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calcium mobilization assays, but they increased the potency of the endoge-
allosteric modulators. Moreover, expression analysis on adults D. suzukii, ex-
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to hypothesize that the downregulation of DsTARI might be a compensatory
e positive allosteric modulation of the receptor induced by monoterpenes.There-
e useful for the development of a new generation of biopesticides against Drosophila
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The Spotted Wing Drosophila (Drosophila
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rantraniliprole) and spinosyns (spinosad, spinetoram) (Bruck et al.,
2011; Cuthbertson et al., 2014; Profaizer et al., 2015; Shawer et
al., 2018). Spinosad, a biopesticide produced by the metabolism of
Saccharopolyspora spinosa, is the most effective chemical tool against D.
suzukii (Van Timmeren and Isaacs, 2013). Unfortunately, cases of
low susceptibility and/or resistance in some populations in North
America have recently been described (Grees and Zalom, 2018).

In the last few years, essential oils (EOs) have received a growing
interest: they are natural, volatile and complex compounds accumu-
lated by aromatic plants as secondary metabolites. Indeed, since the
80's it is known that they can be used in insect pest control (Regnault-
Roger, 1997). EOs are characterized by two predominant components
with different biosynthetic origins, phenylpropanoids and terpenes
(monoterpenes and sesquiterpenes) (Pichersky and Gang, 2000).
Terpenes are molecules made from the combination of several 5-car-
bon-base (Cs) units called isoprene. Phenylpropanoids in plants are syn-
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thesized from the amino acids tyrosine and phenylalanine. Their struc-
ture is characterized by a phenylic unit (Ce) bound to a propanoic unit
(C3). Phenylpropanoids occur less frequently than terpenes and they
serve as essential components of a number of structural polymers (Reg-
nault-Roger et al., 2012).

The terpenes composition of EOs is variable between different plant
species but monoterpenes are usually more abundant, accounting up to
the 90% of them (Bakkali et al., 2008). Typically, they exert their
toxic effect by reducing or disrupting invertebrate growth at several life
stages (Konstantopoulou et al., 1992). For instance thymol, a con-
stituent of the essential oil from the plant Thymus vulgaris L., is a
monoterpene known for its pesticide action against numerous arthro-
pods and is widely used to control Varroa destructor (Calderone et al.,
1997).

As far as Drosophila suzukii is concerned, several EOs, and their ma-
jor terpenic components, showed toxic activity toward the pest, includ-
ing the EO from Mentha piperita (menthol), Perilla frutescens (perilla
aldehyde) and Thymus zygis (thymol and carvacrol) (Park et al.,
2016).

The precise mechanism of action of EOs is still unclear. It is thought
that several terpenes can interact with P450 cytochromes, an enzymatic
class involved in the insecticide detoxification processes (Jensen et
al., 2006). Some monoterpenes, for example thymol, cause neuronal
degeneration through direct binding to GABA receptors (Priestley et
al., 2003). Other terpenes, such as linalool and 1,8-cineole, inhibit
acetylcholinesterase (Mills et al., 2004) while eugenol and geraniol
inhibit neuronal activity (Price and Berry, 2006). Moreover, several
monoterpenes have been shown to interact with the octopaminergic/
tyraminergic system, analogous to the adrenergic system present in the
vertebrates. The biogenic amines tyramine (TA) and octopamine (OA),
present in traces in the vertebrate nervous system, are important neur
chemical modulators in invertebrates (David and Coulon, 1985
Their biosynthetic pathway begins with the decarboxylation of tyr
to TA by tyrosine decarboxylase. Thereafter, TA is hydroxylated
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TAR1 has been characterized in several insects (Saudou et al.,
1990; Blenau 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 demonstrated to be involved in important physiological
processes such as olfactory response, control of metabolism (obe-
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sity) and locomotor activity (Kutsukake et al., 2000; Roeder, 2005;
Li et al., 2017).

This paper describes the structural and functional features of TAR1
(DsTAR1) from Drosophila suzukii and its sensitivity to three monoter-
penes, thymol, carvacrol and o-terpineol. Zhese, information might
therefore help to shed some light on the p se of monoterpenes
as biopesticides against this pest.

2. Materials and methods

2.1. Insects and reagents

Drosophila suzukii flies we
toperiod of 16 h light: 8 h darl
Endothelin-1 (ET-1),

Albumin (BSA), probe @

reared ollan artificial diet with a pho-
perature of 23 + 1 °C.

drochloride, octopamine hy-
ide, brilliant black, Bovine Serum
-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES)ggp-me 1-en-8-ol (a-terpineol), p-cymene (car-
-cymehe (thymol) were all obtained from

‘@ SA). Pluronic acid and fluorescent dye Fluo-

4 AM were purcha rom Thermo Fisher Scientific. All compounds
were dissolved in dime sulfoxide (10 mM) and stock solutions were
kept at —20s°@uuntil use. Serial solution were made in the assay buffer

Sequence alignment by BLASTN performed with the orthologous

DmTARI1 (Accession: X54794) from D. melanogaster, suggested

that putative transcript XM_017071090 predicted in the D. sugukii

nome project (Accession: PRINA325161) might code for the putative
TAR1 (Accession: XP_016926579).

Total RNA was extracted from six adult flies using High Pure RNA
Tissue Kit (Roche, Switzerland), quantified in a micro-volume spec-
trophotometer Biospec-Nano (Shimadzu, Japan) and analysed by 0.8%
w/v agarose gel electrophoresis. One pg of RNA was treated with DNase
I (New England Biolabs, USA) and used for the synthesis of cDNA, car-
ried out with the RevertAid First Strand ¢cDNA synthesis kit (Thermo
Fisher Scientific). For amplification of the full DsTARI open reading
frame (ORF), specific primers were designed based on the annotated
DsTAR1 sequence (Table 1). High fidelity amplification was achieved
using Herculase II Fusion DNA Polymerase (Agilent, USA) and a touch-
down thermal profile: predenaturation at 95 °C for 3 min, followed by
5 cycles at 95 °C for 20 s, 70-60 °C for 30 s (minus 2 °C/cycle), 68 °C
for 2 min, 30 cycles at 95 °C for 20 s, 60 °C for 30 s, 68 °C for 2 min
and a final extension at 68 °C for 5 min. PCR product was gel puri-

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-DsTARI-RT
Rev-DsTARI-RT

5'-GCAGTCCTCGTCCACCTG-3’
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’




fied used Wizard SV Gel and PCR Clean-Up System (Promega, USA),
cloned into pJET 1.2/blunt vector (Thermo Fisher Scientific) and trans-
formed into E.coli SIG10 5-a Chemically Competent Cells (Sigma-
Aldrich). Positive clones were selected using LB broth agar plates with
100 pg/ml ampicillin. Plasmid was then extracted and verified by DNA
sequencing (BMR Genomics, Italy). The sequence, named DsTARI1, was
deposited in GenBank with the accession number MK405664.

For expression in Human Embryonic Kidney (HEK 293) cells, the
open reading frame of DsTARI1 was excised from pJET 1.2 vector and
inserted into the pcDNA 3.1 (+) Hygro vector using Notl and Xbal re-
striction sites.

2.3. Multiple sequence alignment and general bioinformatics analysis

Multiple protein sequence alignments between the deduced amino
acid sequence of DsTAR1 and other type 1 tyramine receptors se-
quences were performed using Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/) and BioEdit Sequence Alignment Editor 7.2.6.1.
Phylogenetic neighbour-joining analysis was performed by MEGA soft-
ware (version 7) with 1000-fold bootstrap resampling. The Drosophila
melanogaster GABA B receptor (GABABR) was used as an outgroup to
root the tree.

2.4. Expression in HEK 293 and stable line creation

HEK 293 cells were grown at 37 °C and 5% COz in Dulbecco's modi-
fied Eagles medium high glucose (D-MEM) supplemented with 10% fe-
tal bovine serum (Microtech, Italy). To prevent bacterial contamina-
tion, penicillin (100 U/ml) and streptomycin (0.1 mg/ml) were added
to the medium. The cells were transfected with pcDNA 3.1 (+)/
DsTARI1 using lipofectamin 2000 (Invitrogen, USA). Stably transfecte:
cells were selected with Hygromycin B 100 pg/ml supplement
medium. After two weeks, the resistant colonies were treated
trypsin and separately propagated in 24-well plates. These individual
cell lines were analysed for the stable integration of the recombi
DNA by RT-PCR. The clonal cell line most efficiently ressing
DsTAR1 was chosen for these studies.

2.5. Calcium mobilization assay

When confluence was reached, cells were seed
50,000 cells per well, total volume of 100 pl, into pe

X supple-
sensitive fluores-
at 37 °C. After

with 20 mM HEPES, 2.5 mM probenec
was added. Cell culture and drug pla

after 10 min of stabiliza-
ut in a volume of 50 pl/
oring. To facilitate drug dif-
were performed at 37 °C with

CA) and fluorescence changes we
tion at 37 °C. On-line additiong w

For DMR measurements the label-free EnSight Multimode Plate
Reader (Perkin Elmer, MA, US) was used. When confluence was
reached, cells were sub-cultured as required using trypsin/EDTA and
used for experiments. Cells were seeded into Enspire TM -LC 384-wells
fibronectin-coated plates and cultured 20 h to form a confluent mono-
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layer in the cell culture medium. Cells were seeded at a density of
20,000 cells/well/30 pl. The day of the experiment cells were manually
washed twice and maintained with the assay buffer (Hank's Balanced
Salt Solution (HBSS) 1 X with 20 mM HEPES, £.01% Bovine Serum Al-
bumin) for 90 min before DMR experiment.

Agonism protocol: a 5 min baseline w

tablished, followed
10 pl and recording

/ modulators were
added manually 30 min before readi baseline. After base-

line establishment, TA or ET-1

and ET-1 in the absence and in
tagonist/modulator. All

2.7. Data analysis and gy

d using Graph Pad Prism 6.0 (La Jolla, USA).
urves were fitted using the four parameters

Effect
(E

LogECsy—Log[compound) )*Hillslope )

max-Baseline)

essed as mean *+ SEM of n experiments performed in
ere analysed using one- or two-way analysis of variance

the maximal possible effect of that agonist. Antagonists / modu-
tors potencies were assayed at single concentrations against the con-
tration-response curve to TA.

2.8. Monoterpenes exposure bioassay

A 15cm x 2cm petri dish was used to expose adults D. suzukii to
monoterpenes. 8 ml of a 1% agar and 5% sucrose solution were placed
on the bottom of the petri. Monoterpenes (lipophilic in nature) stock
solutions were prepared at a standard concentration of 10 mg/ml in
acetone to ensure complete solubilization and stored at —20 °C. Dilu-
tions to 1 mg/1 final concentration were then made in water for each
monoterpene, this concentration being close to the LDso of all three ter-
penes tested (Kim et al., 2016; Park et al., 2016). A similar solution
of water and acetone was used as negative control. 300 pl of the di-
luted compounds were then used to soak a 12 cm diameter paper disc
positioned in the petri dish on top of the agar/sucrose gel.

Thirty adult flies (fifteen males and fifteen females 3-5 days-old)
were placed inside the petri dish. The insects were incubated for 24, 72
or 120 h at a photoperiod of 16 h light: 8 h dark, at 23 * 1 °C. The ef-
fect of monoterpenes exposure on DsTARI mRNA levels was evaluated,
by RT-qPCR, after each time point.

2.9. Quantitative real-time PCR analysis

Total RNA was extracted from Drosophila suzukii samples at various
developmental stages (1st to 3rd instar larvae, pupae, adult males and
females), different tagmas (head, thorax and abdomen, dissected from
adults) or adult flies subjected to the monoterpene exposures using
High Pure RNA Tissue Kit (Roche, Switzerland). The three tagmas of D.
sugukii (head, thorax and abdomen) were dissected out in a RNA
preservation medium (20 mM EDTA disodium (pH 8.0), 25 mM sodium
citrate trisodium salt, 700 g/1 ammonium sulphate, final pH 5.2).


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

The thorax presented all associated appendix (wings and legs). One pg
of RNA was treated with DNase I (New England Biolabs) and used for
cDNA synthesis, carried out with iScript Reverse Trascription Supermix
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tem (Bio-Rad) in a 12 pl reaction mixture containing 0.8 ul of total
cDNA obtained from one pg of RNA, 6 pl Sybr Green Mix (SIGMA), 3. Results

0.4 pl forward primer (10 pM), 0.4 pl reverse primer (10 pM) and

4.4 pl of nuclease free water. Thermal cycling conditions were: 95 °C 3.1. cDNA cloning and molecular chara DsTAR1
for 2 min, 40 cycles at 95 °C for 15 s and 60 °C for 20 s. After the cy-
cling protocol, a melting-curve analysis from 55 °C to 95 °C was ap- The ORF of DsTARI is 1803 codes for a 600 aa
plied. In expression analysis on tissues and development stages of D. polypeptide with a predicted ass of 64.31 kDa (Fig. 1).
suzukii, DsTAR1 was quantified utilizing the relative quantification In terms of genomic strud appears to be encoded by
method (Larionov et al., 2005). After monoterpenes treatment four different exons (Suppleme gl/S1, panel A), separated by
DsTAR1 and PKA (accession number: NW_016019885.1) expression lev- three long introns. The s no organization is observed in the
els
1 ATGCCATCGECAGATCAGATCCTGT T TG TARA TG TCACCACARCGE TGECGGCGGECEGC TC TARCCGC TGCAGCCGEOG TGAGCACCACRARA
1 M P 5 A DOQTILPF Y NWYTT TV AAMIAIABATLTAUBAGBLALAWVYSGETTEK
L ]
54 TCCGGAAGCGEOEATGCCGTACGGCCETATACGEATGCGEAGCGEECATGEAMGCGEAGACGECGECCARCATARCCGETTCCCTCGTGGAG
3z 5 G 5 G D A Y R P Y T D AODAMTGMMTEW RMTETH ARG AHNTITG S5 L V E
L ]
187 GECCTGACCACCGTGECEECGECACTOASTACGECTCOGECGEATECGEACTCCETEEEAGAT TECGECGEAGCCETCGAGGAGCTECACGEC
63 G L T T ¥ A A A L £z T A F A D A o 5 L G [+ I G G A L E E L H i
280 ACCGTCCTEEETCTCCAR TEGECEETECCEEAGTEEEAEECC T TEC TEACCECCC TEET GO TC TCCETCATCATCCTCC TEACTATCATCGEE
54 2 v L & L ¢ L AV P EWEALULTTAULY L S ¥ I I ¥ L T I I G
TMI
373 AACATCCTGGTGATCCTGAGTGTG T ToACE TAC ARG CGCT GoGCATCGTOCAGARC TTCT TCATAGTGTOGC TEGCGG TGGOCGATC TCADG
125 H I v I L. 8 vV F T ¥ K PF LRIV Qg MHNTFF I ¥V 5 L A Y A DTILT
468 GTGGECTCTCC GG GC TGC O TTCARCETGECCTAC TCGAT CC TGEGG0GCTEEEAGTTOGECATCCACC TETECARGC TG TGECTCACTTGE
156 v A L L ¥V L P F W ¥ A ¥ 5 I L & R WETFOGTIHULTGCUEKTLUMWILTTC
T™ I
559 GACGTCCTGTRCTGCACCAGE TCCATCC TGARCC TG TGOGCCATTGRCCTGE T GGGEOCATCACGGACCCTATTARC TACGCCCAG
187 D ¥V L ¢ ¢ T % 58 I L W L & A I A L I T D F I H ¥ A Q
F Y TM 11T
652 ARGCEGACCETGEECCEEETCCTGCTEC TCATC TCCGEEETGTEECTECTCTCET TECTEATCAGCAGTCCGCCACTGATCGECTGEARCGAL
218 K R T ¥V 6 R ¥V L L L I 5 6 ¥V W L L 5 L L I 5 5 PF P L I G W HOD
™ IV
T45 TGO CAGACGAG T TCACCAGC AL GO TGO GAGE TGAC T CGOAG GGG TATGTCATC TAC T CAT OGO TG GG TOCTTCTTOATTOCG
249 W P P EF TS ATUPOCETLT S Q@ RG Y Vv I ¥ 5 5 L % 5 F F 1 P
TMV
Big CTGGCAATCATGACGATCETC TACATCGAAATCT TCETEECCACCCoECEGCECCTEOEGEACCEEECCAREGCCAMCARCCTCAACACCATE
280 L A I M T I ¥ ¥ I E I F ¥ A T R R B L R E B A K A H K L N T M
931 GOGCTGAAGTOCGCCGAGE TGGAGCCGATGGOCANCTCOTC : .
311 A L KE S AELEFPMAUNGS 5 A A S T 5 G 5 K 5
1024 CTGTGCTGOGGCAGGGATCGECCOCARTTCGC TACGCOCATGATCCAGAACGACCAGGAGAGCATCAGCAGCGAGACCCACCAGOCGCAGCAG
342 L ¢ ¢C 6 RDPRPOGFATGPMTIOQNDOTESTISSETHOGTPRPOGOQ
1117  AARGCAGGATGGECTCCAAGGCGEGAGCCCAGAGCAACAGCGATCOGCAGCAGCAGCAGCACETGETCGTGCTGETCARGARGTCGOGGCEEECC
373 K 0 b G 5 K A G A O 5 N 5 D P Q QG QOHWYV ¥V L V K K 5 R R A
1210  ARGATCAAGGACTCGATCAAGCACGGCAARGCCCGEGECEETCECAAGTCECACTOCTCETCCACC TECGAGCOCCACGECGAACAGCAGCTC
404 K I E D 5 I K H G K A R G G R K 5 Q % 5 5 T OCEPHOGEGQ QL
n
1303  CTGCCCGCOGGARGAMGCTGCCE TGO TGECEEAGEACACTCCEEOGETECAAACTCCGACECCEAGATCACCACGEAGAGCCEEAGCEACCCT
435 L P A G G 5 C R A G G 6 H 5 6 6 A K S D AETISTES OGS D P
1396  ARGGGTTGCATACAGGTCTGTGTGACTCAGECEGACGAGCAGACGTOCCT TAAR TCACGCCGLOGCAGTCC TOGACGGEGAGCCECOGOCETT
468 K 6 C1I1 Qv ewTo ADTESGS@TSULETLTTDEP?P QS 3 T G AAGAVY
1489 TOCGOCACTCOGCTGoAGAAGAAACCGAGCGEOGTGAM CAGT TEATCGAGGAGAAGCAGAAGATC TCGC TG TOCARGGAGCGGOGGECAGET
497 S.F.'.'PL&HKF;GUKQTIEEKQP‘-I:LSKERRF\A
1582 CECA T GGG AT AT AT GGG TG T TG T AT T e T L TG T T T T TCA TG TACGTCAT O TGO T IO T GO CAGAGT T TG
528 R T L G I I M 6 ¥ F ¥ I €& W L P F F L M ¥ v I L F F C Q@ 5 € ¢
T™ V1
1673  CCTACGRATARGTTCAAGAACTTTATCACCTCGCTGGGECTACATCAACTCCGEOC TGAACCCGETCATCTACACCATTT TCARCCTGGACTAT
559 F T HN K F KW F I _T 5 L G ¥ I W5 G LNFUV¥ I Y TTIFHMNTLTDTZY
™ Vil
1768  AGGCGGGCCTTCARGAGGCTGCTGGGOCTGARTTGA
590 R E A F ERTULTULTGTLHN *

Fig. 1. Nucleotide sequence of the tyramine receptor open reading frame cloned from Drosophila suzukii and deduced amino acid sequence. Prediction of the DSTAR1 transmembrane seg-
ments (underlined and numbered from I to VII) was obtained with TMHMM v. 2.0 software. After the third transmembrane domain there is the DRY motif (highlighted with a black box)
important for the stabilization of GPCRs between inactive and activate conformation. Potential sites for N-linked glycosylation (predicted with NetNGlyc 1.0 server) are shown with a dot
(@) and potential sites for PKA or PKC phosphorylation (predicted with NetPhos 3.1 server) are shown with a square (ll). The black triangle (A ) represents an aspartic acid in TM3

(D g7) highly conserved in TAR1 family.

were quantified using the qBase+ algorithm (Hellemans et al.,

2007). AK and TBP were used as reference housekeeping genes in both

expression studies for the normalization (Zhai et al., 2014). Gene-spe-
(Bio-Rad, USA), according to the manufacturer's instructions. Real time cific primers (Table 1) were used and for each sample three indepen-
PCR was performed using a CFX Connect Real-Time PCR Detection Sys- dent biological replicates, made in triplicate, #¥ere performed.



D. melanogaster counterpart coding for type 1 tyramine receptor (Chro-
mosome 3L — NT_037436.4).

The analysis of the expected TAR1 polypeptide by TMHMM v. 2.0
software predicted the existence of seven transmembrane domains, a
typical feature of GPCRs (Fig. 1). Hydropathy profile analysis, accord-
ing to the Kyte and Doolittle method (Kyte and Doolittle, 1982), fur-
ther confirmed the presence of seven transmembrane helices, along
with an eighth domain located close to the amino-terminal end of the
polypeptide (Supplementary fig. S1, panel B). This extra domain has
been found in other biogenic amine receptors, in particular in the
TAR1s from D. melanogaster (Saudou et al., 1990) and B. microplus
(Baxter and Barker, 1999). This extra domain might be a cleavable
signal sequence or leader peptide, a sequence that plays a key role dur-
ing the first steps of the intracellular transport of G Protein-Coupled Re-
ceptors (Rutz et al., 2015). In DsTARI sequence there are two as-
paragine residues, located in the N-terminal domain before the first
transmembrane domain, that form the classic motif N-X-S/T for N-gly
cosylation sites (Norskov-Lauritsen and Briduner-Osborne, 2015).
Furthermore, several serines were identified as putative phosphoryla-
tion sites, targeted by Protein kinase C or Protein kinase A, in the intra-
cellular loops, especially in the loop between TM V and TM VI. The as-
partic acid in TM III (D'®7), indicated by a black triangle in Fig. 1, is
conserved in all the members of the TAR1 family, because it interacts
with the amino group of TA, the principal agonist of these receptors
(Ohta and Ozoe, 2014).

The amino acid sequences of several insect biogenic amine recep-
tors were used for multiple sequence alignment and to construct a
neighbour-joining phylogenetic tree with MEGA 7 server. The results
indicate that DSTAR1 clusters in the family of TAR1s, phylogenetically
close to its orthologue from D. melanogaster (Fig. 2).

o-adremergic-like
oclopaming receplors

ap-adrenergic-like
QCtopamine receplors

Type | tyramine
receplors
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Multiple sequence alignment between DsTAR1 amino acid sequence
and TAR1s from D. melanogaster, P. regina and C. suppressalis revealed a
similarity in the transmembrane domains, while less conserved regions
were found in the N-terminal region of the progeins and in the intracel-
lular loop between the 5th and 6th transmenibrane segments (Fig. 3).
The highest protein identity was found, ted, with DmTAR1
(Drosophila melanogaster TAR1) with more th: % sequence identity
(Fig. 3).

3.2. Expression pattern of DsTAR1

Tissue localization analyses
qPCR to understand the functi
Total RNA was extracted from
third larvae, pupae and
thorax and abdomen).
The analysis reve.

eptor were performed by RT-
in D. suzukii.

development stages (first to
three different tagmas (head,

R1 was expressed in all develop-
mental stages of D. suz high levels found in the first instar lar-
vae and in the ad g " 4, panel A). Furthermore, in adults,

@ hole males were about twice than in females.
The head of males aiid females accumulated higher levels of DsTAR1
mRNA than the two o agmas. In particular, the heads of males ac-
cumulated h, higher mRNA levels of DsTARI in comparison to the
. Interesting, the male abdomens showed a signifi-
e DsTARI1 expression levels as compared to fe-
possible role of TA in male reproductive system

B -adrenergic-like

= oclopimLing receplors
12z
e & £ F 4
= =z F 3“ f # - nedrenergic-like
E g FI- & Octopamite receptors
i ¥
T

=L

F 7

By-adrenergic-like
OCIOpAMInG receplors

Type 2 tyraming
Teceptons

Fig. 2. Phylogenetic relationships resulting from the neighbour joining analysis of DsTAR1 (highlighted with a box) and other insect amine receptors. The values shown at the nodes of
the branches are the percentage bootstrap support (1000 replications) for each branch. Drosophila melanogaster GABA-B receptor (DmGABABR) was chosen as outgroup. Dm, Drosophila
melanogaster; Ds, Drosophila suzukii; Pr, Phormia regina; Rp, Rhodnius prolixus; Px, Papilio xuthus; Cs, Chilo suppressalis; Bm, Bombyx mori; Ai, Agnotis ipsilon; Mb, Mamestra brassicae; Pa,
Periplaneta americana; Lm, Locusta migratoria; Am, Apis mellifera; Rm, Rhipicephalus microplus; Sg, Schistocerca gregaria; Ag, Anopheles gambiae; Tc, Tribolium castaneum; Nv, Nilaparvata lu-

gens; Lc, Lucilia cuprina.
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Fig. 3. Amino acid sequence alignment of DsTAR1 with orthologous receptors from D. melanogaster (DmTAR1), P. regina (PrTA

3.3. Pharmacological data

To confirm the function of DsTAR1 as TA receptor and its possible
interaction with monoterpenes, the cloned cDNA was expressed in HEK
293 cells and tested for the ability to respond to TA and OA, like other
TARI1s studied so far in insects, as well as to several monoterpenes. The
responses were evaluated with two different assays, the calcium mobi
lization assay and the dynamic mass redistribution (DMR) assay, t
latter being a label free technique that has been previously de
strated to be useful for investigating the functional profile of G Pr
Coupled Receptors (Grundmann and Kostenis, 2015).

In the calcium mobilization assay performed on HEK
cells, TA evoked the release of intracellular calcium in a co

105 = 15% over the basal values, respectively (Fig.
the contrary, OA did not stimulate any intracellulag
when tested in the concentration range 10 uM -
shown). ET-1, chosen as external control (Atwoodge

lization with a potency value of 7.02 (6.88-7
of 152 *+ 12% (Fig. 5, panel B). Yohimbine,
10 pM on the DsTAR1, did not elicit the in

tion (data not shown). Yohimbine 1 p
against TA and ET-1. The molecule was ¢
centration response curve to TA (Fi
centration did not significantly aff
to ET-1 (Fig. 5, panel B). A pA,
against TA assuming a competiti

centration response curve
calculated for yohimbine
antagonism. In wild type
inactive (data not shown),

ata not shown).

treated with three monoterpenes (a-
evaluate their possible agonist ef-
[Ca2+]; mobilization in any cell line
(Supplementary fig. and F), while carvacrol and thymol
stimulated [Ca2+]; mobilization only at 100 pM in both HEK 293 wild
type and DsTAR1 transfected cells (Supplementary fig. S2, panels A, B,
D and E).
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and C. suppressalis (CsTAR1). The putative seven trans-
ative substitutions are shaded.

aled that TA is able to evoke a positive concentra-
al (Fig. 6, panel A) in HEK 293pgrpr; While OA can
lar Ca2+ release only at 10 pM (data not shown). In
ts, TA showed a potency value of 6.87 (6.46-7.28) and

rd shift the concentration response curve to TA without chang-
ing the agonist maximal effect with a pA, value of 7.24 (6.56-7.92)
ig. 6, panel B and C). ET-1 elicited concentration-response curves
th or without yohimbine 1 pM (Supplementary fig. S3). In wild type
HEK 293 cells, TA and OA were completely inactive while ET-1 evoked
a concentration-dependent DMR response (pECsg 7.86 (7.46-8.27) and
maximal effects of 440 + 27 pm). The effects of the highest concentra-
tions of the two agonists tested in the two HEK 293 cell lines are sum-
marized in Table 2. The DMR analyses also confirmed that the three
monoterpenes tested do not act as agonist of DsTARL. Two (100 and
10 pM) or four (up to 0.1 pM) different monoterpenes concentrations
were tested on HEK 293 wild type or DsTAR1 stably transfected cells,
respectively. All three terpenes at the highest concentration appeared
to be able to stimulate a DMR signal in HEK 293prag; comparable to
the one observed in HEK 293 wild type cells. Lower concentrations
were, on the other hand, completely inactive in both cell types (Supple-
mentary fig. S4).

Recently, several monoterpenes have been also shown to act as
modulators of TAR1 from Rhipicephalus (Boophilus) microplus, increas-
ing the in vitro TA response (Gross et al., 2017).

To investigate the possible antagonist/modulatory action of the
three monoterpenes toward DsTAR1 in DMR experiments, HEK
293pgraR1 cells were pre-incubated for 30 min with 10 pM, 1 uM or
0.1 uM of each terpene.

Upon the addition of TA (10 pM-10 pM) all three monoterpenes, at
10 and 1 puM, were able to increase TA potency (Fig. 7; Table 3). In
particular, a-terpineol 1 pM was able to shift the concentration re-
sponse curve to TA by 5 folds. The higher potency was observed for the
endogenous agonist with a pECgq of 7.44 (7.28-7.59) in HEK 293p¢rar1
pre-incubated with the monoterpene as compared to 6.81 (6.66-6.89)
in the control. (Table 3). All three monoterpenes, in the same concen-
tration ranges, did not modify the concentration response curve to ET-1
(Data not shown).
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Taken together these experiments confirm that, as predicted by
structural analysis, DsTAR1 is a functional type 1 tyramine receptor
sensitive to TA. In both calcium mobilization and DMR assays, TA stim-
ulated DsTARI1 causing significant changes in [€a®*]; mobilization and
dynamic mass redistribution. Furthermore, R experiments revealed
that the three monoterpenes do no act as D. onists but rather as
positive allosteric modulators of the receptor.

3.4. Expression of DsTAR1 and PKA ge onoterpenes exposure

onoterpenes on the ex-
adult flies of D. suzukii were
and thymol and the mRNA

To evaluate the effect of the expost

levels analysed by qPCR. The
LDso of each monoterpene 016; Park et al., 2016).

eresting downregulation of DsTAR1
differences were observed for a-terpineol
ontrol), for thymol at 24 h (3.5 fold lower
2.9 fold lower than control) and for carvacrol
than control) (Fig. 8, panel A). On the other
of PKA (chosen as internal unrelated control)
were not significantly altéred by any treatment (Fig. 8, panel B). This
i as an internal control, given propensity of TAR1 to
eins. These G proteins, in fact, have PKA as the last

gene expression. Signi
at 24 h (5.2-fold lowe
than control) and

structural analysis of DsTAR1 predicted amino acid sequence

vealed many features shared with other insect type 1 tyramine recep-

s. The hydropathy profile revealed the typical organization of a

CR with seven transmembrane segments along with an additional re-
gion also found in D. melanogaster TAR1 (Saudou et al., 1990). This
putative TM VIII, located at the beginning of the amino-terminal end, is
not unusual in these receptors. In several studies, it was postulated that
this short amino acid sequence might be a signal peptide, necessary for
the correct vesicular transport of the protein (Saudou et al., 1990;
Baxter and Barker, 1999). At position 187 in DsTAR1 predicted
amino acid sequence there is an aspartic acid residue highly conserved
among TAR1s, believed to interact with the amine group of TA. This
binding is strengthened through weak interactions with three serine
residues present in TM V: $%71, $272 and $%7° in DsTAR1 (Ohta et al.,
2004). Amino acid sequence alignment revealed similarity between
DsTARI1 and other insect type 1 tyramine receptors, especially with D.
melanogaster TAR1. The two proteins differ only for 44 differ-

B
200 - conirol
& yohimbine 1pM

£ 1501
F
2
2
S 1004
=
£
= 5

04

i 1w 9 & 71 &
-log[ET-1]

Fig. 5. Concentration-response curves, by calcium mobilization assay, to TA (A) or ET-1 (B) in the absence (control) and in presence of 1 pM yohimbine in DsTAR1 transfected HEK293

cells. Data represent means + SEM of four separate experiments performed in duplicate.
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ed in duplicate.

Table 2
Effects of the highest concentrations tested for the ligands in HEK 293 and HEK
293pgrar: cells.

bdomen). The significant difference between the
abdomens is an interesting observation that suggests a
TA in male reproductive system. A recent study in D.
as indeed shown that this receptor is mainly expressed in
nd in the male reproductive organs (El-Kholy et al.,

HEK 293 wt E,, (pm = SEM)  HEK 293p¢rar1 Emax (PM * SEM)

Buffer 6+ 14 -8 + 15 Thi . file is i d ith oth di
TAI0uM 2+ 33 164 + 25 ). This expression profile is in accordance with other studies on
ET-11,M 440 + 27° 263 + 37° type amine receptors that have described a higher expression in

ain and nerve cords, while the mRNA is almost absent in other dis-

ts or organs (Rotte et al., 2009; Wu et al., 2013; Ono and

shikawa, 2004). Furthermore, TAR1 mRNA has been described in
other districts located in the head, such as the antennas and the maxil-
lary palps, suggesting a role for type 1 tyramine receptors in neurons
responsible for olfactory and taste responses (Kutsukake et al.,
2000). The marked difference in expression between adult males and
females suggests that D. suzukii type 1 tyramine receptor is probably in-
volved in the control of male specific functions such as the develop-
ment and function of male reproductive organs and the search for fe-
male partners through specific behavioral or physiological processes
(El-Kholi et al., 2015; Hana and Lange, 2017).

Structural data suggest that DsTAR1 codes for a TA receptor. To
confirm its function the cDNA was cloned, stably expressed in HEK 293
cells and tested in functional studies for its sensitivity to TA and OA.
Moreover, the pharmacological effects of yohimbine were also investi-

* p < .05 vs buffer according to one-way ANOVA followed by the Dunnett's test for

multiple comparisons.

the receptors.

To shed some light on the role that DsTAR
expression profile analysis of the receptor wa
vealed that DsTARI is significantly more e
than in females. DsTARI mRNA accum
males as compared to female adult fligs
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Fig. 7. Concentration-response curves, by DMR assays, to TA after recording in HEK 293p¢rar; cells pre-incubated with 10 pM, 1 pM or 0.1 pM of carvacrol (panel A), a-terpineol (panel
B) or thymol (panel C). Data are means = SEM of at least three separate experiments made in duplicate.



Table 3
PECs0 and Emax values of TA, in HEK 293pstar1 cells, after a pre-incubation with buffer
(control) or 10 pM, 1 pM or 0.1 pM of monoterpenes.

Chemical Concentration TA
PECso + SEM Emax (pm *+ SEM)
Control 6.81 = 0.07 223 + 25
Carvacrol 10 uM 7.15 + 0.06 230 + 14
1pM 7.28 + 0.09" 179 + 26
0.1 ypM 6.95 + 0.13 184 = 17
a-terpineol 10 pM 7.13 + 0.09" 261 + 22
1pM 7.44 + 0.06° 253 + 33
0.1 yM 6.86 = 0.16 198 =+ 5
Thymol 10 yM 7.23 = 0.11° 232 + 21
1M 7.37 = 0.08° 156 + 22
0.1 ypM 6.79 = 0.16 152 + 13

* p < .05 vs control according to one-way ANOVA followed by the Dunnett's test for
multiple comparisons.
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esent means = SEM of three in-

120 h of continuous exposure to monoterp
i **p < .01 vs control according

dependent experiments performed in
to one-way ANOVA followed by Dunnett’
(AK) and TATA Box Protein (TBP

different pharmacologi s. In the calcium mobilization assay, TA
was able to increase the intracellular calcium mobilization with a
PECsg of 6.35 while OA was inactive. The effect of TA was sensitive to
the antagonist yohimbine similarly to the orthologous type 1 tyra-
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mine receptor of Drosophila melanogaster (Saudou et al., 1990; Enan,
2005a).

The D. suzukii receptor was further studied by DMR assay, which is
based on an optical biosensor technology. is recently developed
analysis does not employ labelled molecules, erefore it monitors
those mediated by
arter et al., 2014;

type 1 tyramine receptors before.
In the DMR assay, TA activated D.
OA showed a signal only at 10 pM

Collectively, the receptor c
macological profile expec ber of the TAR1 family in terms

& ists, i,e. TA > OA and sensitivity to the

selective and comp
nanomolar potency.

ntagonist yohimbine, that displayed
atures were detected not only at the level
for the first time, in terms of dynamic
efore the functional data presented here not
ural analysis on the predicted protein but ex-

2ither by acting as agonists (Drosophila melanogaster
as modulators Rhipicephalus (Boohilus) microplus

ed to verify whether these biochemical interactions
served in Drosophila suzukii.
ed as agonists in DMR experiments, thymol, carvacrol and
-terpineol’'were not able to generate pharmacological responses attrib-
e to the interaction with DsTAR1. Similar results were obtained in
the ium mobilization assay, where monoterpenes were tested on
oth HEK wild type and HEK 293pstar: cells at 1, 25 and 100 pM, that
is'the same concentration range tested on TAR1 from D. melanogaster in
similar calcium mobilization assay (Enan, 2005b). Thymol and car-
vacrol stimulated a release of [Ca®*]; but only at 100 pM, and this sig-
nal was detected in both HEK 293 wild type and stably transfected
DsTAR1 cells. However, o-terpineol was inactive at all concentrations
tested (100, 25 and 1 pM) and on both cell lines.

These monoterpenes are known to elicit calcium release in many
different tissues and cell types and are agonists for many different ion
channels and receptors (Magyar et al., 2002; Krizaj et al., 2003;
Szentesi et al., 2004; Vogt-Eisele et al., 2007; Sarkozi et al.,
2007). Therefore, it is not surprising that they could induce a remark-
able elevation in [Ca?*] levels and an intense DMR signal in both sta-
bly transfected and wild type HEK 293 cells at high concentration. On
the other hand, at lower concentrations (25 pM) all monoterpenes were
unable to stimulate the release of [Ca2*] in HEK 293 stably expressing
DsTARI1, contrary to what observed by Enan (Enan, 2005b) for the
type 1 tyramine receptor from D. melanogaster. These functional differ-
ences observed between the two phylogenetically close receptors might
be structurally connected to the 44 amino acids that differentiate the
amino acid sequences of the two receptors (as judged by alignment be-
tween DmTAR1 and DsTAR1). Unfortunately, there are no structural
studies that might shed some light on how amino acid changes in these
regions could be directly related to a different receptor sensitivity.
Therefore, the structural reasons of the different sensitivity of DmTAR1
and DsTAR1 to monoterpenes remain to be assessed.

A possible modulatory action of the three monoterpenes on DsTAR1
was investigated by DMR assay. Pre-treatment of the transfected
DsTAR1 cells with 10 or 1 uM of the three monoterpenes promoted an
increase in agonist potency; the larger effect was obtained with 1 pM -
terpineol that produced a 5-fold increase in TA potency.
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It has been reported that carvacrol can induce a positive allosteric Bruck, D.J., Bolda, M., Tanigoshi, L., Klick, J., Kleiber, J., De Francesco, J., Gerdeman, B.,

. . .. . Spitler, H., 2011. Laboratory and field comparisons of insecticides to reduce infesta-
modulation on type 1 tyramine receptor from Rhipicephalus (Boophilus) tion of Drosophila suzukii in berry crops. Pest Manag. Sci. 67, 1375-1385.

microplus, allowing the terpene to stabilize and enhance the pharmaco- Calderone, N.W., Wilson, W.T., Spivak, M., 1997. Plant extracts used for control of the

logical activity of TA, through a conformational change in the rec eptor parasitic mites Varroa jacobsoni and Acarapis woodi in colonies of Apis mellifera. J.

> X . Econ. Entomol. 90, 1080-1086.
(Gross et al., 2017). Therefore, the monoterpenes might interact with Carter, R.L., Grisanti, L.A., Yu, J.E., Repas, A.A., Wood:

DsTAR1 with a similar biochemical mechanism. namic mass redistribution analysis of endogenous
Furthermore, a similar modulatory effect was observed by Gross in Cini, A., Toriatti, C., Anfora, G., 2012. A review of the invas

etti, J., et al., 2014. Dy-
ergic receptor signalling
- 2(1).

Drosophila suzukii in Eu-

2015 on the RmTAR1 (Gross et al., 2015) after treatment with a rope and a draft research agenda for integra ent. Bull. Insectol. 65
. . . . ) L (1), 149-160.
metabolite of the amitraz 1nsect1c'1de .(BTS 27271) that' Ca}_lSE.!d a'n %n Clark, J., Lange, A.B., 2003. Octopamine mod cal muscle contractions in
creased TA response when tested in vitro at 10 pM. This similarity in Locusta migratoria. J. Comp. Physiol. A. 189, 1
mechanism might suggest that monoterpenes modulate DsTAR1 compa-  Cuthbertson, A.G.S,, Collins, D.A., Blackburn, L.5:
. . . nary screening of potential contro

rable to that of an insecticide molecule. 488-498.

The three monoterpenes were also tested on whole insects at sub- Da Silva, R., Lange, A.B., 2008. Tyra
lethal concentrations to reveal possible effects on DsTARI transcription. }glﬂ;isgge)r?gggeffﬁf;he African
A transcriptional downregulation of the receptor was noticeable for all David, J.-C., C:)ulon, J.F., 1985
treatments, which was not observed for the PKA control gene, thus rul- Prog. Neurobiol. 24 (2), 1 o . ) )
. li lati hi . De Camargo, R., Phaff, H.J., ring in Drosophila flies and in fermenting
ing out a generalized downregulation. This monoterpene-induced tran- tomato fruits in norther ia. J. Food Sci. 22, 367-372.

nce for a possible neurotransmitter/neuromodulator
gts. J. Insect Physiol. 50, 351-361.
., Bhandari, A., Fink, C., Roeder, T., 2015. Expression

scriptional effect might be either exerted directly on DsTARI or by Donini, A., Lange, A.B.,

: . role of tyramine o
means of an adjustment carried out on the regulatory pathway of the EL-Kholy, 5. Stepha

receptor. analysis of octo d tyramine receptors in Drosophila. Cell Tissue Res. 361
Taken together, one might hypothesize that the downregulation of (3), 669-684. . o o o )
. . Enan, E.E., 2001. Insecticidaljactivity of essential oils: Octopaminergic sites of action.
DsTARI represents a compensatory mechanism in response to the en- Comp. Biochem. Physiol. Patt C Toxicol. Pharmacol. 130, 325-337.
hanced DsTAR1 signaling due to positive allosteric modulatory effect of Enan, E.E., folecular response of Drosophila melanogaster tyramine receptor cas-
monoterpenes. Furthermore, it will be fundamental to understand how cade tg al ofls. Insect Biochem. Mol. Biol. 35, 309-321.
Enan, E.E lar and pharmacological analysis of an octopamine receptor

the downregulation of DsTAR1 could interfere with the normal
Drosophila suzukii behavior and physiology.

In conclusion, the present data contribute to widen the existing g by an octopaminergic reinforcement pathway in the honeybee. J. Neu-
knowledge about the role of TA and particularly DsTAR1 in insect i
physiology. Moreover, the identification of a role for monoterpenes in
DsTAR1 action, through a set up and validated in vitro system, will al-
low the pharmacological quest for biomolecules that may possibly ac ; )

p-hydroxylase mutation. J. Neurosci. 26 (5), 1486-1498.

as innovative biopesticides. Grees, B'E., Zalom, F.G., 2018. Identification and risk assessment of Spinosad resistance
in a California population of Drosophila suzukii. Pest Manag. Sci. 75, 1270-1276.
ss, A.D., Temeyer, K.B., Day, T.A., Pérez de Leén, A.A., Kimber, M.J., Coats, J.R.,
2015. Pharmacological characterization of a tyramine receptor from the southern
cattle tick, Rhipicephalus (Boophilus) microplus. Insect Biochem. Mol. Biol. 63, 47-53.
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