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Orientus ishidagMatsumura) (Hemiptera, Cicadellidae) is an invasive leafhopper
from eastern Asia Since 1 has a capacity to transmit HavescenceDorée
phytoplasma, this insect is a potential pest in vineyards. We studied vibrational
communication inO. ishidaein orderto understand theeproductivebehaviourof

this speciesind obtaimecessary information needed to designtrol measurethat

can be applied to an Integrated Pest Management stiateggcological viticulture
Vibrational repertoarof O. ishidaewas rich and complex. Mating behaviour
sequence can be divided into three phases, (1) recognition duet, (2) courtship phase
that includes early and late courtship and (3) wing phase. Each phase was
characterized by dérent types of male and female vibrational signals and duet
structure. Each phase consisted of several cycles in which signals and phrases were
repeated in a stereotyped pattern and progressively changed throughout the phase.
Males had to complete all gf@s in order to obtain copulation. Male competitive
behaviour was expressed in emission of fagtplitude rivarly signals emitted in the
female reply window witin the duet with another male, as well as in satellite
behaviour.
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Japons ki Ogektusgishidae Matsumura; Hemiptera, Cicadellidae) je
invazivna vrsta gkrgatka, K i izvira iz
sevov fitoplazem Flavescence Dorédgkko v vinogradih potencial@ k od L j i vec
Preul evald smo vibracijsigat k@amukbkadij o
razumevanje paritvega vedenjy r st e in odprl o mognost r a

gkodl jivca, K i bi jih | ahikm eakoVasdgak d g a v
rastlin. Vibracijski r ep&aonplekaen. Zagpargden s k e g
paritvenega vedenja lahko razdelimo v tri faze, (1) duet prepoznavanja, (2) faza

dvorjenja, ki vkljuluje zgodnje in pozno
zaznamoval.i razl il ni tipi Vv I degtasaduetf. s ki h

Faze je sestavljalo po vel ciklov, znotr
zaporedju in se postopoma spreminjale pr
vse faze, da so prigli do pazragilewopligi. Tekn
oddajanja rivalnih signalov z visoko amplitudo, oddanih v delu dueta, kjer bi moral

priti samilin odgovor na signale drugec

vedenja.
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1INTRODUCTION
1.1RESEARCHBACKGROUND

Plant diseases associated to phytoplasmas are one of the major threawddtade
agriculture, especially in théticulture sector, where Flavescence dorée (FD) casese

yield lossegup to 90% of the vineyardjue the laclkof prophylaxis and rapid spread through
vectors(Scattini et al., 2000)Only in Italy, the Italian government and the European
Community spend a tot al of 34 million U to
In the recent years, manwlien insect species from the hemipteran suborder
Auchenorrhyncha, which are known to be Weetors of phytoplasmas, have rapidly spread
through Europe. Tomprove the efficiency of the pest management methodsttiese
vectors, more research is needed to utdedstheir life cycle and biologPrientus ishidae
(Matsumura) (Hemiptera, Cicadellidae) is an invasive leafhopper from eastern Asia. It was
first detected in Slovenia in 2002 and has since then spread all over the dQetyti,

2004) Its vector capacity for Fivas confirmed in different studi¢slehleet al.,2010 and

even though vines are not its main host, its presence hasdrgemed inside the vineyards.
Improved knowledge alub this pest is necessary for setting efficient Integrated Pest
Managemenand ecological managemesitategies.

1.2WORKING HYPOTHESIS

As revealed in studies of other members of the Cicadellidae family, vibrational
communication during the mating sequence follows the same general pattern, even across
different species The pair formation begins with emission of male vibrational signals,
sexually receptive femaleplies and after establishing a vibrational contdet,exchange

of signals continues as the malearches for a stationary replying female. We ex{hextt

alsoO. ishidaewill follow this pattern

1.30BJECTIVEOF THE RESEARCH

The main objective of this research ict@racterize the mating behaviourfishidae As

it has beerescribed irseveralother leafhopper species, we may finddnishidaerivalry
behaviour involvingdisruptive vibrational signak that can potentially be applied for the
management of this pest.
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2 LITERATURE REVIEW
2.1PHYTOPLASMAS

Phytoplasmasare grampositive prokaryotes, unicellular organisms that do not contain
membranebound organelles such as nucleus or mitochondria, doigate intracellular
parasitef plants and insect vectorBhey are pathogenic agents that cause mostly lethal
diseases to hundreds of plant speciesplants they infect the sieve cells presentha t
phl oembs sieve tubes, while in insects they
haemolymph, intestine, genitals and salivary glawdth a size aroundl e mtheycancross
through the pores of the phloem sieve cells. The phytoplasma cell is surroundad by a
approximatelyl0 nm thick trilaminar plasma membrane compodsdproteins and lipids

Its cytoplasm contains ribosomes for the synthesis of proteins and a doablar ©NA
molecule. The presence of extrachromosomal DNA has also been déiéstegawa et al.,
2001)

Phytoplasmas are transmitted throygtloemfeedinginsect vectors belonging to the order
Hemiptera best knownexamplesare from the families Cicadellidae Psyllidae, Cixiidae,
Cercopidae, Delphacidae, Derbidae, Flatidae and Fulgoraatmkhey multiply inside the
insect and persist in it until its deatiiymphs and adults can acquire the phytoplasma when
they feed on infected plant and then can transmit it to healthy Altlesugh phytoplasmas
are nocommonlytransmitted to offspring, transmissiongsfytoplasmas from adults to eggs
and nymphs has beelemonstrated in few species, like 8taphoideus titanu3all (Alma

et al., 1997)and Matsumuratettix hiroglyphicuMatsumura(Hanboonsonget al, 2002),
vectors ofFlavescence dorénd Sigarcane white legfhytoplasmasespectively.

Phytoplasmas can be transmitted by one or sewesattvectors, depending on the degree
of specificity in the phytoplasmiasect interaction. There are phytoplasrmssociated with
one main vectqrandlessspecific ones, able to be transmitted by different species, adere
vectors can be infected by more than specieof phytoplasmgWeintraubandBeanland,
2006) The range of host plants for each phytoplasma depends on the fbetangourof

the vectorOligophagous vectorsandisseminate the phytoplasma among one or a few plant
species, such dsylla piri L.(formerly Cacopsylla pyriL.) andpear declingphytodasma
(PDP) (Carraroet al, 2001) Cortrary, if the insect feeds odifferent plant species, the
phytoplasma will affect a greater range of plants, as is the cd&scobsteles quadrilineatus
Forbes related to Aster yellow phytoplasnAYP) (Maramorosch, 1956Phytoplasmas
can have a beneficial, adversenoiimpacton their insect vector&s an examplejfe span
andfecunditywas increased ifemales oM. quadrilineatusassociated with AW (Beanland

et al., 2000) while it had the oppositienpact ornthe S.titanusadults containing-D (Bressan

et al., 2005) While some phytoplasmas can have a negathmact on the vectors, they
rarely kill the insec, which would prevent their spregd@/eintraubandBeanland, 2006)
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Regardingtaxonomy,the analysis of the 16 S rRNA gene sequengeabablythe most
widely used method for the determination of phylogenetic relationships and molecular
classification of microorganisn{§ox et al, 1992) After using this molecular technique, all
phyt opl asmas wer e gr oup e dCandidatugp hnyetw pdCassi nganoe d
phytoplasma)IRPCM, 2004) This approach has been widely used for the classification of
microorganisms at genus or higher taxonor@eels However, the 16S rRNA gene
sequence isot as goodor speciedevel differentiation(Stackebrantand Goebe] 1994)
Therefore, biochemicgantibody specificity, genesy biological criterialjost range, vector
transmissiohare required foan adequate determination of different phytoplasma species.
For exampleApple proliferation, Pear decline and European stoui¢sfiyellows are three
strains ofCa Phytoplasma spphat show a 99% homology in their 16 rDNA sequences, but
differ in their insect vectoré&SeemiillemndSchneider, 2004)

2.1.1Symptomson plants

Generally, plant diseases associated with the presemtg/toiplasma are recognized by a

set of symptoms that S u g g e shiochgmical molaculed al t e

photosynthesis or the reserve substaBesgacciniandDuduk, 2010; Rusjaat al, 2012)

The mastcommonsymptomsatthe infectedplants are:

yellowing or chlorosis

reddeningof leavegFigure 1),

virescence of flowers, where they lose tle@mmoncolour and petalappear green

sterility of flowers,

dwarfism,

vegetative disorders, such as development of large clusters of leaves or undeveloped

flowers,

leavescurling down

generalplantdecline

phyllody, or transformation of floral organs into foliar structyrslsowing a green

colour without the characteristic flower colgHigure 2) and

9 proliferation of adventitious buds that develop into many branches in a single site,
creating what is known deefiw i t clbhreos diigore 3).

= =4 -8 -8 8 9
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Figurel: Reddening of pear leaves infectedd®ar decline phytoplasnigPPQ 2006)
Slika 1: Rdelenje |istov hrugke okugene s fitop

Figure2: Phyllody inCallistephus chinensid..) Neesinfected with phytoplasma (leftNon-
infectedplants are shown in the righAmityadavg 2016)

Slika 2: Filodijpri vrtni astri Callistephus chinensid..) Neeg, o k u igséditaplazmo (levo).
Neokugena r aAnityadam§a2016)a de s ni
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Figure3: A Wi t ¢ h e s OHibliscus rosasinensisl.) infected with phytoplasma (left). On
the right a healty branch is showMontano et al., 2001)

Slika 3: Metlasta rast oslagHibiscus rosasinensid. . ) o das fijoplazmo (levo). Na desni
prikaz zdrave vejice (Montano in sod., 2001)

2.1.2Flavescence dorée

Flavescence dorée (FD) is, economically, one of the dessttructivaliseases of grapevines
caused by a phytoplasmaffecting many cultivars oWVitis vinifera L. among several
European countries. Its nmavector isS. titanugAlma et al., 1997)a specialist that feeds

of seveal species of the Vitaceae famibpnsidered an invasive and quarantine pathogen in
Europe In Slovenia, monitoring o8. titanuswith yellow sticky traps, pesticide control in
case of its ocurrence and yearly inspection for FD symptoms are mandaacywmmneyard
(Pravil ni k o )dtkvasepoduced éh Eurdpdat the beginning of 20th century
from North America, the species origireea(Bertin et al., 2007probably in egg form
layed on imported grapevine canes. If adults or nymphs feed on infected plants, the
phytoplasma passes to the intestine of theect, where it reproduseand later to the
hemolymph, reaching the salivary glands 4 to 5 weeks after ingeBtmm. this moment
and until its death, thanimal act asphytoplasmavector (Chucheand Thiéry, 2014)
Affected strains ofjrapevineshow the following symptoms:

delay in sprouting

total or partial mortality of strains

lackof production: bunches get dried and do not mature

curling of leaves towards the underside

general decline (Figuré),

red or yellow colouring of the leaves, depending on whether they are red or white
varieties(Figure5) and

9 total lack oflignification of the vine shoot.

= =4 -4 8 9 9
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Figure4: Damage of FD to grape bunches (up left), leaves (up right) and the whole plant (bottom) in
redgrapevarieties in Catalonia, SpafRaholaet al, 1997)

Sk a 4: Pogkodba zaradi FD na grozdu (zgor aj | evc
rdel ih sortah iRahokiagod 199M.i j e, Gpanija (

Figure5: Yellowing of leaves ofrapevinéChardonnayvarietyinfectedwith FD (EPPO, 2007)
Slika 5:Porumenitev listo | a h t n #atesortedClsaidennadi o k u gsé&b @&PPO, 2007)
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There is no directontrol methodfor FD once the plant has been infect€dnly some
antibiotics (tetracyclines) could have some effickCgudwell, 1990)but its use is totally
unfeasible sioe its application to the plant requires an extremely complicated techaiglie
it is prohibited by European law.
Preventiormethods includéPr avi | ni k o ;lLdmnikapdilrdan,015) 201 4
1 use of healthy plant materjal
1 vector controlS.titanug and
1 destruction of contaminated and/or abandoned vineyards.

Plant material can be cleaned of phytoplasmathbgmoterapy This measureconsists of
immersing the plant material ithe hot waterthermostated o050 °C for 45 min(EPPO,
2012).This practice can ensure the health of treated material, being also effective against
bacteria(Agrobacterium tumefacier&mithand Townsendg Xylella fastidiosaWells et al),
fungi (Phytophthora cinnamorfRands)and eggsof Cicadellidae(Grondeau and Samson,
1994) In Europe, control ofS. titanusis done by monitoring and mandatory sprays of
organophosphate pesticidg€huche and Thiéry, 2014) In Slovenia the use of
Thiamethoxama pesticide of the neonicotinoids class, showed thedsigkfficacy in the
control of S. titanus( G e gdt al,n2@13) Otherinsecticideshat are effective again&.
titanusareneonicotinoids, organophosphates #make from th@hyretrinsgroup (Peterlin,
2015) However, agains$. titanughreeinsecticidenterventionsarerecommende@Rahola

et al., 1997)

1 First treatment. Taking into account tllaé insectsare not infectious until about 4
weeks aftemdquiring the phytoplasma of a diseased plant, it will be between three
weeks and a month after the finsgmphsare observed. This first treatment is
essential.

1 Second treatment. It is carried out at the end of the hatching period, approximately
15 days after thérst treatment.

1 Third treatment. The first two treatments must cover the editanusegghatching
period. The third treatment will allow to destroy tnén their adult statewhich is
whenthere isa greater displacemeat the animalsnd thereforégheycan spread the
disease to a greater distance. It should be done about 30 days after the second
treatment.

Other alternavitenethods of pest management involvingtitral behaviour of Cicadellidae
via vibrational communigtion are being developeddontrolS. titanugexplainedn section
2.3.2.

2.2 BIOLOGY OFOrientus ishidae

Orientus ishidagMatsumura, 1902), previously knownRislepsius tinctoriugSanderand
DeLong, 1919)s ahemipteran insectmember othe Cicadellidae familjcommonly known
as mosaic leafhopper or Japanese leafhoppee. common name its given after the
distinctive mosaidike colouredpattern that adults of ihinsect present in thewings. It is
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hemimetabolougincompletemetamorphosis with 5 nymph stages)d has an univoltine
life cycle (produces one generatiper year) Adults can beobservedrom early July to
October, then they lay eggserwinter then thenext year nymphs will hatch around mid
May and can be found until early Augustessio et al., 2016)Adults and nymphs are
polyphagous and feed on a wide range of pl@rdasle 1) by sucking the sap of phloem after
piercing the plant vascular tissue, as other members d@itaelellidae familyDue to its
wide range of host plant®©. ishidaehas been found in many different ecosystems, like
forests, urban areas, ornamental landscape trees, orchards and vineyards.

Tablel: Plant species wer®. ishidaenymphs and adults we capturedFelt andBromley, 1941 Rosenberg
and Jones, 197;7Valley and Wheeler, 1985Johnsonand Freytag, 2001Gunthartand Muhlethaler, 2002
Seljak, 2004;Guglielmino, 2005;Mazzoni, 2005;Nickel, 2010;Koczor et al., 2013l essio et al., 2016;
Klejdysz et al., 2017; Parise, 2017

Preglednica 1: Rastlinske vrste, kaat er i h so nagl i ni mfe in (Feltdmr asl e o
Bromley, 1941;Rosenberdgn Jones, 197;/Valley in Wheeler, 1985Jomsonin Freytag, 2001; Guntham
Muhlethaler, 2002; Seljak, 2004; Guglielmino, 2005; Mazzoni, 2005; Nickel, 2010; Katzad, 2013;
Lessioin sod, 2016; Klejdysan sod, 2017; Parise, 20)7

Family Genus andSpecies
Adoxaceae Viburnum tinud_.
Araliaceae Aralia spinosal.
Hedera helix_.
Berberidaceae Berberisspp.
Betulaceae Betula penduldoth

Carpinus betulus.

Carpinus carolinianaWalter
Corylus avellaa L.

Ostrya carpinofoliaScop

Ostrya virginiana (Mill.) K. Koch

Buxaceae Buxus sempervirens
Cornaceae Cornus sanguineh.
Fabaceae Gleditsia triacanthog..

Robinia pseudoacacika.

Fagaceae Fagus sylvaticd..
Quercus palustrig..
Quercus robut.

Grossulariacea Ribes uvecrispal.
Juglandacea Juglans nigral.

Juglans regid..
Malvacea Tilia cordataMil I.
Oleacea Forsythia viridissimaLindl.

Fraxinus excelsiot..

Papaveracea Chelidonium majus.

continued
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continuation of Table 1

Papaveraceae Chaenomeles specioka

Rosacea Amelanchier spicatéLam.) K.Kod
Craegus oyacanthh.
Crataegus rhipidophyll&and.
Cydonia oblongdSweet) Naka
Malus domestic8orkhausen
Malus sylvestridill .
Prunus aviunMill .
Prunus domestich.
Prunus laurocerasuk.
Prunus virginianal.
Rosa canind..
Rubus fruticosuk

Salicacea Populus alba..
Populus nigral.
Salixalbal.

Salicacea Salix babylonicd..

Salix capred..

Salix cinered..

Salix purpureal.
Salix x rubenschrak

Sapindaceae Acercampestre..
Ulmaceae Ulmusspp.
Urticaceae Urtica dioical.
Vitaceae Vitis viniferaL.

Adultsof O. ishidaehave a length of 4:6.5 mm(personal observationgnd present sexual
dimorphism, females being bigger than maléd® length of ymphsis 3.6-5.0 mm, the later
nymph instars being biggeand havng a strong colorationwith variable patternsThey are
noted forpointing up their abdometipsin presence of danger. Eggs@fishidaearel.10
1.22 mm long and 0.28.34 mm widenearly Sshapedandwith the posterior part rounded
(Valley andWheeler 1985. Pictures and schemes fr@nishidaeadults, nymphs and eggs
can be seeim Figures 6 and.7
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Figure6: Winged adults 00. ishidaeand 5th instar nymphs with their abdomen pointindpimpto:

Seljak, 20092010

Slika 6: Krilati odrasli japonski gkr@m®t ki in ni
Seljak 20092010

Figure7: Schematic representation of tHerS/mph instar and eggs 6. ishidae(modified according

to Valley andWheeler 1985
Slika 7: Shematilen prikaz ni mf(®.Ishida§ (prireeriogpali j u i n
Valley in Wheeler1985)

0. ishidaeoriginatesfrom Asia and was first describéy S h @ rivatsumura in Japan in
1902, but it has been introduced in numerous countries around the wahle . USA, it was
found in 1941, probably introduced with ornamental plants from @s# and Bromley,
1941) and its expansion throughifferent states, together with tree species were it was
found, was reported by several auth@shnsorand Freytag, 2001; RosenbeagpdJones,
1977; SanderandDelLong, 1919; VallegndWheeler, 1985)In Europet wasdiscovered

for the first timein 1998 inNorthern Italy(Guglielmino, 2005)and 2000 inSwitzerland
(Gunthart and Muhlethaler, 2002and since then its expansion has beeportedby
differentauthors together with anonymous reportsariousinternet forumgTabe 2).
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Table2: Expansion oD. ishidaein Europe since itappearancen 1998(modified according t&PPOGlobal
Databasg2015)

Preglednica 2: Razgirj anj fegoyegppepojavikve tpta 19§gkirejéna pok a v
EPPOGIobal Database, 2015)

Country Year References
Italy 1998 (Guglielmino, 2005)
Switzerland 2000 (GunthartandMuhlethaler, 2002)
Germany 2002 (Nickel, 201)
Slovenia 2002 (Seljak, 2004)
Czech Republic 2004 (MalenovskyandLauterer, 2010)
Austria 2007 (Nickel, 201)
Belgium 2008 Anonymous observer
France 2009 (Callotand Brua2013)
Hungary 2010 (Koczoret al, 2013)
United Kingdom 2011 Anonymous observer
Slovakia 2012 Anonymous observer
Spain 2012 Anonymous observer
Poland 2015 (Klejdyszet al.,2017)

In 2009, O. ishidae was found to host phytoplasma from the 169nup, related to
Flavescence dorée phytoplasma strair@ovenia(Mehleet al, 2010) Although itis rarely

found feeding on vinests presence in Nor#rn Italian vineyardsand their surroundings

have been confirmed by different auth{@&affuri et al, 2011; Lessio et al., 201,Gheaning

a potential danger for the plants and a new vector for the disease. Furthermore, laboratory
experiments by Lessio et §2016)found thatO. ishidaecan lay eggs in grapevine, after
obtaining up to 40 nymphs from pruned grapevine wood. Neverth@esidaepresence

in vineyards issmall as compared with the main vector of FB, titanus a grapevine
specialist The little presence oD. ishdae may beexplained bythe mandatoryuse of
insecticide treatments to stop the spreadin§.ditanusn Euroe( Ge gl i na .et al

As a possible threat for vineyards, more research regarding possible control of this insects
should be doneespecially focusen an Integratecand EcologicalPest Management
approachto reduce theiseof pesticides. Experiments performedPgrise(2017) revealed

some possible natural enemiedfishidae includingparasiticactivity from larvaeof the

mites Charletonia cardinalis(C.L. Koch, 1837)and Erythrae jowitae(Haitlinger, 1987)
(Acari, Erythraeoidae)and parasitic attacks fromAnteon fulviventre(Haliday, 1828)
(Hymenoptera, Dryinige), but these are general parasitoids that feed on a wide range of
insects and no record was foundfishidaespecialist predators/parasitoids. New insights

in pest control of Cicadellidae include the disruption of their mating behawiaur
vibrational payback(Polajna et al.,2016), a strategy that potentially could be applied to

O. ishidag but more knowledge about their mating behaviour is required. The use of
vibrations by members of Cicadellidae family and possible disrupting method is explained
below.

E v
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2.3 VIBRATIONAL COMMUNICAT ION

Exchange of information via mechanical signals transmitted through the substrate on which
the animals are standing is one of the oldest and most widespread foramsmai
communicationVYirant-DoberletandL. o ¢ k | ;Coc2o@tahadRodriguez, 2003Hill, 2008;

Cocroft et al., 2014). Vibrational communication is particularly widegead among
arthropods, where it is estimated that is used by more than 220.000 species @utroft
Rodriguez, 2005). Insects use vibrational signals in many behavioural contexts, for example
for finding a partnerl{ o kahd Virant-Doberlet, 2003de Groot et al., 201lieri et al.,

2017 Derlink et al. 2018), in social interactions (Cocraftd Hamel, 2010), for defence
(Cocroft, 1999and alarm(Hage andKirchner, 2014)

Vibrational signals are usually speciasd sex specificGocroft et al., 2010Derlink et al.,

2018;) and insets produce vibrational signals by several differaahnergVirant-Doberlet
andL o k | 2004) . The mo s twayoopmoducing substrdteormei d e s pr
vibrationsis drumming, wheranimalsstrike the substrate with different bopigrts Stewart
andSandberg2006).Signal production mechanism named tremulation involves osoiikat

of the body or body parts without touching the substrateo k 18), Stridulafion is a signal
production mechanism where ani mals rmuwb di ff
Virant-Doberlet, 2003), while tymbal mechanism involves buckling of a membrane plate to
which strong muscles are attached (Wessel.€2@14).

Insects also have several receptors for detecting vibrational signals, most of them located in
legs(Yack, 2004) The most investigated vibroreceptor is a subgenual organ located in the
tibia, which is also the most sensitive one and responds to displacements of the substrate
smaller than 1 nniStritih Peljhanand Straul3, 2018)The morphology and sensitivity and
frequency response characteristics of vibroreceptors diff@nginsect groups and species
(Virant-DoberletandL o k | 2004) .

2.3.1 Leafhopper vibrational communication

In leafhoppers, mating sequence is usuatgreotyped and partners communicate
exclusively via speciesand sex speci fic \and¥iraat-Doberleta | si g
2003). So far, mating behaviour and associated vibrational signals have beed stua

number of species (de Groot et al., 204&ri andMazzoni, 2017 Nieri et al., 2017Abt et

al., 2018 Derlink et al, 2018). The common pattern of mating and signalling behaviour
revealed in these studies could be summarized as following: (a) vibrational communication
between a male and a female lmsgwith spontaneously emitted male advertisement call;

(b) sexually receptive female replies and partners establish a coordinated duet with species
specific structure; (c) male searches for a replying, stationary female and vibrational
exchange continuelroughout the searching phase.
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While the general pattern of leafhopper mating sequence appears to be similar in all species,
the repertoireand complexity of vibrational signals can differ greatly among species (de
Groot et al., 2012Derlink et al., 204; Nieri andMazzoni, 2017; Nieri et al., 2017; Derlink

et al, 2018). Here, females usually produce only one type of signal as a reply, whereas male
vibrational signals are often composed of different elements and can also differ in different
stages ofmating behaviour (de Groot et ,a2012). In leafhoppers, the main production
mechanism of vibrational signals in males and females is supposed to be tymbal
(Ossiannilsson, 1949; Wessel et al., 2014), however, during theraloge courtship male

wing flapping has been observed in several species (Derlink 20aB).

Leafhoppers also have well developed rivalry behaviour that includes emission of rivalry
signals and satellite behaviour. (Mazzoni et al., 20Q%elj and Virant-Doberlet, 2017

Nieri andMazzoni, 2017 Derlink et al., 2018. Masking signals that overlap female reply
and disrupt the ongoing duet are the most common form of rivalry signals.

2.3.2 Exploiting vibrational signals for pestmanagement

Recent advances in understanding vibrational communication have prompted research into
use of this communication modality for pest control, analogous to disruption of raating

mass trapping of insects using synthetic pheromones, which are two of the most widespread
modern alternatives to pesticide (gétzgall et al, 2010) Behavioural manipulation using
pheromones is, unfortunately, not applicable to Auchenorrhyncha and several other insect
groups in which chemical communicati@largely absent, but they still comprise important
agricultural pests (Polajnar et al., 2016b).

Vibrations open promising new avenues for developing alternative pest management
practices One of them is improving early detection of pest insects, exuiodither signals

or incidental vibrational emissions (result of feeding, moving etc.), but knowledge of
tempor al and spectral structure of these en
andMillar, 2009;Mankinet al.,2011;, Laumann et al2017). This approach is most actively
researched in connection with concealed pests of wood and stored p{thudts et al.,

2010 Zor oandlio k | , . Gherloptions involve behavioural manipulation using
artificial playbacki here, vibrations may serve for attracting pests to an area where they can
be conveniently eliminated, repelling them from protected ressui@pushpullo
techniques) or interfering with key behaviours such as locating hosts or attracting mates
(Polajnar et al., 2015)

The idea of using rival vibragnal emissions for mating disruption arose from early
observations of mating behaviour of the leafhopPetitanuswhich revealed that rival
vibrational emissions used in antagonistic interacteonengmales are efficient in masking
vibrational signallng between a courting male and fem@iéazzoni et al.,2008) The
underlying idea of using artificialoise in the vibrational channel for mating disruption is
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several decades old@axenandKumar, 1980)but was ignored for a long time for various
reasons. Because leafhoppers rely exclusively on vibrations in-rémgg sexual
communication, sufficiently intense vibrational noise should, in theory, block the
information transfer entirely and thus peew potential partners from recognizing and
locating each other. On this basis, a system of electromagnetic shakers was recently set up
in an experimental vineyard, artificially reproducing male rival emissions throughout the
mating season and reducing meguctive success in seifield conditions (Polajnar et al.
2016a). WhileS. titanushas several advantageous traits that facilitate this approach
(monophagy, low dispersal capability, univoltine life cycle; ChuamhdThiéry, 2014), the
success of earlyials nevertheless demonstrates the value of studying basic reproductive
biology of a pest species even if practical use is not yet apparent.
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3 MATERIALS AND METHODS
3.1 MATERIALS
3.1.1Insect collection and rearing

O. ishidaeadults and nymphs weratched upn different species obalixgenus in urban
areas of Nova Gorica (45°57'26.6"N 13°39'06.4"E) and the vicinity of the National Institute
of Biology (NIB) in Ljubljana (46°03'09.4"N 14°28'08.8"E) at the end of June of ZDW&

two main willow species from which leafthoppers were ctdidavereSalix cinered.. (grey
willow) and Salix albaL. (white willow). Catchingwas conductedwith a sweep net and
aspirator angnimals werdransported in net cag€36 x 22.5 x 25 cm)containing fresh
willow branches In Ljubljana, they were rearedt &epatment of Organisms and
Ecosystems Research at N#8 24+1°C, 16:8 (L:D) photoperiod and0Z10 % relative
humidity. Once in the laboratorythe sex ofcaptured adult males and femaless
determined by observing genital structure under the dissecting microscope according to
description inGuglielmino (2005) and individuals were kept separatettansparent plastic
containerg(8 x 8 x 135 cm) containing a small glass vial with water to keep the willow
leaves fresh. Mmphs were kept togethermetcageg36x 225 x 25 cm) that werehedked

daily freshlynew mailted adults. Containers were cleaned and provided frggh willow
cuttingstwice a weekln experiments, only virgin adults were used (48 and 36 adult males
and females, respectively). We considered males and females sexually arad ready to

use for mating experiments if they emitted vibrational signals spontaneously (in case of
males) or if answered to our stimulation protocols (see below). All the animals were pre
tested to establish their sexual maturity prior the expeitsnignrecording their vibrational
activity in our setup for 5 min without any stimulus, and then stimulated with one of the
playback protocols, if needed.

3.1.2 Experimental setup

All recordings of vibrabnal signalswere performedat NIB in July 2017between 9:00
15:0Q at temperatures of 24£TC and with a relative humidity of0£10 %. The setup for

the recordings consistadd a S. cinerealeaf (size approximately # 8 cm) placednsidea
coveredpetri dish (100x15mm) with a small halerough whichthe petiolewas pulled out

and fixed with adhesive puttyBlueTack) (Figire 8). The petiole was attachet an
electromagnetic mirshaker(Type 4810Briuel and Kjeer SounandVibration A/S Naerum,
Dennark), that was used to deliver stimulatory signals to the leaf in playback experiments
(see below). The minishaker was driven from the computer sfisxround 5.1 Pro sound
card (Creative Labs Inc., Ireland) by Cool Edit Pr&@gntrilium Software, Phagx, USA).

Each day, after finishing the experiments, the petiole was kept in water in Eppendorf PCR
tubes tightened with parafilm to keep it hydrated. In case of wilting, a leaf from the same
willow tree and of similar dimensions was used as replacerDeming the experimental
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season, we had to replace the lméetimes. In the centre of the leaf, near or across the
midvein, we placed a small piece of reflective tap@3 cn¥), on which we focused the
laser beamKigure §. The petri dish was suspembeertically with a utility clamp for better
video recording and the whole agt was placed on a custemade vibration isolated table
to minimize the background vibrational noise.

Vibrational signals wereegisteredn the leaf lamina bysinga laser viborometer (PDV 100,
Polytec GmbH, WaldbronrGermany). Signals were digitized witd 00Hz sample rate
and32-bit resolutionand stored directly onto a hard drive of a computer usHfigsurround

5.1 Prosound card Greative Labs Ing¢.Irelangd and Audacity 2.2.2 softwar€Audacity
Team, 200). Recorded vibrational signalsere analysed using the computer program
RavenPro1.5 (The Cornell Lab of Ornithologyl51 Ithaca, NY USA In addition, during

our behaviouraéxperiments, the éhaviour ofO. ishidaetogether with recorded vibrations
wasfilmed with aPanasonic H&/XF990 video camerg@Panasonic corporation, Japan), and
the video was transferred to a computer uSifigdows Movie Maker 2.0Videos helped us

to identfy which animal was emitting the signals and to associate some of the signals with
specific movements. In our work, visual representation of sound will be done by oscillogram
and spectrogram pictures.

Adhesive
Mini-shaker
[
Clamp “ Reflective tape

Figure8: Experimental setip for recording vibrational signals and behaviouQofishidae

Slika 8: Eksperimentalna postavitev za snddnanje vib
Ishidag
3.2 METHODS

3.2.1 Playback experiments

To study signalling and rivalry behaviour we performed playback experiments. Female
leafhoppers rarely emit vibrational signals spontanedds!ysrooé et al, 2011; Nieriet al,
2017)and we induced their signalling by playback of vibrational signals emitted by single
males.Four potocols were designed four different experimentdalde 3). The amplitude
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of our playback signalsvas adjusted to themplitude range of signals emitted by live
leafhoppers to maintain the frequency characteristicsore detailed description of sigsal
used in our protocols is provided in the results section.

Table3: List of protocols used in playback experimetatstudyO. ishidaebehaviour
Preglednica 3: Seznam protokolov, uporabljenih v poskush pr e wlealveapjae j apoi@skega ¢!
Ishidag

Protocol Experiments Duration (s) Loop
Short stimulation Individual male, Mating 1.8 No
Stimulation Individual female 60 No
Courtship Rivalry 30 Yes
AWi ngso Rivalry 17 Yes

3.2.1.1 Short stimulation protocol

The short stimulation protocol was designed to induce signalling in individual males (see
section 3.2.2.1), as well as in mating experiments (see section 3.2.2.2), when individuals did
not emit any signaldhreeminutes after the start of the experimemar& our own recordings

we used a male calling phrase that was composed by a tapping sequdineetayss,
separated by a 3fs interval from the first two male pulses ofr&8 length, and interval 65

ms between therfFigure9). The dominant frequency di¢ male pulses was 560 Hz.
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Figure 9: Short stimulation protoctd induce signalling if©. ishidaeadults.A - oscillogram;B - spectogram
Slika9:Pr ot okol AShort stimul atdirarsd i ha | 2 ph sligdeaAdyv kg lgad &
oscilogram; B- sp&togram
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3.2.1.2 Stimulation protocol

The stimulation protocol was created using elements of the recorded calling phrase used in
short stimulation protodolt wascomposed by three sections, the first one was a tapping
sequence (composed fiye taps), the second with individual male pulses, and the third one
with a complete male calling phrase. Every element in the sections was repeated ten times,
since we also wished to check whether a single element of the phrase was sufficient to trigger
the female reply. The repetition time (RT, time between the beginning of an element and the
start of the next one) and intsignal pause (P) between the elements of the phrase are
explained inthe Fig.10. Amongthe different sections we inserted a pulse tggose (PT)

of tensecondgFigure 10)

Figure 10: Schematic presentation of the AStimulati
Inter-signal pause. PT: Pulse train pause

Slika 10: ShemarotokolafiStimulatiobz a s ami c e . RT: Ponavljalni | as. P:
med pulz

3.2.1.3 Rival protocol

The vibrational sequence used in this prot
c our t s h i(Rgdrelp)anmit@dbg a male in our behavioural experimeBtfly, the

courtship phase is characterised by repeating the male courtship phrase, and this fact allowed

us to loop the playback so that the male would perceive it as an ongoing courtship. The
playback containeaight male andive female pulses with dominant frequency of around

600 and 690 Hzrespectively. The female in this recording answered to thdivasinale

pulses after a smallgap ofaround 08 . The rest of t hfer atitglnead,s
drum pulses preceding the male pufEnd of cycl® andfiexcitemend |, explained ir
in the results section.



