyR) were examined after adult exposure to cy-
antraniliprole since, in Lepidoptera, changes in transcrip-
tional activity were detected following diamide challenge
(Lin et al., 2013; Liu ef al., 2015). The study aimed to
provide updated baselines for the most widely applied in-
secticides against D. suzukii to be used as a reference for
future assessments and to test molecular and biochemical
markers that reveal an adaptive response to cyan-
traniliprole and deltamethrin in D. suzukii.

Materials and methods

Pest populations collections

Six D. suzukii populations were established in the la-
boratory from adults captured in different cherry or-
chards in the province of Modena, Emilia-Romagna Re-
gion (Northern Italy) (table 1). The study began in sum-
mer 2014 in cherry orchards by a direct sampling of dam-
aged fruits with strong depositions of D. suzukii eggs and
continued until 2016.

Table 1. Orchards studied and corresponding populations of D. suzukii established, and the laboratory and field tests

performed (*).

Population Location

Orchard conditions

Enzymatic Field

. Coordinates ~ Year . Bioassay .
acronyms (province) pest control strategies assay trials
BIO Bologna 44°30'50.0"N 2014 Susceptible control (never received any o o

(BO) 11°2426.0"E insecticide application)
BON Vignola 44°27'59.4"N 2014 Cherry orchard heavily infested, poor % "
(MO) 10°59'19.0"E insecticide spray program
Vignola 44°28'49.0"N ' Cht'erry orchard heavily 1nfe§ted, high . .
MO2 o1t s 2014 insecticide spray program (strain suspected
(MO)  11°01'344"E . .
of having become less susceptible)
MIX Vignola 44°29'08.5"N 2015 Mixture of strains from infested cherry " "
(MO) 11°00'27.5"E orchards, high insecticide spray program
Vignola  44°29'08.5"N . Cheljr}./ orchard extremely 1nf§sted, high
QUA onnine cne 2016 insecticide spray program (strain suspected & o o
(MO)  11°0027.5"E . .
of having become less susceptible)
. vt AN Cherry orchard extremely infested, high
TUG Piumazzo 44 033 ,01 2 ,,N 2016 insecticide spray program (strain suspected * * *
(MO)  11°04'08.7"E

of having become less susceptible)
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The collected cherries were placed in trays inside indi-
vidual cages (BugDorm-2120 Insect Rearing Tent 60 x
60 x 60 cm, MegaView Science Co., Ltd. Taichung, Tai-
wan) to prevent mixing of adults. The cages were imme-
diately brought to the laboratory and kept at 23 °C with
long photoperiod (L-D:18-6) for insect rearing. The
D. suzukii populations involved in this study were named
according to the harvest site (table 1) and chosen in a
cherry orchard with very strong infestation and either low
or high insecticide spray program, therefore suspected of
having become less susceptible to the commonly used in-
secticides. Once sampled from fields, all populations
have been reared in laboratory for two generations before
bioassays. D. suzukii larvae and adults were constantly
provided with water and artificial diet (Dalton et al.,
2011) that served both as a food source and oviposition
medium. The reference population was a laboratory col-
ony (BIO) established from field population of D. suzukii
previously collected in wild area and reared for more than
one year in the laboratory as described above.

Insecticides

Bioassays of five active ingredients (AI) were per-
formed using formulated insecticide products: Decis evo
(deltamethrin 25g/L); Rogor (dimethoate 400g/L); Laser
(spinosad 480g/L); Delegate (spinetoram 250g/Kg); Ex-
irel (cyantraniliprole 100g/L).

LCso0 and LCgo bioassay

Adults of each established population of D. suzukii (ta-
ble 1) were exposed to the tested insecticides by contact
and feeding. An amount of 0.75 mL of a 5% sucrose : 1%
agar (w/v) solution was poured in each well of a 24-well
clear plate (Costar® Corning, NY 14831 USA). An
amount of 20 pL of each tested compound dissolved in
90% (v/v) ethanol was uniformly applied on the surface
of the sucrose-agar base in each well. A typical plate con-
tained one control (solvent only) and five increasing con-
centrations of insecticide in consecutive wells, each con-
centration tested in four replicates on the same plate. The
concentrations chosen were previously established to
cause an adult mortality between 5 and 95%. About ten
adult flies, 4-5 day old, previously anesthetized with CO»,
were transferred to each well and the plates were sealed
and incubated under standard conditions (23 °C, 70-75%
humidity). Each experiment was repeated 3-4 times to
provide independent biological replicates. Mortality and
other visible effects were assessed up to 48 hours after in-
secticide applications.

Enzymatic assay

Adult flies 4-5 day old were sampled from insect rear-
ing chambers and used for crude homogenates prepara-
tion from whole insect or for abdomen dissection. For
carboxylesterases (EST) and glutathione-S-transferases
(GST), thirty whole flies were individually homogenate
in 200 pl Na (0.1 M, pH 7.5) and K (0.05 M, pH 7.0)
phosphate buffer respectively, containing 0.1% Triton-X,
using a manual grinder. The homogenate was centrifuged
at 10,000 g for 10 minutes at 4 °C and the supernatant
used as enzyme source. The carboxylesterase assay was
performed using 4-nitrophenyl-acetate (4-NPA) as a

substrate (Van Leeuwen et al., 2005): 50 pl of homoge-
nate (buffer only in negative controls) were added to
130 pl1 0.1 M sodium buffer (pH 7.5) equilibrated at room
temperature in a 96-well microplate (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA). All experiments were
performed in triplicate. The reaction was started by add-
ing 20 pul 3mM 4-NPA solution (10% acetone v/v in
buffer) and the rate of 4-nitrophenol formation was mon-
itored at 405 nm in a Fluostar Optima microtiter plate
(BMG Labtech, Ortenberg, Germany) read at 30 °C every
10 seconds for a 2 minutes incubation time. A standard
curve of 4-nitrophenol in sodium phosphate buffer
(0.1 M, pH 7.5) was used to convert initial slopes (V max)
into specific activity after normalization to total protein
content (Bradford, 1976). For GST activity, 50 pul of ho-
mogenate was added to each microplate well containing
50 pl of potassium buffer (0.05 M, pH 7.0) and 100 ul
12 mM reduced glutathione. The change in absorbance
was observed at 340 nm, for 5 minutes at 25 °C after add-
ing 100 pl of 1.2 mM 1-chloro-2,4-dinitrobenzene in eth-
anol (1% v/v). Specific activity was calculated by correct-
ing for protein content as above, using 9.6 mM-1 cm™! as
extinction coefficient. All experiments were performed
in triplicate.

Cytochrome P450-dependent monooxygenase (MFO)
activity was assessed by measuring 7-ethoxycoumarin-
O-deethylation (ECOD) (de Sousa et al., 1995). Forty fly
abdomens were dissected and individually placed in 96-
well black microplates (Corning Inc., NY, USA) together
with 100 ml of 0.05 M sodium phosphate buffer, pH 7.2.
To completely submerge the abdomens in the wells, mi-
croplates were centrifuged at 2000 g for 2 minutes. An
amount of 4 pul of 10 mM ECOD in DMSO was added to
each well and the reaction incubated for 4 hours at 30 °C,
in the dark, with gentle agitation. The reaction was
stopped by adding 100 pl of glycine buffer (104 M) in
ethanol (1:1, v:v). Ten similar wells in which glycine
buffer was placed prior to incubation were used as nega-
tive controls. Fluorescence was read at 380 nm excita-
tion/450 nm emission, before and after the incubation
time. A standard curve of 7-hydroxycoumarin (7HC) was
used to convert the amount of fluorescence produced in
pmol 7HC /min/abdomen.

Field trials

The results of the laboratory tests for the insecticides
under investigation in D. suzukii obtained in 2015-2016
were validated in summer 2017 by two field trials accord-
ing to the Good Experimental Practice (GEP) following
the EPPO/OEPP guidelines based on the protocol PP
1/281 (https://pp1.eppo.int/standards/PP1-281-1).

The field trials were carried out in two commercial
cherry orchards in the Quartieri Farm (QUA) and Tugnetti
Farm (TUG). The first field trial was conducted on 18
years old cherry trees of the cultivar “Lapins” in Vignola
(Modena, Italy). The second field trial was conducted on
20 year old Sweet Heart cultivar in Piumazzo (Modena,
Italy). All tested products, except the untreated control
(table 2) were applied at an equivalent water volume of
1000 L ha'! using a backpack mistblower (Stihl SR 420,
Andreas Stihl S.p.A., Milan, Italy). Each plot consisted
of one old cherry plant, plot size reached approximately
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Table 2. Experimental plan of the two field trials.

o

Product rate

Date and timing of applications

n Active ingredient Product name ml/ 100L QUA TUG

1 Untreated control - - - .

2 Delmethrin  Decis Evo 50 4and7DBH  14and7DBH.
s e L 5 \mmthe Sl
4 Cyantraniliprole Exirel 75 11 iu;lnzn;i ]:8)];111{11 ’ 1J4u I;r?él C; };BJ:IH

DBH, days before harvest.

12 m? and treatment size was about 48 m%. All treatments
were applied 14 and 7 days before supposed harvest
(7 and 14 DBH) in order to control the D. suzukii strain
on ripening cherries (standard practice). One hundred rip-
ening cherries were collected in the lower central part of
the plot, respectively, one hour before each application
and at supposed harvest (BBCH 89). Each ripe cherry
was checked under a binocular microscope 1-2 days be-
fore incubation at room temperature, calculating the per-
centage of cherries with eggs and larvae.

Insecticide resistance selection

Selection for resistance to insecticides was performed
in the laboratory. Cohorts of adults from a susceptible la-
boratory colony (LAB) were selected with deltamethrin
(DEL) or spinosad (SPIN) or cyantraniliprole (CYA)
while another cohort, treated in the same way but without
exposure to insecticides, served as unselected control
(GO). In the first selection, adults were exposed to LCs
of the baseline established for the GO colony. After
48 hours of exposure to contact and feeding under the
conditions described for LCso and LCog bioassay (using a
6 cm petri dish instead of a 24-well plate), surviving
adults were transferred to untreated artificial diet and
reared in the laboratory under the conditions described
above. The concentration of the tree insecticides used to
select each subsequent generation was LCso based on the
results of bioassays from the previous generation. The
number of adults used for each generation varied
(300-500), depending on availability. Selection of some
generations was deferred because of insufficient number
of progeny.

Gene target identification and primer design
Reference sequences for RyR and Cypl2dl target
genes were retrieved by querying annotations in D. suzu-
kii genome assemblies: Dsuzukii.vOl from BGI (Gen-
bank accession number GCA_000472105.1) and the
Spotted Wing FlyBase (http://spottedwingflybase.org)
from UC Davis and Oregon State University. The three
Cyp12d1 gene copies reported in tight linkage in Dsuzu-
kii.vO1l assembly (GeneID: 108008502, 108008671 and
108008359) were indeed fused in a unique gene annota-
tion in Spotted Wing FlyBase (accession number
DS10 00002643). The most distal copy coded for a
Cyp12d1 (Genbank accession number XP_016927685)
with highest identity to Cyp/2dl orthologs reported in
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D. melanogaster genome, namely, 89.56% amino acid
identity with Cypl2di-p (Genbank accession number
NP 995812) and 90.14% amino acid identity with
Cyp12d1-d (Genbank accession number NP_001286304).
Putative open reading frames found in D. suzukii Cypl2d1
genes were aligned using Clustal Omega (Sievers and Hig-
gins, 2014) and a primer pair was designed on a conserved
region using Primer3 (Untergasser et al., 2012). Cypl2d1
distal copy was used as a reference (Genbank accession
number XM 017072196) and one degenerated position
was introduced in each primer to accommodate the re-
maining two putative paralogs (XM 017072366 and
XM_017072565) (Supplemental material table S1). The
reference sequences XM 017087623 (Genbank database)
and DS10_00006802-RA (Spotted Wing FlyBase) were
used to synthesise a primer pair aimed to amplify the 3’end
of RyR transcripts (Supplemental material table S1) with
the intent to avoid putative alternative splicings (Mandal et
al., 2019) and limit the RNA degradation effect on the
analysis of such long transcripts.

Primers for the housekeeping genes arginine kinase
(4K), TATA binding protein (7BP) and a-tubulin
(TUB) were prepared according to Zhai et al. (2014). A
primer pair was synthesised to amplify and sequence a
RyR cDNA fragment harbouring potential sites for mis-
sense mutations at the positions G4892 e M4736
(XP_016943112) as occurred for diamide insensitive
G4946E and 14790M isoforms in P. xylostella (Supple-
mental material table S1) (Troczka et al., 2012; Guo et al.,
2014). To verify pyrethroids target site resistance in
D. suzukii strains, transcripts putatively coding for the a
subunit of voltage-activated sodium channel (Nav) were
partially amplified and sequenced, based on reference
transcripts (Genbank accession number XM 036821263
and Spotted Wing FlyBase accession number
DS10_00008225-RA). Three primers pairs (Supplemental
material table S1) were used to encompass regions with
potential mutations, as already described in D. melano-
gaster Nav gene (Pittendrigh et al., 1997).

RNA isolation and analysis by Reverse Transcrip-
tion Polymerase Chain Reaction (RT-PCR)

For expression analysis of Cyp/2d and RyR genes,
QUA adults that survived the cyantraniliprole exposure
(0, 100, 500 and 1000 mg Al L!) along with untreated
QUA and BIO controls (solvent only) were collected and
frozen at —80 °C. Total RNA was extracted from three
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biological replicates (6 to 8 insects each) for each tested
group by manually homogenization in 500 pL of Tri-Re-
agent (Sigma Chemical, St. Louis, MO, USA) according
to the manufacturer instructions.

The resulting total RNA was resuspended in nuclease-
free water and quantified with a spectrophotometer
(Thermo Scientific Nanodrop 2000) before integrity con-
trol through agarose-formaldehyde gel electrophoresis.
Following removal of genomic DNA contamination with
the RapidOut DNA Removal kit (Thermo Scientific,
Waltham, MA, USA), cDNA was synthesized from 1 pg
of purified total RNA using RevertAid first-strand DNA
synthesis Kit (Thermo Scientific, Waltham, MA, USA)
with random hexamer primers. In parallel a negative con-
trol was obtained by omitting the Revert Aid reverse tran-
scriptase from the reaction mixture.

The cDNA was then diluted 1:30 using nuclease-free
water, before use in real-time quantitative polymerase
chain reaction (RT-qPCR) to amplify target genes (RyR
and CypdI2dI) along with housekeepers [i.e. arginine ki-
nase (4K), TATA binding protein (7BP) and a-tubulin
(TUB)]. The amplification reactions were assembled as
follows: 5 pl cDNA (8 ng), 0.4 ul of both forward and
reverse primers (10 uM) (Supplemental material table
S1), 10 ul KAPA SYBR® Fast qPCR Master Mix (2x)
(Kapa Biosystems, Wilmington, MA, USA) and 4.2 uL
of sterile Milli-Q® water (Merck). RT-qPCR plates were
set up on ABI 7500 Fast Real-Time PCR System with
one cDNA template and three technical replicates of each
biological replicate.

Thermal cycling conditions for gene target amplifica-
tion were: activation step 3 minutes at 95 °C; 40 cycles
of 3 seconds at 95 °C, 30 seconds at 60 °C; fluorescence
was collected at the end of each extension step; a final
dissociation step cycle was added for melting curve anal-
ysis. Fluorescence readings were collected from the
gPCR platform and amplification efficiencies for each
target gene were calculated using LinReg (Ruijter ef al.,
2009).

For the screening of Nav and RyR mutations found
in D. melanogaster (Pittendrigh et al., 1997) and in
P. xilostella respectively (Troczka et al., 2012; Guo et
al., 2014), and potentially also affecting the orthologous
genes in D. suzukii, total RNA was extracted from field-
collected and lab-selected specimens and retrotran-
scribed as reported above for RT-qPCR. ¢cDNA frag-
ments were amplified in 20 pl reaction mixture including
4 ul 5X Phire Reaction Buffer (Thermo Scientific, Wal-
tham, MA, USA), 0.8 pul of each primer (10 uM) (Sup-
plemental material table S1), 0.4 pl dANTPs (10 mM),
2 ul cDNA and 12 pl of sterile Milli-Q® water
(Merck,Darmstadt, Germany) with the following thermal
cycler profile: initial denaturation step 30 seconds at 98 °C;
35 cycles of 5 seconds at 98° C, 5 seconds at 58 °C,
15 seconds at 72 °C; final extension 1 minute at 72 °C;
run on a Biometra thermocycler Tpersonal (Biometra,
Géottingen, Germany). PCR amplification products were
purified with spin columns (DNA Clean & Concentrator
Kit; Zymo Research, Inc., Irvine, CA, USA) and ana-
lysed by Sanger sequencing using the same amplification
primers (Eurofins Genomics, Ebersberg, Germany).

Data analysis

The estimates of LCsp and LCyy for fly mortality and
their 95% confidence limits (CL) were obtained using the
PoloPlus Version 2.0 (LeOra Software Company, Peta-
luma, California, USA) based on Finney’s Probit analysis
(Robertson ef al., 2017). The differences in responses to
insecticides between MO2, MIX, BON, QUA, TUG pop-
ulations versus BIO populations, were considered not
significant if the 95% confidence intervals of LCso or
LCoo overlapped. Resistance factors were calculated by
dividing the LCso and LCoo values of MO2, MIX, BON,
QUA and TUG by the respective LCso and LCoo values
of the BIO population.

Results of the field trials were subjected to variance
analysis (ANOVA) and means were separated by LSD
Fischer test (p < 0.05) (STATISTICA 6.0 for Windows;
Statsoft Inc., Tulsa, Oklahoma, USA). For each biologi-
cal replicates, Cypl2d] and RyR gene expressions were
normalised on the geometric mean of multiple house-
keepers (Vandesompele et al., 2002). Fold changes in tar-
get transcripts levels were measured in BIO and QUA
populations (the latter exposed to different cyan-
traniliprole dosages) using QUA untreated strain as ref-
erence following the AACt method with amplification ef-
ficiency-correction (Pfaffl, 2001).

Detoxifying activities data prior to statistical analysis
were subjected both to Shapiro-Wilkinson’s W test and
Levene’s test to ensure compliance with assumptions of
normality and homoscedasticity with the P-value set at
0.05 while Log-transformation of fold changes in gene
expression was presumed to fit parametric distributions
(Hellemans and Vandesompele, 2011). Log-transformed
fold changes in gene expression as well as mean values
of detoxifying activities were analysed by one-way
ANOVA and Tukey's Honest Significant Difference as
post hoc test (STATISTICA 6.0 for Windows; Statsoft
Inc., Tulsa, Oklahoma, USA).

Results

LCs0 and LCoo bioassay

The results obtained by PoloPlus analyses for each in-
secticide are summarized in table 3. The table reports the
LCso-90 values, the 95% confidence limits (Robertson et
al.,2017), the slopes (angular coefficients) and the values
of the resistance factor (RF) for each D. suzukii popula-
tion.

Concerning deltamethrin QUA and TUG populations
collected in 2016 have LCso.99 values statistically higher
in comparison to all other populations collected in 2014-
2015. A value of LCso.99 higher than BIO (but not signif-
icant) is observed in MO2, BON and MIX. The resistance
factors for LCso (RFs0) and for LCoo (RFop) are higher
than 10 for QUA and TUG. Results for dimethoate bio-
assay showed that in comparison to all other populations,
the populations QUA and TUG have LCso.90 values sta-
tistically higher and RF values above ten. No significant
differences in values of LCso.99 are detected for spinosad
and spinetoram in all populations studied. In contrasts,
concerning cyantraniliprole, TUG and QUA populations
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Table 3. Bioassay results for each active ingredient in field populations.

LCso

LCo f

Population Adults Slope + SE me AT L (95% CL) RFs me AL (95% CL) RFq y2(df) 7
Deltamethrin bioassay
BIO 534 2.10£0.15 0.45 (0.39-0.52) - 1.84 (1.50-2.37) - 1.20 (4)
BON 509 2.05+0.16 0.39 (0.26-0.53) 0.9 1.63 (1.08-3.34) 0.9 9.25 (4)
MO2 621 1.85=+0.12 0.63 (0.41-0.94) 1.4 3.11 (1.91-6.95) 1.7 17.47 (5)
MIX 657 1.71+£0.12 0.43 (0.21-0.88) 1.0 2.40 (1.09-25.34) 1.3 45.71 (5)
QUA 931 1.73+£0.09 9.46 (7.93-11.28) 21.0 51.64 (39.85-71.23) 28.1 6.57 (6)
TUG 577 1.18£0.08 5.73 (2.81-0.43) 12.7  69.36 (31.77-304.00) 37.7 25.38 (6)
Dimethoate bioassay
BIO 501 2.62+£0.21 20.61 (15.26-28.46) - 63.52 (42.25-137.70) - 15.61 (5)
BON 806 2.26+0.16 31.44(21.97-51.68) 1.5 115.53(65.43-396.07) 1.8 29.60 (5)
MO2 543 297+£0.24 27.25(22.10-33.64) 1.3 73.53 (54.47-124.91) 1.2 11.21 (5)
MIX 1011 1.95+£0.11 24.44(15.56-37.79) 1.2 110.90 (63.58-360.75) 1.7 41.84 (5)
QUA 378 2.62+£0.26 327.42 (278.53-387.12) 15.9 1006.15 (785.08-1424.72) 15.8 0.67 (5)
TUG 539 1.43+0.11 161.24(83.00-322.43) 7.8 1212.63 (530.56-8035.45) 19.1 27.36 (5)
Spinosad bioassay
BIO 551 2.19+£0.21 11.85(5.47-20.01) - 45.50 (25.45-242.20) - 16.02 (3)
BON 462 1.04+0.23  6.17(0.79-17.50) 0.5 105.12(30.90-21369.04) 2.3 24.75 (4)
MO2 501 1.90+£0.24 15.44 (8.62-24.83) 1.3 72.50 (39.75-350.83) 1.6 9.95 (3)
MIX 605 1.08+0.18  6.05(1.33-15.46) 0.5  92.05(29.68-4847.00) 2.0 28.07 (4)
QUA 429 193+0.15  9.60 (6.69-12.87) 0.8 43.99 (30.47-78.05) 1.0 4.88 (4)
TUG 551 296+0.14 10.91 (7.88-14.38) 0.9 29.50 (21.13-54.13) 0.6 6.38 (3)
Spinetoram bioassay
BIO 506 2.56+0.21 9.64 (7.22-12.45) - 30.52 (21.57-57.67) - 8.96 (4)
BON 529 3.02+0.23 6.36 (5.17-7.55) 0.7 16.86 (13.74-22.52) 0.6 4.96 (4)
MO2 369 2.79+0.23 6.11 (3.94-8.62) 0.6 17.59 (11.97-36.06) 0.6 6.39 (3)
MIX 723 2.52+0.13 5.69 (5.00-6.37) 0.6 18.30 (15.82-21.94) 0.6 0.79 (3)
QUA 380 1.57+0.16 3.69 (1.21-7.06) 04  24.05(11.85-126.57) 0.8 15.31 (4)
TUG 730 2.10£0.11 5.09 (2.41-8.67) 0.5 20.61 (11.46-87.49) 0.7 28.76 (4)
Cyantraniliprole bioassay
BIO 504 1.86+0.15 18.11(12.85-23.48) - 88.39 (65.64-135.94) - 4.53 (4)
BON 782 2.03+£0.13 20.31(14.42-26.51) 1.1 86.61 (61.33-152.04) 1.0 15.30 (5)
MO2 882 1.71+£0.11 21.41(14.31-29.44) 1.2 120.02 (75.50-284.46) 1.4 19.44 (5)
MIX 592 1.86+0.16 16.08 (11.30-20.75) 0.9  77.97 (57.14-126.70) 0.9 7.98 (5)
QUA 813 2.08+£0.17 105.38 (79.02-145.14) 5.8 433.54 (274.35-999.92) 4.9 29.44 (7)
TUG 570 1.78+0.16 62.43(50.33-76.66) 3.4 325.03 (236.95-505.63) 3.7 8.57 (7)

Al, active ingredient; SE, standard error; CL, confidence limits; RF, resistance factor estimated as RF = LCso or LCog

field population / LCso or LCyo BIO population.

T LC values between populations considered significantly different, if the 95% CL do not overlap.
T A high %? indicates a significant deviation from the probit model, p < 0.05.

have LCso.99 values statistically higher than all other pop-
ulations. The values of RFso and RF g are respectively 5.8
and 4.9 for QUA, and 3.4 and 3.7 for TUG.

Enzymatic activity assay

One-way ANOVA revealed that the mean of all tested
enzyme activities were significantly different among the
D. suzukii populations (ANOVA: df = 5; Fmro = 112.23,
Fgst=21.44, Fest = 148.3; p < 0.001)

Overall detoxifying enzyme activities in BON and MIX
populations were closer to those shown by the reference
BIO than QUA and TUG populations (table 4). The lat-
ters had higher 7-ethoxycoumarin-O-deethylation
(ECOD) activity ratios (4.37 and 2.68 fold respectively)
as well as increased level of carboxylesterases (2.73 and
1.97 fold respectively) (table 5). A modest increase (1.61
fold) of monooxygenase cytochrome P450-dependent
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enzymes (MFO) was also detectable in MO2 population.
Levels of glutathione-S-transferases (GST) slightly var-
ied among tested populations, with TUG showing the
highest enzyme activity ratio (1.83-fold), followed by
MO?2 with 1.61-fold change.

Field trials

The results obtained in the first trial (table 6) show that
the infestation appeared only in the untreated control with
a low percentage of larval infestation (5.5%). There was
a significant difference only between the active ingredi-
ents and the untreated control. In the treated plots, no
fruits with D. suzukii larvae were observed.

The results of the second field trial (table 6) show that
the insecticide applications were performed during a high
infestation by D. suzukii. The untreated control showed a
high percentage (18.5%) of fruits infested by larvae. This



Table 4. Enzyme activity level as mean (+ 95% confidence limits) of cytochrome P450-dependent monooxygenases
(MFO), glutathione-S-transferases (GST) and carboxylesterases (EST) in field populations, collected in wild area

(BIO) or subjected to integrated pest management.

MFO' mean (n)

EST' mean (n)

GST' mean (n)

Population (95% CL) R (95% CL) R (95% CL) R
BIO @aliasey 1 aomoasin 1Y Goansson L0
BON (111229.'2718-1(12?6213) 112 (239252g(332)92) 0.94 (§§:%?-2339)3§) 0.97
QuA dsrsasie 3T @osssany 2B gamarmy OB
UG 309.06(40)d o 67.14 (30) d o7 85.11 (30) ¢ 83

(269.28-542.14) (61.74-72.53) (77.79- 92.43)

n, number of tested specimens; CL, confidence limits; R: enzyme activity ratio using BIO population as a reference.

T Enzyme activities reported as follows: MFO activity: pmol 7HC/min/abdomen; EST activity: nmol 4-nitrophe-
nol/min/mg protein; GST activity: nmol GS-DNB/min/mg protein; mean values that share a superscript are not sig-
nificantly different (p < 0.05, Tukey's HSD test).

Table 5. Results for dose-response bioassays using different active ingredient in unselected (LAB) and selected pop-
ulations using deltamethrin (DEL), cyantraniliprole (CYA) and spinosad (SPIN).

LCso " LCoo " LCy
Population N Slope+SE mgAIL"! RFso mg AIL!  RFg mg Al L RFoy  xX(df) T
(95% CL) (95% CL) (95% CL)
Deltamethrin selection
0.10 0.78 4.13
LAB 215 1440196 5.0.15) (0.52-1.35) (2.17-11.42) 178 (%)
2.55 9.08 59.26
DEL 101 2.32+0.54 (1.87-3.53) 25.0 (5.66-29.39) 15.6 (18.97-394.84) 14.3 3.50 (4)
Cyantraniliprole selection
14.52 122.15 693.12
. LR LSS (3.41-40.75) (42.77-718.18) (136.33-207776) LI0E)
32.41 200.03 881.93
CYA 333 1.62£0.17 (16.97-79.91) 2.2 (80.77-659.57) 1.6 (220.77-107927) 12 14.01.(4)
Spinosad selection
10.54 50.82 183.24
s el =R e ae s ) (32.99-106.26) (91.60-701.42) B ()
11.09 55.32 204.99
SPIN 333 1834019 o coron 105 0t on 108 (g0sairaz 111 194

Al, active ingredient; SE, standard error; CL, confidence limits; RF, resistance factor.
T LC values between populations considered significantly different, if the 95% CL do not overlap.
T A high ¥ indicates a significant deviation from the probit model, p < 0.05

Table 6. Results of the field trials as mean of D. suzukii eggs and larvae infestation on 100 fruits.

n° Active ingredient Mean nr eggs/100 fruits Mean nr larvae/100 fruits
First field trial
1 Untreated control 2.5 ns 5.5 a
2 Deltametrin 0.75 ns 0.5 b
3 Spinosad 1.5 ns 0 b
4 Cyantraniliprole 2 ns 0.25 b
Second field trial
1 Untreated control 0.75 ns 18.5 a
2 Deltametrin 1.25 ns 8.75 ab
3 Spinosad 1.5 ns 0.75 b
4 Cyantraniliprole 3.5 ns 7.25 b

nr, number; ns, not significant. Means followed by a different letter were significantly different p <0.05, LSD Fischer test.
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Figure 1. Effect of cyantraniliprole exposure on ryanodine receptor (RyR) and P450 Cyp12d1 gene expression in QUA
treated and BIO populations using QUA untreated as reference (grey bar chart). Bars represent the fold change
mean £ 95% confidence interval) of target gene expression from three biological replicates (n = 6-8 specimens each).
Different letters denote statistically significant differences in fold change across cyantraniliprole doses and popula-

tions for at least p < 0.05 using Tukey’s HSD post hoc test.

high level of infestation allowed to detect significant dif-
ferences among the active ingredients tested. Moderate
activity was observed for deltamethrin and for cyan-
traniliprole, but not for spinosad.

Insecticide resistance selection

The results indicate that the toxicity to adults of D. su-
zukii of cyantraniliprole and especially deltamethrin was
significantly decreased as a result of selection for re-
sistance in the laboratory, while no difference was ob-
served for spinosad (table 6). The level of resistance
against deltamethrin was higher than the resistance
against cyantraniliprole after the same number of se-
lected generations. After 8 generations of selection, the
LCso values of cyantraniliprole and deltamethrin for
D. suzukii adults from CYA and DEL populations were
increased 2.2 and 25.0 fold, respectively, compared with
the unselected LAB colony.

Cyp12d1 and RyR gene expression and mutation
screening of Nav and RyR genes

Expressions of both target genes differed among treated
and untreated populations (ANOVAcypiai: df = 4;
F=153.03;p<0.001 and ANOV Agryr: df =4; F =79.41;
p < 0.001). Difference between the mean of all possible
pairs using Tukey's showed that QUA untreated and BIO
populations displayed the same transcript level for RyR
(pagj = 0.646) and Cyp12d1 (pagj = 0.546) genes (figure 1).
Exposure to increasing concentrations of cyantraniliprole
in QUA adults elicited a positive mRNA overexpression
as compared to untreated controls. For the RyR gene the
upregulation was significant at 500 and 1000 mg AI L'
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(3.1 fold and 4.8 fold respectively; pagj < 0.001 ANOVA
with Tukey’s post-hoc test). The slight increase in RyR
gene expression at 100 mg Al L (1.4 fold) was not
enough to clearly distinguish QUA treated from BIO
population (figure 1). The insecticide application also
positively affects the Cyp12d1 gene expression in a dos-
age-dependent manner as compared to QUA controls:
4.3, 6.2 and 9.5 fold increases after challenging insects
with 100, 500 and 1000 mg Al L' of cyantraniliprole,
respectively (pagj < 0.001 ANOVA with Tukey's post-hoc
test) (figure 1).

The sequencing of fragments of the Nav and RyR
cDNA:s in field-collected and in laboratory selected pop-
ulations did not reveal any of the mutations affecting
amino acid positions previously associated to pyrethroid
resistance in D. melanogaster (Pittendrigh et al., 1997)
or affecting diamide sensitivity in P. xylostella such as
G4946E/V and 14790M (Troczka et al., 2012; Guo et al.,
2014) at the homologous positions G4892 and M4736
of D. suzukii RyR (Genbank accession number
XP_016943112) (Supplemental material figure S1).

Discussion and conclusions

Assessment of resistance risk through in-field and labor-
atory tests is challenging since it could be affected by
several factors such as population genetic background,
mode of action (MoA) of the examined Al, previously
applied selective pressures (i.e., pesticide management
history, dosage and application timing of different Al,
and adopted experimental procedures). Hence collecting
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data from various scenarios is a crucial aspect for a more
robust risk assessment, especially for rapidly spreading
alien pests such as D. suzukii, where the genetic variabil-
ity could be reduced by the founder effect (Fraimout et
al., 2017).

In Italy, ten years after the first reports of infestation in
cherry cultivations, the chemical control strategies of
D. suzukii are widely established but limited to the com-
bination of a small number of Al. The current pest man-
agement of D. suzukii includes pyrethroids as well as Al
with relatively new MoA such as spynosoids and dia-
mides. Several factors in the Italian scenario favours an
increase in the selection exerted on the phytophagus,
such as reduced insecticide portfolio, limited periods for
treatments to respect pre-harvest interval constraints and
overpopulated orchards in small districts devoted to
cherry cultivation. Furthermore, the need to protect early
and late varieties of cherry trees, coexisting alongside
each other, prolongs the exposure of D. suzukii to sub-
lethal doses of insecticides endowed with a certain pho-
tostability and discreet persistence, like deltamethrin. A
slow adaptation that does not significantly affect the pop-
ulation size is more likely in D. suzukii since it possesses
the highest number of genes among Drosophilids that
regulate the metabolic response to xenobiotics (Nguyen
etal.,2016).

This event might have apparently happened in the
USA, during the last two years, where limited pest con-
trol in the field was accompanied by a reduced bioassay
response to spinosad along with cross-resistance towards
pyrethroid cypermethrin or organophosphoric malathion
as well (Mishra ef al., 2018; Gress and Zalom, 2019).

Therefore it is advisable, after inspecting the actual
level of sensitivity to the applied Al, to evaluate the risk
of resistance development through both field trials and
molecular tests. The results from field trials and bioas-
says presented here revealed that all five tested popula-
tions had similar susceptibility to spinosad and spineto-
ram when compared with BIO control population. In con-
trast, TUG and, even more, QUA populations were less
susceptible to deltamethrin, dimethoate and, to a lesser
extent, to cyantraniliprole. Biochemical analyses indi-
cated that this insecticide low resistance was associated
with high levels of monooxygenases and carboxylester-
ases. Furthermore selection experiments under labora-
tory conditions showed that a susceptible population of
D. suzukii was more prone to develop a reduced sensitiv-
ity to the pyrethroid than to the diamide and spinosoids.

To get an insight into the molecular markers associated
with adaptive response in D. suzukii, different resistance
mechanisms have been explored in the field strains. Re-
duced susceptibility to class II pyrethroids and an-
thranilic diamides has been associated both to alterations
in the sequence and in the expression of genes coding for
the insecticide target as well as to the up-regulation of
detoxifying metabolic pathways (McDonnell et al., 2012;
Liu et al., 2015; Duneau et al., 2018; Kim et al., 2018;
Scott, 2019).

In field populations, mutations conferring insecticide
resistance may occur before or after the exposure to the
pesticide and then selected as adaptive response. Re-
sistance to both anthranilic and phthalic diamides was

mainly documented in Lepidoptera species, where target-
site mutations caused amino acid replacements in trans-
membrane domains of the insect RyRs conferring a sig-
nificant reduction in insecticide susceptibility (Troczka
et al., 2012; Guo et al., 2014; Steinbach et al., 2015;
Roditakis et al., 2017; Yao et al., 2017).

The glycine residue at position 4946 replaced by glu-
tamic acid (or valine) in the diamide insensitive P. xy-
lostella RyR, is evolutionarily conserved in D. melano-
gaster and D. suzukii orthologs, though genome editing
showed that this glycine is under more functional con-
straints in Drosophilids than in Lepidoptera (Douris et
al., 2017). Furthermore, the insensitive allele 14790M in
P. xilostella naturally occurs in wild type D. melano-
gaster and D. suzukii RyR.

The reverse substitution M4790I introduced by genome
editing in D. melanogaster RyR increase the susceptibil-
ity to flubendiamide and chlorantraniliprole and in less
extend to cyantraniliprole (Douris ef al., 2017). Concern-
ing the D. suzukii strains included in this study, the se-
quencing of cDNA fragments from the RyR C-terminal
coding region, comprising the positions (G4946E and
14746M) mutated in P. xylostella, did not reveal sequence
differences in-field collected or lab-selected populations.
In any case, the presence of further missense mutations
in other regions of RyR gene in these populations could
not be ruled out a priori. Along with modifications of key
amino acids for diamide binding, changes in RyR expres-
sion have also been associated with reduced susceptibil-
ity to diamide insecticides.

The adaptive response in Lepidoptera consists, more
often, in an up-regulation of RyR gene expression (Sun et
al., 2012; Qi et al., 2014; Yang et al., 2014; Liu et al.,
2015; Peng et al., 2017; Wang et al., 2018) and less fre-
quently in a decrease of the RyR transcript level (Lin et
al., 2013; Gong et al., 2014). The up-regulation of RyR
gene expression was also detected in head dissected from
D. melanogaster specimens survived to both moderate
and high selective chlorantraniliprole pressure (Kim et
al., 2018). In QUA population, the exposure to sublethal
doses of cyantraniliprole did not trigger changes in the
RyR expression at the whole body level, while a signifi-
cant transcriptional up-regulation was detectable only af-
ter challenging with insecticide doses beyond the LCoo.
The lack of a transcriptional response to lower doses
might suggest the existence of a QUA subpopulation less
susceptible to cyantraniliprole with a constitutive RyR
overexpression.

The role of different detoxifying enzymes in diamide
resistance is more controversial since, being encoded by
multigene families, they are involved in many biological
responses other than pesticide adaptation (Nauen and
Steinbach, 2016).

Comparative genomics on 14 Drosophila species
showed that in D. suzukii genome, probably due to the
fresh fruit feeding preferences of larvae, gene duplica-
tions and positive selection have occurred, leading to
the expansion of gene clades linked to detoxifying ac-
tivities (Rane et al., 2019). Low and high resistance to
chlorantraniliprole (2.1 and 21.3 resistant ratio) in lab-
selected strains of D. melanogaster was associated with
increased esterase activities (especially in head) and
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low levels of GSTs (Kim et al., 2018). QUA and TUG
populations, which were less susceptible to field pest-
control, had indeed higher levels of monooxygenase and
carboxylesterase activities, suggesting their involvement
in reducing the susceptibility to deltamethrin and cyan-
traniliprole in field trials.

These phenotypes probably resulted from local selec-
tion since strains collected from treated fields shared sim-
ilar pest-control strategies. Low variability in the overall
genetic background along with a short history of diamide
exposure of D. suzukii populations could foster an adap-
tive response, which relays on the versatility of multigene
families, which govern the detoxifying pathways. In this
case, the appearance and the stabilization missense nu-
cleotide polymorphisms are favoured by their redun-
dancy in copy number.

Accordingly, genome and transcriptome wide associa-
tion studies conducted on a reference panel of D. mela-
nogaster inbred lines showed that reduction in
chlorantraniliprole susceptibility was linked to an in-
creased Cypl2d1 gene copy number, which positively af-
fected transcription levels. Furthermore, transgenic over-
expression of Cypl2dl gene reduced susceptibility to
both chlorantraniliprole and cyantraniliprole (Green et
al., 2019).

As a matter of fact, when QUA specimens were ex-
posed to cyantraniliprole, survivors displayed an in-
creased expression of Cypl2dl gene, suggesting that a
transcriptional response could be induced under strong
selective pressure in this population. The Cypl2d] gene
copy number has not been estimated in QUA population
so either cis (gene amplification or mutation) and trans
(mutation in regulatory elements) mechanisms could be
responsible for Cypl2dl over-expression. Many natu-
rally occurring mutations in sodium voltage channels
happen (Dong et al., 2014; Scott, 2019) in evolutionarily
conserved pyrethroid binding sites, and account for the
reduction in pyrethroid sensitivity in different pest spe-
cies other than Drosophilids. Indeed 9 of these common
amino acid replacements occurred in D. melanogaster
Nav gene after mutagenesis with ethyl methanesulfonate
(EMS) (Pittendrigh ef al., 1997).

However genome-wide association studies performed
on 205 inbred fly lines derived from field populations
collected worldwide, after pyrethroid introduction into
the market, detected none of the artificially induced mu-
tations with EMS (Battlay et al., 2018; Duneau et al.,
2018). Duneau et al. (2018) concluded that reduced sen-
sitivity to deltamethrin in field conditions due to target-
site resistance is not common in D. melanogaster. Like-
wise, field-collected and lab-selected strains of D. suzukii
analysed in this study, did not carry mutations EMS-in-
duced in D. melanogasters in their Nav gene. However,
presence of missense SNPs in alternative positions of
Nav gene cannot be ruled out.

Furthermore, Duneau and coworkers (2018) showed
that most of the variation in resistance to deltamethrin
among the inbred fly lines of D. melanogaster appeared
associated with a single locus, harbouring putative pa-
ralog Cyp6a23 and Cypal7 genes. Even if the role of the
putative ortholog gene in D. suzukii was not investigated
in this study, populations with the highest level of
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monoxygenases (TUG and QUA) had a reduced suscep-
tibility to deltamethrin in bioassays. Overall, the results
suggest that an initial adaptive response of D. suzukii to
treatment with deltamethrin and cyantraniliprole is
based primarily on the detoxifying activity of monooxy-
genases and carboxylesterases. However, this adaptive
response does not affect the susceptibility to spynosins.
Increased transcription of the RyR and Cypl2d1 genes
may help to counteract exposure to cyantraniliprole.

Acknowledgements

This study was funded by the Emilia Romagna Region
within the Rural Development Plan 2014-2020 Op.
16.1.01 - GO EIP-Agri - FA 4B, Pr. “Resistance” and co-
ordinated by CRPV. The authors are thankful for this fi-
nancial support. We wish to thank Maria Luisa Dindo for
providing the D. suzukii population (BIO) from DISTAL
laboratory.

References

ATALLAH J., TEIXEIRA L., SALAZAR R., ZARAGOZA G., KoPP A.,
2014.- The making of a pest: the evolution of a fruit-penetrat-
ing ovipositor in Drosophila suzukii and related species.-
Proceedings of the Royal Society B, 281: 20132840.

BAROFFIO C., FISCHER S., KEHRLI P., KUSKE S., LINDER C.,
MazziD., RicHOZ P., 2014.- Attractivité des plantes face a la
Drosophile suzukii.- Plantes, Agroscope Fiche technique, 3:
1-3.

BATTLAY P., LEBLANC P. B., GREEN L., GARUD N. R., SCHMIDT
J. M., FOURNIER-LEVEL A., ROBIN C., 2018.- Structural vari-
ants and selective sweep foci contribute to insecticide re-
sistance in the drosophila genetic reference panel.- G3 Genes,
Genomes, Genetics, 8: 3489-3497.

BEERSE. H., VAN STEENWYK R. A., SHEARER P. W., COATES W.
W., GRANT J. A., 2011.- Developing Drosophila suzukii man-
agement programs for sweet cherry in the western United
States.- Pest Management Science, 67: 1386-1395.

BELLAMY D. E., SISTERSON M. S., WALSE S. S., 2013.- Quanti-
fying host potentials: indexing postharvest fresh fruits for
spotted wing Drosophila, Drosophila suzukii.- PLoS ONE, 8:
e61227.

BoLbA M. P., GOODHUE R. E., ZaLoM F. G., 2010.- Spotted
wing Drosophila: potential economic impact of a newly es-
tablished pest.- Agricultural Resource Economics Update,
13:5-8.

BoOSELLI M., Tiso R., NANNINT R., BORTOLOTTI P., CARUSO S.,
DraADI D., 2012.- Monitoraggio di Drosophila Suzukii in
Emilia Romagna.- Atti Giornate Fitopatologiche, 2012 (1):
429-432.

BRADFORD M. M., 1976.- A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding.- Analytical Biochemistry,
72: 248-254.

CALABRIA G., MAcCA J., BACHLI G., SERRA L., PASCUAL M.,
2012.- First records of the potential pest species Drosophila
suzukii (Diptera: Drosophilidae) in Europe.- Journal of Ap-
plied Entomology, 136: 139-147.

CARUSO S., VACCARI G., LUGLI S., BELLELLI S., FRANCATI S.,
MAISTRELLO L., CosTI E., GULLO M., ZANICHELLI G., CIvO-
LANI S., CASSANELLI S., 2017.- Drosophila suzukii, le reti
sono efficaci ma servono soluzioni piu convenienti.- Frutti-
cultura, 78 (4): 14-19.



CINI A., IORIATTI C., ANFORA G., 2012.- A review of the inva-
sion of Drosophila suzukii in Europe and a draft research
agenda for integrated pest management.- Bulletin of Insectol-
ogy, 65: 149-160.

DALTON D. T., WALTON V. M., SHEARER P. W., WALSH D. B.,
CAPRILE J., IsAACS R., 2011.- Laboratory survival of Dro-
sophila suzukii under simulated winter conditions of the Pa-
cific Northwest and seasonal field trapping in five primary
regions of small and stone fruit production in the United
States.- Pest Management Science, 67: 1368-1374.

DEePRA M., PopPE J. L., ScamiTz H. J., DE ToNI D.C., VALENTE
V.L.S., 2014. The first records of the invasive pest Drosoph-
ila suzukii in the South American continent.- Journal of Pest
Science, 87: 379-383.

DE SOUSA G., CUANY A., BRUN A., AMICHOT M., RAHMANI R.,
BERGE J., 1995.- A microfluorometric method for measuring
ethoxycoumarin-o-deethylase activity on individual Drosoph-
ila melanogaster abdomens: interest for screening resistance in
insect populations.- Analytical Biochemistry, 229: 86-91.

DonG K., DU Y., RINKEVICH F., NOMURA Y., XU P., WANG L.,
SILVER K., ZHOROV B. S., 2014.- Molecular biology of insect
sodium channels and pyrethroid resistance.- Insect Biochem-
istry and Molecular Biology, 50: 1-17.

Douris V., PApaposToLOU K. M., ILIAsS A., RopiTAKIS E.,
KoUNADI S., RIGA M., NAUEN R., VONTAS J., 2017.- Investi-
gation of the contribution of RyR target-site mutations in dia-
mide resistance by CRISPR/Cas9 genome modification in
Drosophila.- Insect Biochemistry and Molecular Biology, 87:
127-135.

DuNEAU D., SUN H., REvAH J., MIGUEL K. S., KUNERTH H. D.,
CALDAS I. V., MESSER P. W, ScoTT J. G., BUCHON N., 2018.-
Signatures of insecticide selection in the genome of Drosophila
melanogaster.- G3 Genes, Genomes, Genetics, 8: 3469-3480.

FrAIMOUT A., DEBAT V., FELLOUS S., HUFBAUER R. A., Fou-
CAUDJ., PUDLOP., MARINJ. M., PRICED. K., CATTEL J., CHEN
X., DEPRA M., Duyck P. F., GUEDOT C., KENIS M., KIMURA
M. T., LOEB G., LOISEAU A., MARTINEZ-SANUDO 1., PASCUAL
M., RIcCHMOND M. P., SHEARER P., SINGH N., TAMURA K.,
XUEREB A., ZHANG J., ESTOUP A., NIELSEN R., 2017.- Deci-
phering the routes of invasion of Drosophila suzukii by means
of ABC random forest.- Molecular Biology and Evolution,
34:980-996.

GONG W, YAN H.-H., Gao L., Guo Y.-Y., XUE C.-B., 2014.-
Chlorantraniliprole resistance in the diamondback moth (Lep-
idoptera: Plutellidae).- Journal of Economic Entomology,
107: 806-814.

GRASSI A., PALLORO M., 2012.- Drosophila suzukii (Matsu-
mura), a revolution for soft fruits in Trentino, pp. 179-186. In:
Ecofruit. 15" international conference on organic fruit-grow-
ing, Hohenheim, Germany, 20-22 February 2012. Forderge-
meinschaft Okologischer Obstbau E. V. (FOKO), Weinsberg,
Germany.

GRASSI A., GIONGO L., PALMIERI L., 2011.- Drosophila (Sopho-
phora) suzukii (Matsumura) (Diptera: Drosophilidae), new
pest of soft fruits in Trentino (North-Italy) and in Europe.-
10BC/wprs Bulletin, 70: 121-128.

GREEN L., BATTLAY P., FOURNIER-LEVEL A., GOOD R. T., ROBIN
C., 2019.- Cis- and trans-acting variants contribute to survi-
vorship in a naive Drosophila melanogaster population ex-
posed to ryanoid insecticides.- Proceedings of the National
Academy of Sciences of the United States of America, 116:
10424-10429.

GRrEss B. E.,ZALoM F. G., 2019.- Identification and risk assess-
ment of spinosad resistance in a California population of Dro-
sophila suzukii.- Pest Management Science, 75: 1270-1276.

Guo L., LIANG P., ZHou X., Gao X., 2014.- Novel mutations
and mutation combinations of ryanodine receptor in a
chlorantraniliprole resistant population of Plutella xylostella
(L.).- Scientific Reports, 4: 6924.

HELLEMANS J., VANDESOMPELE J., 2011.- qPCR data analysis -
unlocking the secret to successful results, pp. 139-150. In:
PCR troubleshooting and optimization: the essential guide,
(KENNEDY S., OswALD N., Eds), Caister Academic Press,
Poole, UK.

Kanzawa T., 1939.- Studies on Drosophila suzukii Mats.-
Kofu, Yamanashi Agricultural Experiment Station 49 pp. In:
Review of Applied Entomology, 29: 622.

KENIS M., TONINA L., ESCHEN R., VAN DER SLUIS B., SANCAS-
SANI M., MoRrI N., HAYE T., HELSEN H., 2016.- Non-crop
plants used as hosts by Drosophila suzukii in Europe.- Jour-
nal of Pest Science, 89: 735-748.

KiMA.Y., KwonD. H.,, JEONG I. H.,, KOH Y. H., 2018.- An in-
vestigation of the molecular and biochemical basis underly-
ing chlorantraniliprole-resistant Drosophila strains and their
cross-resistance to other insecticides.- Archives of Insect Bio-
chemistry and Physiology, 99: 1-14.

LEe J. C., BRuck D. J., CURRY H., EDWARDS D., HAVILAND D.
R., VAN STEENWYK R. A., YORGEY B. M., 2011.- The suscep-
tibility of small fruits and cherries to the spotted-wing dro-
sophila, Drosophila suzukii.- Pest Management Science, 67:
1358-1367.

LEeJ. C., DREVES A. J., CAVE A. M., KAWAIS., ISAACS R., MIL-
LER J. C., VAN TIMMEREN S., BRUCK D. J., 2015.- Infestation
of wild and ornamental noncrop fruits by Drosophila suzukii
(Diptera: Drosophilidae).- Annals of the Entomological Soci-
ety of America, 108: 117-129.

L1 X., SCHULER M. A., BERENBAUM M. R., 2007.- Molecular
mechanisms of metabolic resistance to synthetic and natural
xenobiotics.- Annual Review of Entomology, 52: 231-253.

LinQ., JWF.,Hu Z., CHEN H., YINF., L1 Z., DONG X., ZHANG
D., REN S., FENG X., 2013.- Transcriptome analysis of
chlorantraniliprole resistance development in the diamond-
back moth Plutella xylostella.- PLoS ONE, §: €72314.

Liu X.,, WANGH. Y., NING Y. B., Qia0 K., WANG K. Y, 2015.-
Resistance selection and characterization of
chlorantraniliprole resistance in Plutella xylostella (Lepidop-
tera: Plutellidae).- Journal of Economic Entomology, 108:
1978-1985.

MANDAL S., SHAKEEL M., PRABHAKARAN V. S., KARTHI S., XU
X., JIN F., 2019.- Alternative splicing and insect ryanodine
receptor.- Archives of Insect Biochemistry and Physiology,
102: €21590.

McDoNNELL C. M., KING D., COMERON J. M., L1 H., SUN W,
BERENBAUM M. R., SCHULER M. A., PITTENDRIGH B. R.,
2012.- Evolutionary toxicogenomics: diversification of the
Cypl12d1 and Cyp12d3 genes in Drosophila species.- Journal
of Molecular Evolution, 74: 281-296.

MisHrRA R., CHIU J. C., HUA G., TAWARI N. R., ADANG M. J.,
SIAL A. A., 2018.- High throughput sequencing reveals Dro-
sophila suzukii responses to insecticides.- Insect Science, 25:
928-945.

NAUEN R., STEINBACH D., 2016.- Resistance to diamide insec-
ticides in lepidopteran pests, pp. 219-240. In: Advances in in-
sect control and resistance management (HOROWITZ A. R.,
ISHAAYA 1., Eds).- Springer, Cham, Switzerland.

NGUYEN P., KiM A. Y., JUNG J. K., DONAHUE K. M., JUNG C.,
CHOIM.Y.,KoH Y. H., 2016.- The biochemical adaptations of
spotted wing drosophila (Diptera: Drosophilidae) to fresh fruits
reduced fructose concentrations and glutathione-s transferase
activities.- Journal of Economic Entomology, 109: 973-981.

PANINT M., MANICARDI G. C., MOORES G. D., MAZZONI E., 2016.-
An overview of the main pathways of metabolic resistance in
insects.- Invertebrate Survival Journal, 13: 326-335.

PENG Y. C., SHENG C. W., CASIDAJ. E., ZHAO C. Q., HAN Z. J.,
2017.- Ryanodine receptor genes of the rice stem borer, Chilo
suppressalis: molecular cloning, alternative splicing and ex-
pression profiling.- Pesticide Biochemistry and Physiology,
135: 69-77.

113



PFAFFL M. W., 2001.- A new mathematical model for relative
quantification in real-time RT-PCR.- Nucleic Acids Research,
29 (9): e45.

PITTENDRIGH B., REENAN R., FFRENCH-CONSTANT R. H.,
GANETZKY B., 1997.- Point mutations in the Drosophila so-
dium channel gene para associated with resistance to DDT
and pyrethroid insecticides.- Molecular and General Genet-
ics, 256: 602-610.

POYET M., ESLIN P., HERAUDE M., LE Roux V., PREVOST G.,
GIBERT P., CHABRERIE O., 2014.- Invasive host for invasive
pest: when the Asiatic cherry fly (Drosophila suzukii) meets
the American black cherry (Prunus serotina) in Europe.- Ag-
ricultural and Forest Entomology, 16: 251-259.

Q1 S., LUMMEN P., NAUEN R., CAsIDA J. E., 2014. Diamide in-
secticide target site specificity in the Heliothis and Musca
ryanodine receptors relative to toxicity.- Journal of Agricul-
tural and Food Chemistry, 62: 4077-4082.

RANER. V., CLARKED. F., PEARCE S. L., ZHANG G., HOFFMANN
A. A., OAKESHOTT J. G., 2019.- Detoxification genes differ
between cactus-, fruit-, and flower-feeding Drosophila.-
Journal of Heredity, 110: 80-91.

ROBERTSON J., JONES M., OLGUIN E., ALBERTS B., 2017.- Bio-
assays with Arthropods.- CRC Press, Boca Raton, FL, USA.

RopiTAKIS E., STEINBACH D., MORITZ G., VASAKIS E., STAV-
RAKAKI M., ILIAS A., GARCIA-VIDAL L., MARTINEZ-AGUIRRE
M. R., BieLzA P., Morou E., SiLva J. E., SiLva W. M., SI-
QUEIRA H. A. A.,IQBALS., TROCZKA B. J., WILLIAMSON M. S,
Bass C., TSAGKARAKOU A., VONTAS J., NAUEN R., 2017.-
Ryanodine receptor point mutations confer diamide insecti-
cide resistance in tomato leafminer, Tuta absoluta (Lepidop-
tera: Gelechiidae).- Insect Biochemistry and Molecular Biol-
ogy, 80: 11-20.

Rosst Staccont M. V., PANEL A., BASER N., IorRIATTI C.,
PANTEZZI T., ANFORA G., 2017.- Comparative life history
traits of indigenous Italian parasitoids of Drosophila suzukii
and their effectiveness at different temperatures.- Biological
Control, 112: 20-27.

ROSSI STACCONI M. V., AMIRESMAEILI N., BIONDI A., CARLIC.,
CARUSO S., DINDO M. L., FRANCATI S., GOTTARDELLO A.,
GRASSI A., Lupl D., MARCHETTI E., MAZZETTO F., MORI N.,
PaNTEZzI T., TAVELLA L., TROPEA GARZIA G., TONINA L.,
VACCARI G., ANFORA G., IorIATTI C., 2018.- Host location
and dispersal ability of the cosmopolitan parasitoid Trichop-
ria drosophilae released to control the invasive spotted wing
Drosophila.- Biological Control, 117: 188-196.

RUUTER J. M., RAMAKERS C., HOOGAARS W. M. H., KARLEN Y.,
BAKKER O., VAN DEN HOFF M. J. B., MOORMAN A. F. M.,
2009.- Amplification efficiency: linking baseline and bias in
the analysis of quantitative PCR data.- Nucleic Acids Re-
search, 37: e45.

Scorrt J. G., 2019.- Life and death at the voltage-sensitive so-
dium channel: evolution in response to insecticide use.- An-
nual Review of Entomology, 64: 243-257.

SELJIAK G., 2011.- Spotted wing Drosophila, Drosophila suzu-
kii (Matsumura), a new pest of berry-fruit in Slovenia.- Sad-
Jarstvo, 22: 3-5.

SHAWER R., TONINA L., TIRELLO P., DUuso C., MoRI N., 2018.-
Laboratory and field trials to identify effective chemical con-
trol strategies for integrated management of Drosophila suzu-
kii in European cherry orchards.- Crop Protection, 103: 73-
80.

SIEVERS F., HIGGINS D. G., 2014.- Clustal omega, accurate
alignment of very large numbers of sequences, pp. 105-116.
In: Multiple sequence alignment methods. Methods in molec-
ular biology (Methods and Protocols) vol. 1079 (RUSSEL D.,
Ed.).- Humana Press, Totowa, NJ, USA.

STEINBACH D., GUTBROD O., LUMMEN P., MATTHIESEN S.,
SCHORN C., NAUEN R., 2015.- Geographic spread, genetics
and functional characteristics of ryanodine receptor based tar-
get-site resistance to diamide insecticides in diamondback
moth, Plutella xylostella.- Insect Biochemistry and Molecular
Biology, 63: 14-22.

SuN L., Cut L., Rur C.,, YAaN X., YANG D., YuaN H., 2012.-
Modulation of the expression of ryanodine receptor mRNA
from Plutella xylostella as a result of diamide insecticide ap-
plication.- Gene, 511: 265-273.

TroCZKA B., ZIMMER C. T., ELIAS J., SCHORN C., BAss C., DA-
VIES T. G. E., FIELD L. M., WILLIAMSON M. S., SLATER R.,
NAUEN R., 2012.- Resistance to diamide insecticides in dia-
mondback moth, Plutella xylostella (Lepidoptera: Plutelli-
dae) is associated with a mutation in the membrane-spanning
domain of the ryanodine receptor.- Insect Biochemistry and
Molecular Biology, 42: 873-880.

UNTERGASSER A., CUTCUTACHE 1., KORESSAAR T., YE J., FAIR-
CLOTH B. C., REMM M., ROZEN S. G., 2012.- Primer3-new ca-
pabilities and interfaces.- Nucleic Acids Research, 40: 1-12.

VANDESOMPELE J., DE PRETER K., PATTYN F., POPPE B., VAN
Roy N., DE PAEPE A., SPELEMAN F., 2002.- Accurate normal-
ization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes.- Genome Biol-
ogy, 3: research0034.1.

VAN LEEUWEN T., VAN POTTELBERGE S., TIRRY L., 2005.-
Comparative acaricide susceptibility and detoxifying enzyme
activities in field-collected resistant and susceptible strains of
Tetranychus urticae.- Pest Management Science, 61: 499-
507.

WALSH D. B., BoLbA M. P., GOODHUE R. E., DREVES A. J., LEE
J., BRUCK D. J., WALTON V. M., O’NEAL S. D., ZALOM F. G.,
2011.- Drosophila suzukii (Diptera: Drosophilidae): invasive
pest of ripening soft fruit expanding its geographic range and
damage potential.- Journal of Integrated Pest Management,
2: G1-G7.

WANGJ.D.,CHENL.F.,, WANGY.R.,FUH.Y.,ALTIA., X1A0D.,
WANG R., Gao S. J., 2018.- Silence of ryanodine receptor
gene decreases susceptibility to chlorantraniliprole in the ori-
ental armyworm, Mythimna separata Walker.- Pesticide Bio-
chemistry and Physiology, 148: 34-41.

YANG Y., WaNP.J, HUX. X, LI G. Q., 2014.- RNAi mediated
knockdown of the ryanodine receptor gene decreases
chlorantraniliprole susceptibility in Sogatella furcifera.- Pes-
ticide Biochemistry and Physiology, 108: 58-65.

YAo R., ZHAO D. D., ZHANG S., ZHOU L. Q., WANG X., Gao C.
F., Wu S. F., 2017.- Monitoring and mechanisms of insecti-
cide resistance in Chilo suppressalis (Lepidoptera: Crambi-
dae), with special reference to diamides.- Pest Management
Science, 73: 1169-1178.

ZHATL Y., LIN Q., ZHOU X., ZHANG X., Liu T., YU Y., 2014.-
Identification and validation of reference genes for quantita-
tive real-time PCR in Drosophila suzukii.- PLoS ONE, 9:
€106800.

Authors’ addresses: Stefano CIVOLANI (corresponding au-
thor: cvlsfn@unife.it), Luca FINETTI, Giovanni BERNACCHIA,
Milvia CHICCA, Department of Life Sciences and Biotechnol-
ogy, University of Ferrara, via Luigi Borsari, 46, 44121 Ferrara,
Italy; Giacomo VACCARI, Stefano CARUSO, Consorzio Fitosan-
itario di Modena, via Santi Venceslao 14,41123, Modena, Italy;
Stefano CASSANELLI, Department of Life Sciences, University
of Modena and Reggio Emilia, via Amendola 2, 42122 Reggio
Emilia, Italy.

Received August 5, 2020. Accepted February 5, 2021.

(Supplemental material available at http://www.bulletinofinsectology.org/Suppl/vol74-2021-103-114civolani-suppl.pdf)

114





