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A B S T R A C T

This study pro poses a bio chem i cal and mol e c u lar model for the in ter ac tion be tween the Drosophila suzukii type 1
tyra mine re cep tor (DsTAR1) and monoter penes.A pre lim i nary mol e c u lar and func tional char ac ter i za tion of
DsTAR1 cDNA re vealed that a 1.8 kb long ORF codes for a 600 amino acid polypep tide fea tur ing seven trans‐

mem brane do mains, as ex pected for a GPCR. A sta ble HEK 293 cell line ex press ing DsTAR1 was tested for re‐

spon sive ness to tyra mine (TA) and oc topamine (OA). In in tra cel lu lar cal cium mo bi liza tion stud ies, TA led to a
con cen tra tion-de pen dent in crease in [Ca ]  (pEC  ~ 6.40), com pletely abol ished by pre-in cu ba tion with the
an tag o nist yohim bine 1 μM. Be sides, in dy namic mass re dis tri b u tion (DMR) stud ies, TA evoked a pos i tive DMR
sig nal in a con cen tra tion-de pen dent man ner (pEC  ~ 6.80).The re com bi nant cell line was then used to test
three monoter penes (thy mol, car vacrol and α-ter pi neol) as pu ta tive lig ands for DsTAR1. The ter penoids showed
no ag o nist ef fects in both DMR and cal cium mo bi liza tion as says, but they in creased the po tency of the en doge‐

nous lig and, TA, act ing as pos i tive al losteric mod u la tors. More over, ex pres sion analy sis on adults D. suzukii, ex‐

posed for 24, 72 or 120 h to a sub lethal con cen tra tion of the three monoter penes, showed a down reg u la tion of
DsTAR1.This ev i dence has led to hy poth e size that the down reg u la tion of DsTAR1 might be a com pen satory
mech a nism in re sponse to the pos i tive al losteric mod u la tion of the re cep tor in duced by monoter penes.There‐

fore, these find ings might be use ful for the de vel op ment of a new gen er a tion of biopes ti cides against Drosophila
suzukii, tar get ing TAR1.

1. Introduction

The Spot ted Wing Drosophila (Drosophila suzukii, Mat sumara, 1931)
is a phy tophagous pest na tive of Asia, that prefers ripe fruits where the
fe males lay the eggs through a ro bust ovipos i tor (Mit sui et al., 2006;
Rota-Sta belli et al., 2013). The fruits dam aged by lar vae de vel op ing
in side lose their com mer cial value (Lee et al., 2011). Fur ther more,
the ovipo si tion wounds al low for sec ondary in fec tions by other in sects
and pathogens, in clud ing fungi, yeast and bac te ria (De Ca margo and
Phaff, 1957; Louise et al., 1996).

Since D. suzukii ar rival in Eu rope and North Amer ica in 2008
(Walsh et al., 2011; Cini et al., 2012; As plen et al., 2015), nu‐

mer ous chem i cal com pounds have been tried as in sec ti cides, in clud ing
organophos phates (malathion, di azi non, dimethoate), pyrethroids (per‐
me thrin, pyrethrin, zeta-cyper me thrin), neon i coti noids (ac etamiprid,
im i da clo prid, thi amethoxan), di amides (cyantranilip role, chlo

rantranilip role) and spin osyns (spin osad, spine toram) (Bruck et al.,
2011; Cuth bert son et al., 2014; Pro faizer et al., 2015; Shawer et
al., 2018). Spin osad, a biopes ti cide pro duced by the me tab o lism of
Sac cha ropolyspora spin osa, is the most ef fec tive chem i cal tool against D.
suzukii (Van Tim meren and Isaacs, 2013). Un for tu nately, cases of
low sus cep ti bil ity and/ or re sis tance in some pop u la tions in North
Amer ica have re cently been de scribed (Grees and Za lom, 2018).

In the last few years, es sen tial oils (EOs) have re ceived a grow ing
in ter est: they are nat ural, volatile and com plex com pounds ac cu mu‐

lated by aro matic plants as sec ondary metabo lites. In deed, since the
80's it is known that they can be used in in sect pest con trol (Reg nault-
Roger, 1997). EOs are char ac ter ized by two pre dom i nant com po nents
with dif fer ent biosyn thetic ori gins, phenyl propanoids and ter penes
(monoter penes and sesquiter penes) (Pich er sky and Gang, 2000).
Ter penes are mol e cules made from the com bi na tion of sev eral 5-car‐
bon-base (C ) units called iso prene. Phenyl propanoids in plants are syn
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the sized from the amino acids ty ro sine and pheny lala nine. Their struc‐

ture is char ac ter ized by a phenylic unit (C ) bound to a propanoic unit
(C ). Phenyl propanoids oc cur less fre quently than ter penes and they
serve as es sen tial com po nents of a num ber of struc tural poly mers (Reg‐

nault-Roger et al., 2012).
The ter penes com po si tion of EOs is vari able be tween dif fer ent plant

species but monoter penes are usu ally more abun dant, ac count ing up to
the 90% of them (Bakkali et al., 2008). Typ i cally, they ex ert their
toxic ef fect by re duc ing or dis rupt ing in ver te brate growth at sev eral life
stages (Kon stan topoulou et al., 1992). For in stance thy mol, a con‐

stituent of the es sen tial oil from the plant Thy mus vul garis L., is a
monoter pene known for its pes ti cide ac tion against nu mer ous arthro‐

pods and is widely used to con trol Var roa de struc tor (Calderone et al.,
1997).

As far as Drosophila suzukii is con cerned, sev eral EOs, and their ma‐

jor ter penic com po nents, showed toxic ac tiv ity to ward the pest, in clud‐

ing the EO from Men tha piperita (men thol), Per illa frutescens (per illa
alde hyde) and Thy mus zy gis (thy mol and car vacrol) (Park et al.,
2016).

The pre cise mech a nism of ac tion of EOs is still un clear. It is thought
that sev eral ter penes can in ter act with P450 cy tochromes, an en zy matic
class in volved in the in sec ti cide detox i fi ca tion processes (Jensen et
al., 2006). Some monoter penes, for ex am ple thy mol, cause neu ronal
de gen er a tion through di rect bind ing to GABA re cep tors (Priest ley et
al., 2003). Other ter penes, such as linalool and 1,8-ci ne ole, in hibit
acetyl cholinesterase (Mills et al., 2004) while eugenol and geran iol
in hibit neu ronal ac tiv ity (Price and Berry, 2006). More over, sev eral
monoter penes have been shown to in ter act with the oc topamin er gic/
tyra min er gic sys tem, anal o gous to the adren er gic sys tem pre sent in the
ver te brates. The bio genic amines tyra mine (TA) and oc topamine (OA),
pre sent in traces in the ver te brate ner vous sys tem, are im por tant neu ro‐

chem i cal mod u la tors in in ver te brates (David and Coulon, 1985).
Their biosyn thetic path way be gins with the de car boxy la tion of ty ro sine
to TA by ty ro sine de car boxy lase. There after, TA is hy drox y lated into
OA by tyra mine β-hy drox y lase (Roeder, 2005). Sev eral stud ies, ini‐
tially fo cused on OA and then ex tended to TA, have shown that both
these amines are neu ro trans mit ter con trol ling nu mer ous in sect phys i o‐

log i cal processes such as re pro duc tion (Clark and Lange, 2003;
Donini and Lange, 2004; Da Silva and Lange, 2008), lo co mo tion
(Saraswati et al., 2004; Fox et al., 2006), im mune func tions
(Baines and Downer, 1994; Adamo, 2009) and smell and re lated
learn ing (Kut sukake et al., 2000; Pophof, 2002; Fa rooqui et al.,
2003; Schwaerzel et al., 2003). In most cases, OA and TA ex ert their
ac tion by in ter act ing with and ac ti vat ing the cor re spond ing re cep tors,
which are G Pro tein-Cou pled Re cep tors (GPCRs). These re cep tors are
clas si fied into five main groups based on their struc ture: α-adren er gic-
like re cep tors (OctαR also known as OAMB or OA1), β-adren er gic-like
re cep tors (OctβR, also known as OA2), tyra mine re cep tors type 1 (TA/
OA or TAR1) and tyra mine re cep tors type 2 and 3 (TAR2 and TAR3),
al though TAR3 was iden ti fied only in D. melanogaster (Bayliss et al.,
2013; Wu et al., 2014).

Sev eral stud ies have re vealed that nat ural mol e cules with in sec ti ci‐
dal ac tiv ity, such es sen tial oils, can in ter act with oc topamin er gic
(Enan, 2001; Enan, 2005a) and with tyra min er gic re cep tors in D.
melanogaster (Enan, 2005b). In par tic u lar, TAR1 can be stim u lated by
sev eral monoter penes in D. melanogaster as well as in Rhipi cephalus mi‐
croplus (Enan, 2005b; Gross et al., 2017), sug gest ing that these nat‐
ural mol e cules might ex ert their in sec ti ci dal ac tiv ity through the in ter‐
ac tion with TAR re cep tors.

TAR1 has been char ac ter ized in sev eral in sects (Saudou et al.,
1990; Ble nau et al., 2000; Ohta et al., 2003; Rotte et al., 2009;
Wu et al., 2013; Gross et al., 2015; Hana and Lange, 2017; Ma et
al., 2019) and demon strated to be in volved in im por tant phys i o log i cal
processes such as ol fac tory re sponse, con trol of me tab o lism (obe

sity) and lo co mo tor ac tiv ity (Kut sukake et al., 2000; Roeder, 2005;
Li et al., 2017).

This pa per de scribes the struc tural and func tional fea tures of TAR1
(DsTAR1) from Drosophila suzukii and its sen si tiv ity to three monoter‐

penes, thy mol, car vacrol and α-ter pi neol. These in for ma tion might
there fore help to shed some light on the pos si ble use of monoter penes
as biopes ti cides against this pest.

2. Materials and methods

2.1. Insects and reagents

Drosophila suzukii flies were reared on an ar ti fi cial diet with a pho‐

tope riod of 16 h light: 8 h dark, at a tem per a ture of 23 ± 1 °C.
En dothe lin-1 (ET-1), tyra mine hy drochlo ride, oc topamine hy‐

drochlo ride, yohim bine hy drochlo ride, bril liant black, Bovine Serum
Al bu min (BSA), probenecid, 4-(2-hy drox yethyl)-1-piper azi neethane sul‐
fonic acid (HEPES), p-menth-1-en‐8-ol (α-ter pi neol), p-cymene (car‐
vacrol) and 3-hy droxy p-cymene (thy mol) were all ob tained from
Sigma-Aldrich (St Louis, USA). Pluronic acid and flu o res cent dye Fluo-
4 AM were pur chased from Thermo Fisher Sci en tific. All com pounds
were dis solved in di methyl sul fox ide (10 mM) and stock so lu tions were
kept at −20 °C un til use. Se r ial so lu tion were made in the as say buffer
(Hanks' Bal anced Salt so lu tion (HBSS)/ HEPES 20  mM buffer, con tain‐

ing 0.01% BSA and 0.1% DMSO).

2.2. Isolation and cloning of the full- length Drosophila suzukii tyramine
receptor (DsTAR1)

Se quence align ment by BLASTN per formed with the or thol o gous
gene Dm TAR1 (Ac ces sion: X54794) from D. melanogaster, sug gested
that the pu ta tive tran script XM_017071090 pre dicted in the D. suzukii
genome pro ject (Ac ces sion: PR J NA325161) might code for the pu ta tive
DsTAR1 (Ac ces sion: XP_016926579).

To tal RNA was ex tracted from six adult flies us ing High Pure RNA
Tis sue Kit (Roche, Switzer land), quan ti fied in a mi cro-vol ume spec‐

tropho tome ter Biospec-Nano (Shi madzu, Japan) and analysed by 0.8%
w/v agarose gel elec trophore sis. One μg of RNA was treated with DNase
I (New Eng land Bi o labs, USA) and used for the syn the sis of cDNA, car‐
ried out with the Re ver tAid First Strand cDNA syn the sis kit (Thermo
Fisher Sci en tific). For am pli fi ca tion of the full DsTAR1 open read ing
frame (ORF), spe cific primers were de signed based on the an no tated
DsTAR1 se quence (Table 1). High fi delity am pli fi ca tion was achieved
us ing Her cu lase II Fu sion DNA Poly merase (Ag i lent, USA) and a touch‐

down ther mal pro file: pre de nat u ra tion at 95 °C for 3 min, fol lowed by
5 cy cles at 95 °C for 20 s, 70–60 °C for 30 s (mi nus 2 °C/ cy cle), 68 °C
for 2 min, 30 cy cles at 95 °C for 20 s, 60 °C for 30 s, 68 °C for 2 min
and a fi nal ex ten sion at 68  °C for 5  min. PCR prod uct was gel pu ri

Table 1
Primer use in this study.

Primers Primer sequence

cDNA cloning
DsTAR1-For 5′-TTCCGTCCGCCATTCAACC-3′

DsTAR1-Rev 5′-TCAATTCAGGCCCAGCAGC-3′

Quantitative RT-PCR
Fw-DsTAR1-RT 5′-GCAGTCCTCGTCCACCTG-3′

Rev-DsTAR1-RT 5′-TTAAGGGACGTCTGCTCGTC-3′

AK-Fw 5′-CTACCACAACGATGCCAAGA-3′

AK-Rev 5′-AAGGTCAGGAAGCCGAGA-3′

TBP-Fw 5′-CCACGGTGAATCTGTGCT-3′

TBP-Rev 5′-GGAGTCGTCCTCGCTCTT-3′

PKA-Fw 5′-CGGAGAACCTGCTAATCGAC-3′

PKA-Rev 5′-CCATTTCGTAGACGAGCACA-3′
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fied used Wiz ard SV Gel and PCR Clean-Up Sys tem (Promega, USA),
cloned into pJET 1.2/ blunt vec tor (Thermo Fisher Sci en tific) and trans‐

formed into E.coli SIG10 5-α Chem i cally Com pe tent Cells (Sigma–

Aldrich). Pos i tive clones were se lected us ing LB broth agar plates with
100 μg/ ml ampi cillin. Plas mid was then ex tracted and ver i fied by DNA
se quenc ing (BMR Ge nomics, Italy). The se quence, named DsTAR1, was
de posited in Gen Bank with the ac ces sion num ber MK405664.

For ex pres sion in Hu man Em bry onic Kid ney (HEK 293) cells, the
open read ing frame of DsTAR1 was ex cised from pJET 1.2 vec tor and
in serted into the pcDNA 3.1 (+) Hy gro vec tor us ing NotI and XbaI re‐

stric tion sites.

2.3. Multiple sequence alignment and general bioinformatics analysis

Mul ti ple pro tein se quence align ments be tween the de duced amino
acid se quence of DsTAR1 and other type 1 tyra mine re cep tors se‐

quences were per formed us ing Clustal Omega (https: // www. ebi. ac. uk/
Tools/ msa/ clustalo/) and BioEdit Se quence Align ment Ed i tor 7.2.6.1.
Phy lo ge netic neigh bour-join ing analy sis was per formed by MEGA soft‐
ware (ver sion 7) with 1000-fold boot strap re sam pling. The Drosophila
melanogaster GABA B re cep tor (GABABR) was used as an out group to
root the tree.

2.4. Expression in HEK 293 and stable line creation

HEK 293 cells were grown at 37 °C and 5% CO  in Dul becco's mod i‐
fied Ea gles medium high glu cose (D-MEM) sup ple mented with 10% fe‐

tal bovine serum (Mi crotech, Italy). To pre vent bac te r ial con t a m i na‐

tion, peni cillin (100 U/ ml) and strep to mycin (0.1 mg/ ml) were added
to the medium. The cells were trans fected with pcDNA 3.1 (+)/
DsTAR1 us ing lipo fec t a min 2000 (In vit ro gen, USA). Sta bly trans fected
cells were se lected with Hy gromycin B 100  μg/ ml sup ple mented
medium. Af ter two weeks, the re sis tant colonies were treated with
trypsin and sep a rately prop a gated in 24-well plates. These in di vid ual
cell lines were analysed for the sta ble in te gra tion of the re com bi nant
DNA by RT-PCR. The clonal cell line most ef fi ciently ex press ing
DsTAR1 was cho sen for these stud ies.

2.5. Calcium mobilization assay

When con flu ence was reached, cells were seeded at a den sity of
50,000 cells per well, to tal vol ume of 100 μl, into poly-D- ly sine coated
96-well black, clear-bot tom plates. Af ter 24 h in cu ba tion at nor mal cell
cul ture con di tion, the cells were in cu bated with HBSS 1× sup ple‐

mented with 2.5 mM probenecid, 3 μM of the cal cium sen si tive flu o res‐

cent dye Fluo-4 AM and 0.01% pluronic acid, for 30 min at 37 °C. Af ter
that, the load ing so lu tion was re moved and HBSS 1× sup ple mented
with 20 mM HEPES, 2.5  mM probenecid and 500  μM bril liant black
was added. Cell cul ture and drug plates were placed into the flu o ro met‐
ric imag ing plate reader FlexS ta tion II (Mol e c u lar De vices, Sun ny vale,
CA) and flu o res cence changes were mea sured af ter 10 min of sta bi liza‐

tion at 37 °C. On-line ad di tions were car ried out in a vol ume of 50 μl/
well af ter 20 s of basal flu o res cence mon i tor ing. To fa cil i tate drug dif‐
fu sion into the wells the pre sent stud ies were per formed at 37 °C with
three cy cles of mix ing (25  μl from each well moved up and down 3
times). The flu o res cence read ings were mea sured every 2 s for 120 s.

2.6. Dynamic mass redistribution assay

For DMR mea sure ments the la bel-free En Sight Mul ti mode Plate
Reader (Perkin Elmer, MA, US) was used. When con flu ence was
reached, cells were sub-cul tured as re quired us ing trypsin/ EDTA and
used for ex per i ments. Cells were seeded into En spire TM -LC 384-wells
fi bronectin-coated plates and cul tured 20 h to form a con flu ent mono

layer in the cell cul ture medium. Cells were seeded at a den sity of
20,000 cells/ well/ 30 μl. The day of the ex per i ment cells were man u ally
washed twice and main tained with the as say buffer (Hank's Bal anced
Salt So lu tion (HBSS) 1× with 20 mM HEPES, 0.01% Bovine Serum Al‐
bu min) for 90 min be fore DMR ex per i ment.

Ag o nism pro to col: a 5 min base line was first es tab lished, fol lowed
by adding com pounds man u ally in a vol ume of 10  μl and record ing
com pounds trig gered DMR sig nal for 60 min.

An tag o nism/ mod u la tion pro to col: an tag o nists / mod u la tors were
added man u ally 30 min be fore read ing the 5 min base line. Af ter base‐

line es tab lish ment, TA or ET-1 were in jected and DMR sig nal was
recorded for 60  min. The an tag o nist/ mod u la tor prop er ties of lig ands
were mea sured by as sess ing the con cen tra tion-re sponse curve to TA
and ET-1 in the ab sence and in pres ence of a fixed con cen tra tion of an‐

tag o nist/ mod u la tor. All the ex per i ments were car ried out at 37 °C.

2.7. Data analysis and terminology

All data were elab o rated us ing Graph Pad Prism 6.0 (La Jolla, USA).
Con cen tra tion-re sponse curves were fit ted us ing the four pa ra me ters
log lo gis tic equa tion:

Data are ex pressed as mean ± SEM of n ex per i ments per formed in
du pli cate and were analysed us ing one- or two-way analy sis of vari ance
(ANOVA) fol lowed by Dun nett's or Turkey's test for mul ti ple com par i‐
son. Ag o nist po tency was ex pressed as pEC , which is the neg a tive log‐

a rithm to base 10 of the ag o nist mo lar con cen tra tion that pro duces
50% of the max i mal pos si ble ef fect of that ag o nist. An tag o nists / mod u‐

la tors po ten cies were as sayed at sin gle con cen tra tions against the con‐

cen tra tion-re sponse curve to TA.

2.8. Monoterpenes exposure bioassay

A 15 cm × 2 cm petri dish was used to ex pose adults D. suzukii to
monoter penes. 8 ml of a 1% agar and 5% su crose so lu tion were placed
on the bot tom of the petri. Monoter penes (lipophilic in na ture) stock
so lu tions were pre pared at a stan dard con cen tra tion of 10  mg/ ml in
ace tone to en sure com plete sol u bi liza tion and stored at −20  °C. Di lu‐

tions to 1 mg/ l fi nal con cen tra tion were then made in wa ter for each
monoter pene, this con cen tra tion be ing close to the LD  of all three ter‐
penes tested (Kim et al., 2016; Park et al., 2016). A sim i lar so lu tion
of wa ter and ace tone was used as neg a tive con trol. 300  μl of the di‐
luted com pounds were then used to soak a 12 cm di am e ter pa per disc
po si tioned in the petri dish on top of the agar/ su crose gel.

Thirty adult flies (fif teen males and fif teen fe males 3–5  days-old)
were placed in side the petri dish. The in sects were in cu bated for 24, 72
or 120 h at a pho tope riod of 16 h light: 8 h dark, at 23 ± 1 °C. The ef‐
fect of monoter penes ex po sure on DsTAR1 mRNA lev els was eval u ated,
by RT-qPCR, af ter each time point.

2.9. Quantitative real- time PCR analysis

To tal RNA was ex tracted from Drosophila suzukii sam ples at var i ous
de vel op men tal stages (1st to 3rd in star lar vae, pu pae, adult males and
fe males), dif fer ent tag mas (head, tho rax and ab domen, dis sected from
adults) or adult flies sub jected to the monoter pene ex po sures us ing
High Pure RNA Tis sue Kit (Roche, Switzer land). The three tag mas of D.
suzukii (head, tho rax and ab domen) were dis sected out in a RNA
preser va tion medium (20 mM EDTA dis odium (pH 8.0), 25 mM sodium
cit rate trisodium salt, 700  g/ l am mo nium sul phate, fi nal pH  5.2).

3

2

50

50

Edit Proof PDF

https://www.ebi.ac.uk/Tools/msa/clustalo/


UN
CO

RR
EC

TE
D 

PR
OOF

L. Finetti et al. Pesticide Biochemistry and Physiology xxx (xxxx) xxx-xxx

The tho rax pre sented all as so ci ated ap pen dix (wings and legs). One μg
of RNA was treated with DNase I (New Eng land Bi o labs) and used for
cDNA syn the sis, car ried out with iS cript Re verse Trascrip tion Su per mix
(Bio-Rad, USA), ac cord ing to the man u fac turer's in struc tions. Real time
PCR was per formed us ing a CFX Con nect Real-Time PCR De tec tion Sys‐
tem (Bio-Rad) in a 12  μl re ac tion mix ture con tain ing 0.8  μl of to tal
cDNA ob tained from one μg of RNA, 6  μl Sybr Green Mix (SIGMA),
0.4  μl for ward primer (10  μM), 0.4  μl re verse primer (10  μM) and
4.4 μl of nu cle ase free wa ter. Ther mal cy cling con di tions were: 95  °C
for 2 min, 40 cy cles at 95 °C for 15 s and 60 °C for 20 s. Af ter the cy‐

cling pro to col, a melt ing-curve analy sis from 55  °C to 95  °C was ap‐

plied. In ex pres sion analy sis on tis sues and de vel op ment stages of D.
suzukii, DsTAR1 was quan ti fied uti liz ing the rel a tive quan tifi ca tion
method (Lar i onov et al., 2005). Af ter monoter penes treat ment
DsTAR1 and PKA (ac ces sion num ber: NW_016019885.1) ex pres sion lev‐

els

were quan ti fied us ing the qBase+ al go rithm (Helle mans et al.,
2007). AK and TBP were used as ref er ence house keep ing genes in both
ex pres sion stud ies for the nor mal iza tion (Zhai et al., 2014). Gene-spe‐

cific primers (Table 1) were used and for each sam ple three in de pen‐

dent bi o log i cal repli cates, made in trip li cate, were per formed.

3. Results

3.1. cDNA cloning and molecular characterization of DsTAR1

The ORF of DsTAR1 is 1803  bp long and codes for a 600 aa
polypep tide with a pre dicted mol e c u lar mass of 64.31 kDa (Fig. 1).

In terms of ge nomic struc ture DsTAR1 ap pears to be en coded by
four dif fer ent ex ons (Sup ple men tary fig. S1, panel A), sep a rated by
three long in trons. The same ge nomic or ga ni za tion is ob served in the

Fig. 1. Nu cleotide se quence of the tyra mine re cep tor open read ing frame cloned from Drosophila suzukii and de duced amino acid se quence. Pre dic tion of the DsTAR1 trans mem brane seg‐

ments (un der lined and num bered from I to VII) was ob tained with TMHMM v. 2.0 soft ware. Af ter the third trans mem brane do main there is the DRY mo tif (high lighted with a black box)
im por tant for the sta bi liza tion of GPCRs be tween in ac tive and ac ti vate con for ma tion. Po ten tial sites for N-linked gly co sy la tion (pre dicted with Net NG lyc 1.0 server) are shown with a dot
(●) and po ten tial sites for PKA or PKC phos pho ry la tion (pre dicted with Net Phos 3.1 server) are shown with a square (■). The black tri an gle (▲) rep re sents an as par tic acid in TM3
(D ) highly con served in TAR1 fam ily.
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D. melanogaster coun ter part cod ing for type 1 tyra mine re cep tor (Chro‐

mo some 3L – NT_037436.4).
The analy sis of the ex pected TAR1 polypep tide by TMHMM v. 2.0

soft ware pre dicted the ex is tence of seven trans mem brane do mains, a
typ i cal fea ture of GPCRs (Fig. 1). Hy dropa thy pro file analy sis, ac cord‐

ing to the Kyte and Doolit tle method (Kyte and Doolit tle, 1982), fur‐
ther con firmed the pres ence of seven trans mem brane he lices, along
with an eighth do main lo cated close to the amino-ter mi nal end of the
polypep tide (Sup ple men tary fig. S1, panel B). This ex tra do main has
been found in other bio genic amine re cep tors, in par tic u lar in the
TAR1s from D. melanogaster (Saudou et al., 1990) and B. mi croplus
(Bax ter and Barker, 1999). This ex tra do main might be a cleav able
sig nal se quence or leader pep tide, a se quence that plays a key role dur‐

ing the first steps of the in tra cel lu lar trans port of G Pro tein-Cou pled Re‐

cep tors (Rutz et al., 2015). In DsTAR1 se quence there are two as‐

paragine residues, lo cated in the N-ter mi nal do main be fore the first
trans mem brane do main, that form the clas sic mo tif N-X-S/ T for N-gly
co sy la tion sites (Nørskov-Lau rit sen and Bräuner-Os borne, 2015).
Fur ther more, sev eral ser ines were iden ti fied as pu ta tive phos pho ry la‐

tion sites, tar geted by Pro tein ki nase C or Pro tein ki nase A, in the in tra‐

cel lu lar loops, es pe cially in the loop be tween TM V and TM VI. The as‐

par tic acid in TM III (D ), in di cated by a black tri an gle in Fig. 1, is
con served in all the mem bers of the TAR1 fam ily, be cause it in ter acts
with the amino group of TA, the prin ci pal ag o nist of these re cep tors
(Ohta and Ozoe, 2014).

The amino acid se quences of sev eral in sect bio genic amine re cep‐

tors were used for mul ti ple se quence align ment and to con struct a
neigh bour-join ing phy lo ge netic tree with MEGA 7 server. The re sults
in di cate that DsTAR1 clus ters in the fam ily of TAR1s, phy lo ge net i cally
close to its or tho logue from D. melanogaster (Fig. 2).

Mul ti ple se quence align ment be tween DsTAR1 amino acid se quence
and TAR1s from D. melanogaster, P. regina and C. sup pres salis re vealed a
sim i lar ity in the trans mem brane do mains, while less con served re gions
were found in the N-ter mi nal re gion of the pro teins and in the in tra cel‐
lu lar loop be tween the 5th and 6th trans mem brane seg ments (Fig. 3).
The high est pro tein iden tity was found, as ex pected, with DmTAR1
(Drosophila melanogaster TAR1) with more than 93% se quence iden tity
(Fig. 3).

3.2. Expression pattern of DsTAR1

Tis sue lo cal iza tion analy ses of the re cep tor were per formed by RT-
qPCR to un der stand the func tion of DsTAR1 in D. suzukii.

To tal RNA was ex tracted from dif fer ent de vel op ment stages (first to
third lar vae, pu pae and adult) and from three dif fer ent tag mas (head,
tho rax and ab domen).

The analy sis re vealed that DsTAR1 was ex pressed in all de vel op‐

men tal stages of D. suzukii, with high lev els found in the first in star lar‐

vae and in the adult males (Fig. 4, panel A). Fur ther more, in adults,
the ex pres sion lev els in whole males were about twice than in fe males.
The head of males and fe males ac cu mu lated higher lev els of DsTAR1
mRNA than the two other tag mas. In par tic u lar, the heads of males ac‐

cu mu lated much higher mRNA lev els of DsTAR1 in com par i son to the
fe male coun ter parts. In ter est ing, the male ab domens showed a sig nif i‐
cant dif fer ence in the DsTAR1 ex pres sion lev els as com pared to fe‐

males, sug gest ing a pos si ble role of TA in male re pro duc tive sys tem
(Fig. 4, panel B).

Fig. 2. Phy lo ge netic re la tion ships re sult ing from the neigh bour join ing analy sis of DsTAR1 (high lighted with a box) and other in sect amine re cep tors. The val ues shown at the nodes of
the branches are the per cent age boot strap sup port (1000 repli ca tions) for each branch. Drosophila melanogaster GABA-B re cep tor (Dm GABABR) was cho sen as out group. Dm, Drosophila
melanogaster; Ds, Drosophila suzukii; Pr, Phormia regina; Rp, Rhod nius pro lixus; Px, Pa pilio xuthus; Cs, Chilo sup pres salis; Bm, Bom byx mori; Ai, Ag no tis ip silon; Mb, Mames tra bras si cae; Pa,
Peri plan eta amer i cana; Lm, Lo custa mi gra to ria; Am, Apis mel lif era; Rm, Rhipi cephalus mi croplus; Sg, Schis to cerca gre garia; Ag, Anophe les gam biae; Tc, Tri bolium cas ta neum; Nv, Ni la parvata lu‐

gens; Lc, Lu cilia cup rina.
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Fig. 3. Amino acid se quence align ment of DsTAR1 with or thol o gous re cep tors from D. melanogaster (Dm TAR1), P. regina (PrTAR1) and C. sup pres salis (CsTAR1). The pu ta tive seven trans‐

mem brane do mains (TM I-VII) are in di cated with a black line. Iden ti cal residues are high lighted black while con ser v a tive sub sti tu tions are shaded.

3.3. Pharmacological data

To con firm the func tion of DsTAR1 as TA re cep tor and its pos si ble
in ter ac tion with monoter penes, the cloned cDNA was ex pressed in HEK
293 cells and tested for the abil ity to re spond to TA and OA, like other
TAR1s stud ied so far in in sects, as well as to sev eral monoter penes. The
re sponses were eval u ated with two dif fer ent as says, the cal cium mo bi‐
liza tion as say and the dy namic mass re dis tri b u tion (DMR) as say, the
lat ter be ing a la bel free tech nique that has been pre vi ously demon‐

strated to be use ful for in ves ti gat ing the func tional pro file of G Pro tein-
Cou pled Re cep tors (Grund mann and Koste nis, 2015).

In the cal cium mo bi liza tion as say per formed on HEK 293
cells, TA evoked the re lease of in tra cel lu lar cal cium in a con cen tra tion-
de pen dent man ner with pEC  and E  val ues of 6.35 (6.07–6.62) and
105 ± 15% over the basal val ues, re spec tively (Fig. 5, panel A). On
the con trary, OA did not stim u late any in tra cel lu lar cal cium re lease
when tested in the con cen tra tion range 10  μM - 100 pM (data not
shown). ET-1, cho sen as ex ter nal con trol (At wood et al., 2011), was
able to in crease in HEK 293  cells the in tra cel lu lar cal cium mo bi‐
liza tion with a po tency value of 7.02 (6.88–7.15) and max i mal ef fects
of 152 ± 12% (Fig. 5, panel B). Yohim bine, tested as ag o nist up to
10 μM on the DsTAR1, did not elicit the in tra cel lu lar cal cium mo bi liza‐

tion (data not shown). Yohim bine 1 μM was also tested as an tag o nist
against TA and ET-1. The mol e cule was able to right ward shift the con‐

cen tra tion re sponse curve to TA (Fig. 5, panel A), while the same con‐

cen tra tion did not sig nif i cantly af fect the con cen tra tion re sponse curve
to ET-1 (Fig. 5, panel B). A pA  of 7.87 was cal cu lated for yohim bine
against TA as sum ing a com pet i tive type of an tag o nism. In wild type
HEK 293 cells, TA and OA were com pletely in ac tive (data not shown),
while ET-1 stim u lated cal cium mo bi liza tion in a sim i lar man ner ob‐

served in HEK 293  cells (data not shown).
The same cell lines were then treated with three monoter penes (α-

ter pi neol, car vacrol and thy mol) to eval u ate their pos si ble ag o nist ef‐
fect. α-ter pi neol did not elicit [Ca ]  mo bi liza tion in any cell line
(Sup ple men tary fig. S2, panel C and F), while car vacrol and thy mol
stim u lated [Ca ]  mo bi liza tion only at 100 μM in both HEK 293 wild
type and DsTAR1 trans fected cells (Sup ple men tary fig. S2, pan els A, B,
D and E).

DMR as says re vealed that TA is able to evoke a pos i tive con cen tra‐

tion de pen dent sig nal (Fig. 6, panel A) in HEK 293  while OA can
elicit an in tra cel lu lar Ca  re lease only at 10 μM (data not shown). In
these ex per i ments, TA showed a po tency value of 6.87 (6.46–7.28) and
max i mal ef fect of 164 ± 25 pm (Fig. 6, panel C). The DsTAR1 an tag o‐

nist yohim bine, tested as ag o nist up to 1 μM did not mod ify per se the
DMR sig nal (data not shown). How ever, yohim bine 1 μM was able to
right ward shift the con cen tra tion re sponse curve to TA with out chang‐

ing the ag o nist max i mal ef fect with a pA  value of 7.24 (6.56–7.92)
(Fig. 6, panel B and C). ET-1 elicited con cen tra tion-re sponse curves
with or with out yohim bine 1 μM (Sup ple men tary fig. S3). In wild type
HEK 293 cells, TA and OA were com pletely in ac tive while ET-1 evoked
a con cen tra tion-de pen dent DMR re sponse (pEC  7.86 (7.46–8.27) and
max i mal ef fects of 440 ± 27 pm). The ef fects of the high est con cen tra‐

tions of the two ag o nists tested in the two HEK 293 cell lines are sum‐

ma rized in Table 2. The DMR analy ses also con firmed that the three
monoter penes tested do not act as ag o nist of DsTAR1. Two (100 and
10 μM) or four (up to 0.1 μM) dif fer ent monoter penes con cen tra tions
were tested on HEK 293 wild type or DsTAR1 sta bly trans fected cells,
re spec tively. All three ter penes at the high est con cen tra tion ap peared
to be able to stim u late a DMR sig nal in HEK 293  com pa ra ble to
the one ob served in HEK 293 wild type cells. Lower con cen tra tions
were, on the other hand, com pletely in ac tive in both cell types (Sup ple‐

men tary fig. S4).
Re cently, sev eral monoter penes have been also shown to act as

mod u la tors of TAR1 from Rhipi cephalus (Boophilus) mi croplus, in creas‐

ing the in vitro TA re sponse (Gross et al., 2017).
To in ves ti gate the pos si ble an tag o nist/ mod u la tory ac tion of the

three monoter penes to ward DsTAR1 in DMR ex per i ments, HEK
293  cells were pre-in cu bated for 30  min with 10  μM, 1  μM or
0.1 μM of each ter pene.

Upon the ad di tion of TA (10 μM–10 pM) all three monoter penes, at
10 and 1 μM, were able to in crease TA po tency (Fig. 7; Table 3). In
par tic u lar, α-ter pi neol 1  μM was able to shift the con cen tra tion re‐

sponse curve to TA by 5 folds. The higher po tency was ob served for the
en doge nous ag o nist with a pEC  of 7.44 (7.28–7.59) in HEK 293
pre-in cu bated with the monoter pene as com pared to 6.81 (6.66–6.89)
in the con trol. (Table 3). All three monoter penes, in the same con cen‐

tra tion ranges, did not mod ify the con cen tra tion re sponse curve to ET-1
(Data not shown).
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Fig. 4. mRNA ex pres sion lev els of DsTAR1 gene in D. suzukii. (A) Ex pres sion of DsTAR1
gene in dif fer ent de vel op ment stages (first to third lar vae, pu pae and adult). DsTAR1 in
first lar vae was used as a com para tor for the LSD (Least Sig nif i cant Dif fer ence) sta tis ti cal
analy sis. (B) Ex pres sion of DsTAR1 in tag mas (head, tho rax and ab domen) on fe male and
male adult flies. Data rep re sent means  ±  SEM of three in de pen dent ex per i ments per‐
formed in trip li cate. * p < .05 ** p < .01 ac cord ing to Stu dent's t-test. Argi nine ki nase
(AK) and TATA Box Pro tein (TBP) were used as house keep ing genes.

Taken to gether these ex per i ments con firm that, as pre dicted by
struc tural analy sis, DsTAR1 is a func tional type 1 tyra mine re cep tor
sen si tive to TA. In both cal cium mo bi liza tion and DMR as says, TA stim‐

u lated DsTAR1 caus ing sig nif i cant changes in [Ca ]  mo bi liza tion and
dy namic mass re dis tri b u tion. Fur ther more, DMR ex per i ments re vealed
that the three monoter penes do no act as DsTAR1 ag o nists but rather as
pos i tive al losteric mod u la tors of the re cep tor.

3.4. Expression of DsTAR1 and PKA genes after monoterpenes exposure

To eval u ate the ef fect of the ex po sure to monoter penes on the ex‐

pres sion lev els of DsTAR1 and PKA genes, adult flies of D. suzukii were
ex posed to 1 mg/ l of car vacrol, α-ter pi neol and thy mol and the mRNA
lev els analysed by qPCR. The con cen tra tion tested was close to the
LD  of each monoter pene (Kim et al., 2016; Park et al., 2016).

The ex po sure in duced an in ter est ing down reg u la tion of DsTAR1
gene ex pres sion. Sig nif i cant dif fer ences were ob served for α-ter pi neol
at 24 h (5.2-fold lower than con trol), for thy mol at 24 h (3.5 fold lower
than con trol) and 72 h (12.9 fold lower than con trol) and for car vacrol
at 120 h (5.2 fold higher than con trol) (Fig. 8, panel A). On the other
hand, the mRNA lev els of PKA (cho sen as in ter nal un re lated con trol)
were not sig nif i cantly al tered by any treat ment (Fig. 8, panel B). This
gene was cho sen as an in ter nal con trol, given propen sity of TAR1 to
cou ple with G  pro teins. These G pro teins, in fact, have PKA as the last
trans duc tion ef fec tor.

4. Discussion and conclusions

This study de scribes the first mol e c u lar and func tional char ac ter i za‐

tion of DsTAR1, a type 1 tyra mine re cep tor from the phy tophagous D.
suzukii.

The struc tural analy sis of DsTAR1 pre dicted amino acid se quence
re vealed many fea tures shared with other in sect type 1 tyra mine re cep‐

tors. The hy dropa thy pro file re vealed the typ i cal or ga ni za tion of a
GPCR with seven trans mem brane seg ments along with an ad di tional re‐

gion also found in D. melanogaster TAR1 (Saudou et al., 1990). This
pu ta tive TM VIII, lo cated at the be gin ning of the amino-ter mi nal end, is
not un usual in these re cep tors. In sev eral stud ies, it was pos tu lated that
this short amino acid se quence might be a sig nal pep tide, nec es sary for
the cor rect vesic u lar trans port of the pro tein (Saudou et al., 1990;
Bax ter and Barker, 1999). At po si tion 187 in DsTAR1 pre dicted
amino acid se quence there is an as par tic acid residue highly con served
among TAR1s, be lieved to in ter act with the amine group of TA. This
bind ing is strength ened through weak in ter ac tions with three ser ine
residues pre sent in TM V: S , S  and S  in DsTAR1 (Ohta et al.,
2004). Amino acid se quence align ment re vealed sim i lar ity be tween
DsTAR1 and other in sect type 1 tyra mine re cep tors, es pe cially with D.
melanogaster TAR1. The two pro teins dif fer only for 44 dif fer

Fig. 5. Con cen tra tion-re sponse curves, by cal cium mo bi liza tion as say, to TA (A) or ET-1 (B) in the ab sence (con trol) and in pres ence of 1 μM yohim bine in DsTAR1 trans fected HEK293
cells. Data rep re sent means ± SEM of four sep a rate ex per i ments per formed in du pli cate.
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Fig. 6. Base line cor rected DMR traces of TA in the ab sence (panel A) and in pres ence (panel B) of 1 μM yohim bine and con cen tra tion-re sponse curve to TA (panel C) in the ab sence (con‐

trol) and in pres ence of 1 μM yohim bine, in HEK293  cells. Data are the means ± SEM of four ex per i ments per formed in du pli cate.

Table 2
Ef fects of the high est con cen tra tions tested for the lig ands in HEK 293 and HEK
293  cells.

HEK 293 wt E  (pm ± SEM) HEK 293  E  (pm ± SEM)

Buffer 6 ± 14 -8 ± 15
TA 10 μM -2 ± 33 164 ± 25
ET-1 1 μM 440 ± 27 263 ± 37

p < .05 vs buffer ac cord ing to one-way ANOVA fol lowed by the Dun net t's test for
mul ti ple com par isons.

ent residues, lo cal ized in the N-ter mi nus and in the in tra cel lu lar loop
be tween TM V and TM VI. In ter est ingly, these two re gions are the least
con served among all TAR1 se quences analysed, there fore sug gest ing a
role in defin ing the dif fer ent mol e c u lar and func tional char ac ter is tics of
the re cep tors.

To shed some light on the role that DsTAR1 plays in D. suzukii, an
ex pres sion pro file analy sis of the re cep tor was per formed. RT-qPCR re‐

vealed that DsTAR1 is sig nif i cantly more ex pressed in male adult flies
than in fe males. DsTAR1 mRNA ac cu mu lates es pe cially in the head of
males as com pared to fe male adult flies and to the other two tag

mas (tho rax and ab domen). The sig nif i cant dif fer ence be tween the
male and fe male ab domens is an in ter est ing ob ser va tion that sug gests a
pos si ble role of TA in male re pro duc tive sys tem. A re cent study in D.
melanogaster has in deed shown that this re cep tor is mainly ex pressed in
the brain and in the male re pro duc tive or gans (El-Kholy et al.,
2015). This ex pres sion pro file is in ac cor dance with other stud ies on
type 1 tyra mine re cep tors that have de scribed a higher ex pres sion in
brain and nerve cords, while the mRNA is al most ab sent in other dis‐

tricts or or gans (Rotte et al., 2009; Wu et al., 2013; Ono and
Yoshikawa, 2004). Fur ther more, TAR1 mRNA has been de scribed in
other dis tricts lo cated in the head, such as the an ten nas and the max il‐
lary palps, sug gest ing a role for type 1 tyra mine re cep tors in neu rons
re spon si ble for ol fac tory and taste re sponses (Kut sukake et al.,
2000). The marked dif fer ence in ex pres sion be tween adult males and
fe males sug gests that D. suzukii type 1 tyra mine re cep tor is prob a bly in‐

volved in the con trol of male spe cific func tions such as the de vel op‐

ment and func tion of male re pro duc tive or gans and the search for fe‐

male part ners through spe cific be hav ioral or phys i o log i cal processes
(El-Kholi et al., 2015; Hana and Lange, 2017).

Struc tural data sug gest that DsTAR1 codes for a TA re cep tor. To
con firm its func tion the cDNA was cloned, sta bly ex pressed in HEK 293
cells and tested in func tional stud ies for its sen si tiv ity to TA and OA.
More over, the phar ma co log i cal ef fects of yohim bine were also in ves ti

Fig. 7. Con cen tra tion-re sponse curves, by DMR as says, to TA af ter record ing in HEK 293  cells pre-in cu bated with 10 μM, 1 μM or 0.1 μM of car vacrol (panel A), α-ter pi neol (panel
B) or thy mol (panel C). Data are means ± SEM of at least three sep a rate ex per i ments made in du pli cate.

8

DsTAR1

DsTAR1

max DsTAR1 max

⁎

⁎ ⁎

⁎

DsTAR1

Edit Proof PDF



UN
CO

RR
EC

TE
D 

PR
OOF

L. Finetti et al. Pesticide Biochemistry and Physiology xxx (xxxx) xxx-xxx

Table 3
pEC  and E  val ues of TA, in HEK 293  cells, af ter a pre-in cu ba tion with buffer
(con trol) or 10 μM, 1 μM or 0.1 μM of monoter penes.

Chemical Concentration TA

    pEC  ± SEM E  (pm ± SEM)

Control 6.81 ± 0.07 223 ± 25

Carvacrol 10 μM 7.15 ± 0.06 230 ± 14
1 μM 7.28 ± 0.09 179 ± 26
0.1 μM 6.95 ± 0.13 184 ± 17

α-terpineol 10 μM 7.13 ± 0.09 261 ± 22
1 μM 7.44 ± 0.06 253 ± 33
0.1 μM 6.86 ± 0.16 198 ± 5

Thymol 10 μM 7.23 ± 0.11 232 ± 21
1 μM 7.37 ± 0.08 156 ± 22
0.1 μM 6.79 ± 0.16 152 ± 13

p < .05 vs con trol ac cord ing to one-way ANOVA fol lowed by the Dun net t's test for
mul ti ple com par isons.

Fig. 8. DsTAR1 (A) and PKA (B) ex pres sion lev els in D. suzukii adult flies af ter 24, 72 or
120 h of con tin u ous ex po sure to monoter penes. Data rep re sent means ± SEM of three in‐

de pen dent ex per i ments per formed in trip li cate. *p < .05 **p < .01 vs con trol ac cord ing
to one-way ANOVA fol lowed by Dun nett's test for mul ti ple com par isons. Argi nine ki nase
(AK) and TATA Box Pro tein (TBP) were used as house keep ing genes.

gated since this com pound has been re ported to act as a TAR1 an tag o‐

nist in pre vi ous stud ies (Gross et al., 2015; Hana and Lange, 2017).
The D. suzukii cloned re cep tor was func tion ally stud ied us ing two

dif fer ent phar ma co log i cal as says. In the cal cium mo bi liza tion as say, TA
was able to in crease the in tra cel lu lar cal cium mo bi liza tion with a
pEC  of 6.35 while OA was in ac tive. The ef fect of TA was sen si tive to
the an tag o nist yohim bine sim i larly to the or thol o gous type 1 tyra

mine re cep tor of Drosophila melanogaster (Saudou et al., 1990; Enan,
2005a).

The D. suzukii re cep tor was fur ther stud ied by DMR as say, which is
based on an op ti cal biosen sor tech nol ogy. This re cently de vel oped
analy sis does not em ploy la belled mol e cules and there fore it mon i tors
in te grated re cep tor sig nal ing re sponses in clud ing those me di ated by
GPCRs (Fer rie et al., 2011; Tran et al., 2012; Carter et al., 2014;
Grund mann and Koste nis, 2015). DMR has never been ap plied to
type 1 tyra mine re cep tors be fore.

In the DMR as say, TA ac ti vated DsTAR1 with a pEC  of 6.87 while
OA showed a sig nal only at 10 μM con cen tra tions. Yohim bine was able
to right ward shift the dose-re sponse curve to TA show ing a com pet i tive
type of in ter ac tion and a pA  value of 7.24.

Col lec tively, the re cep tor cloned from D. suzukii dis plays the phar‐
ma co log i cal pro file ex pected for a mem ber of the TAR1 fam ily in terms
of rank or der of po tency of ag o nists, i.e. TA > OA and sen si tiv ity to the
se lec tive and com pet i tive an tag o nist yohim bine, that dis played
nanomo lar po tency. These fea tures were de tected not only at the level
of the cal cium path way but also, for the first time, in terms of dy namic
mass re dis tri b u tion. There fore the func tional data pre sented here not
only con firm the struc tural analy sis on the pre dicted pro tein but ex‐

pand the bio chem i cal knowl edge on TAR1 re cep tors as well.
Stud ies car ried out on TAR1 have shown that monoter penes in ter act

with the re cep tor, ei ther by act ing as ag o nists (Drosophila melanogaster
Enan, 2005b) or as mod u la tors Rhipi cephalus (Boohilus) mi croplus
(Gross et al., 2017). There fore, HEK 293 cells sta bly ex press ing
DsTAR1 were used to ver ify whether these bio chem i cal in ter ac tions
could also be ob served in Drosophila suzukii.

When tested as ag o nists in DMR ex per i ments, thy mol, car vacrol and
α-ter pi neol were not able to gen er ate phar ma co log i cal re sponses at trib‐

ut able to the in ter ac tion with DsTAR1. Sim i lar re sults were ob tained in
the cal cium mo bi liza tion as say, where monoter penes were tested on
both HEK wild type and HEK 293  cells at 1, 25 and 100 μM, that
is the same con cen tra tion range tested on TAR1 from D. melanogaster in
a sim i lar cal cium mo bi liza tion as say (Enan, 2005b). Thy mol and car‐
vacrol stim u lated a re lease of [Ca ]  but only at 100 μM, and this sig‐

nal was de tected in both HEK 293 wild type and sta bly trans fected
DsTAR1 cells. How ever, α-ter pi neol was in ac tive at all con cen tra tions
tested (100, 25 and 1 μM) and on both cell lines.

These monoter penes are known to elicit cal cium re lease in many
dif fer ent tis sues and cell types and are ag o nists for many dif fer ent ion
chan nels and re cep tors (Mag yar et al., 2002; Krizaj et al., 2003;
Szen tesi et al., 2004; Vogt-Eisele et al., 2007; Sarkozi et al.,
2007). There fore, it is not sur pris ing that they could in duce a re mark‐

able el e va tion in [Ca ] lev els and an in tense DMR sig nal in both sta‐

bly trans fected and wild type HEK 293 cells at high con cen tra tion. On
the other hand, at lower con cen tra tions (25 μM) all monoter penes were
un able to stim u late the re lease of [Ca ] in HEK 293 sta bly ex press ing
DsTAR1, con trary to what ob served by Enan (Enan, 2005b) for the
type 1 tyra mine re cep tor from D. melanogaster. These func tional dif fer‐
ences ob served be tween the two phy lo ge net i cally close re cep tors might
be struc turally con nected to the 44 amino acids that dif fer en ti ate the
amino acid se quences of the two re cep tors (as judged by align ment be‐

tween Dm TAR1 and DsTAR1). Un for tu nately, there are no struc tural
stud ies that might shed some light on how amino acid changes in these
re gions could be di rectly re lated to a dif fer ent re cep tor sen si tiv ity.
There fore, the struc tural rea sons of the dif fer ent sen si tiv ity of Dm TAR1
and DsTAR1 to monoter penes re main to be as sessed.

A pos si ble mod u la tory ac tion of the three monoter penes on DsTAR1
was in ves ti gated by DMR as say. Pre-treat ment of the trans fected
DsTAR1 cells with 10 or 1 μM of the three monoter penes pro moted an
in crease in ag o nist po tency; the larger ef fect was ob tained with 1 μM α-
ter pi neol that pro duced a 5-fold in crease in TA po tency.
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It has been re ported that car vacrol can in duce a pos i tive al losteric
mod u la tion on type 1 tyra mine re cep tor from Rhipi cephalus (Boophilus)
mi croplus, al low ing the ter pene to sta bi lize and en hance the phar ma co‐

log i cal ac tiv ity of TA, through a con for ma tional change in the re cep tor
(Gross et al., 2017). There fore, the monoter penes might in ter act with
DsTAR1 with a sim i lar bio chem i cal mech a nism.

Fur ther more, a sim i lar mod u la tory ef fect was ob served by Gross in
2015 on the Rm TAR1 (Gross et al., 2015) af ter treat ment with a
metabo lite of the ami traz in sec ti cide (BTS-27271) that caused an in‐

creased TA re sponse when tested in vitro at 10 μM. This sim i lar ity in
mech a nism might sug gest that monoter penes mod u late DsTAR1 com pa‐

ra ble to that of an in sec ti cide mol e cule.
The three monoter penes were also tested on whole in sects at sub‐

lethal con cen tra tions to re veal pos si ble ef fects on DsTAR1 tran scrip tion.
A tran scrip tional down reg u la tion of the re cep tor was no tice able for all
treat ments, which was not ob served for the PKA con trol gene, thus rul‐
ing out a gen er al ized down reg u la tion. This monoter pene-in duced tran‐

scrip tional ef fect might be ei ther ex erted di rectly on DsTAR1 or by
means of an ad just ment car ried out on the reg u la tory path way of the
re cep tor.

Taken to gether, one might hy poth e size that the down reg u la tion of
DsTAR1 rep re sents a com pen satory mech a nism in re sponse to the en‐

hanced DsTAR1 sig nal ing due to pos i tive al losteric mod u la tory ef fect of
monoter penes. Fur ther more, it will be fun da men tal to un der stand how
the down reg u la tion of DsTAR1 could in ter fere with the nor mal
Drosophila suzukii be hav ior and phys i ol ogy.

In con clu sion, the pre sent data con tribute to widen the ex ist ing
knowl edge about the role of TA and par tic u larly DsTAR1 in in sect
phys i ol ogy. More over, the iden ti fi ca tion of a role for monoter penes in
DsTAR1 ac tion, through a set up and val i dated in vitro sys tem, will al‐
low the phar ma co log i cal quest for bio mol e cules that may pos si bly act
as in no v a tive biopes ti cides.
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